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Chapter 2  

Molecules on metal surfaces and graphene: an 

overview 

 

In this chapter, the theoretical background information for the thesis at hand 

is provided. In particular, the main interactions that are governing the self-

assembling behavior of molecules on surfaces are outlined, since the delicate 

interplay between these interactions lead to the formation of the well-ordered 

two-dimensional molecular patterns. The principle of quantum confinement 

effect and the idea of tuning the electronic properties of metal surfaces and 

graphene by molecular patterning are also briefly introduced.  
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2.1 Molecular self-assembly on surfaces 

Molecular self-assembly is generally defined as “the spontaneous association 

of molecules under equilibrium conditions into stable, structurally well-

defined aggregates joined by non-covalent bonds” [1]. Since self-assembly is 

a parallel process where no human intervention is needed, it is viewed as a 

promising bottom-up fabrication method with low cost and high efficiency. 

Therefore, it is essential to understand the fundamental principles of self-

assembling processes to achieve the goal of fabricating new generations of 

nanodevices with this method. 

 

2.1.1 Basic principles of two-dimensional self-assembling process 

The key feature of molecular self-assembly is its spontaneity. But why does 

this process happen spontaneously? Macroscopically, a quick answer to this 

question is that the self-assembling behavior of molecules is driven by the 

inherent desire of minimizing the Gibbs free energy. By the formation of 

intermolecular bonding, the molecules arrange themselves into an ordered 

structure from the initial random distribution state, which is accompanied 

with the decrease of the Gibbs free energy.  

From the microscopic point of view, the two-dimensional self-assembling 

process is a result of the subtle balance between molecule-molecule and 

molecule-substrate interactions. In general, several parameters have to be 

accomplished to enable successful self-assembling of molecules on surfaces.  

Figure 2.1 demonstrates the basic processes of molecular self-assembly on 

surfaces. First, when the molecules are deposited onto the surface, they will 

interact with the substrate. The molecule-substrate interaction should be 

strong enough to prevent the desorption of molecules from the surfaces. 

Otherwise, if the adsorption energy Ead is too low the molecules will not be 
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able to stay on the surface, resulting in the failure of the self-assembling 

process. 

 
Figure 2.1. Molecular self-assembling process on a surface. (Adapted with 

permission from reference [2]. Copyright 2007, Annual Reviews ) 

 

Second, when the molecules are adsorbed on the surface, they need to be able 

to diffuse on the surface so that the molecules can meet each other and form 

bonds between them. The diffusion process of molecules on surfaces can be 

expressed by the following equation [3]: Γ���� = ����� exp �−
�����

���
�, where 

Γ����is the hopping rate of the molecule on the surface,	����� is a prefactor 

with a value between 1010 and 1014 s-1 for large species [4-6], Ediff is the 

diffusion barrier for the molecules on the surface, kB is the Boltzmann 

constant and T is the temperature of the system. Obviously, the hopping rate 

of the molecule is determined by Ediff and kBT. When Ediff ≪  kBT, the 

hopping rate is high, which means that the molecules can move almost freely 

on the surface without being restricted to a certain area. In this case, the 

molecules can diffuse on the surface and meet other molecules to enable the 
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bonding formation between them. When Ediff ≫ kBT, the hopping rate is very 

low due to the high diffusion barrier. In such cases, the molecules cannot 

move freely, and seem “frozen” on the surface. As a result, the self-

assembling process will be hindered, and most likely no ordered structure 

will be formed.  

Third, in the case of site-specific bonding between the molecules, the 

molecules need to rotate on the surface to form a certain orientation with 

respect to the underlying surface. In this way, the minimum-energy 

configuration can be reached. As with the diffusion movement, there is also 

an exponential relationship between temperature and the rate of the rotation 

movement of molecules on the surface [7]. In this sense, temperature plays a 

key role in self-assembly since both rotation and diffusion of molecules can 

be tuned by varying the temperature.  

Fourth, after the adsorption, diffusion and rotation of the molecules on the 

surfaces, the molecules will bond via non-covalent interactions. Due to the 

high reversibility of the non-covalent bondings, defect-free molecular 

structures can be achieved in molecular self-assembly. Eventually, a self-

assembled two dimensional molecular pattern can be successfully formed 

when a balance between all these parameters is reached.  

 

2.1.2 Molecule-molecule interactions 

In molecular self-assembly, molecules are linked to each other via non-

covalent intermolecular interactions. In this sense, intermolecular interactions 

act as the “glue” in the assembling process. Therefore, it is of great 

importance to understand the molecule-molecule interactions to achieve the 

controlled tuning of the assembling process. The following section gives a 

short overview on the main interactions in self-assembly processes e.g. Van 
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der Waals forces, hydrogen bonding, metal-ligand bonding and halogen 

bonding.  

Van der Waals forces: the Van der Waals interaction involves a group of 

long-range inductive and dispersive forces between molecules. It originates 

from the polarization of the electron clouds between species that are in close 

proximity to each other [8, 9]. In general, the components of Van der Waals 

forces can be grouped into three parts: Keesom force, which is the 

electrostatic interactions between two permanent dipoles; Debye force, which 

is the force between a permanent dipole and a corresponding induced dipole; 

and London dispersion force, which is the force between two instantaneously 

induced dipoles. Although originating from the quantum fluctuations of the 

electron cloud, the Van der Waals force between two neutral molecules can 

be described by a simple formula, the Lennard-Jones potential VvdW [10]: 

VvdW = 4�{�
�

�
�
��

− �
�

�
�
�

}, where � is the so-called “depth” of the potential 

well, � is the distance where the potential between two neutral molecules is 

zero and r is the distance between the molecules. The formula shows that the 

term �
�

�
�
��

 is responsible for the repulsive force between the molecules, and 

it plays a dominant role when the distance between the molecules is small; 

while the term �
�

�
�
�

 is responsible for the attractive force between molecules, 

and it plays a dominant role when the distance between the molecules is 

relatively large. The Van der Waals forces are usually non-directional and 

very weak, in general less than 5 kJ/mol. But, since they are attractive forces, 

their combined effect can still play a significant role in the process of 

molecular self-assembly [11-15]. For example, Ascolani et al. reported the 

self-assembly of 5-amino[6]helicene on Cu(100) built through Van-der-

Waals forces [15]. STM images (figure 2.2) showed that the 5-

amino[6]helicene molecules formed a porous network structure with a 
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rhombic unit cell. Density functional theory (DFT) calculations indicated that 

intermolecular Van-der-Waals forces drove the self-assembling process. 

 

Figure 2.2. STM images of 5-amino[6]helicene on Cu(100). (a) STM image at low 

coverage, insets and circles show the diffusion of single molecules, duplets, triplets 

and quadruplets (-2 V, 50 pA). (b) STM image at 60% monolayer coverage, the 

circles and arrows indicate the formation of double rows (-2 V, 15 pA). (c, d) STM 

image of 90% monolayer coverage, the unit cell is marked in black (-2.2 V, 10 pA). 

(e) DFT calculation for a single molecule on Cu(100), top and side view. (f) 
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Simulated STM image for the unit cell. (Adapted with permission from reference 

[15]. Copyright 2014, Royal Society of Chemistry) 

 

Hydrogen bonding: hydrogen bonding is a type of interaction that occurs 

between a proton-donor group A−H and a proton-acceptor group B, where A 

is a relatively electronegative atom, e.g. O, N, S, X (F, Cl, Br, I), and the 

acceptor group is a lone pair of relatively electronegative atoms or a π bond 

of a multiple bond (unsaturated) system [16,17]. Basically, a hydrogen bond 

can be considered as a proton shared by two electron lone pairs. In this sense, 

hydrogen bonding can also be viewed as a special kind of dipole-dipole 

interaction. The strength of hydrogen bonding can reach 50 kJ/mol.  

Because of its relatively strong and highly directional nature, hydrogen 

bonding is considered to be the most important interaction in molecular self-

assembly and supramolecular chemistry. Various two dimensional 

supramolecular nanostructures have been formed on surfaces via 

intermolecular hydrogen bonding [18-22]. For example, in 2006 Pawin et al. 

reported the formation of a large two-dimensional honeycomb network via 

intermolecular hydrogen bonding of anthraquinone molecules [23]. As shown 

in figure 2.3, the anthraquinone molecules form a hexagonal porous network 

structure with a pore diameter of 5 nm after deposited on Cu(111). It is 

surprising that an ordered structure with a pore size five times larger that of 

the constituent molecules can be formed spontaneously. According to 

Pawin’s study, the hydrogen bonding between a carbonyl oxygen and an 

aromatic hydrogen atom of the neighboring molecule drives the formation of 

the porous network. The bonding motif for this molecular self-assembled 

network is shown in figure 2.3b. 
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Figure 2.3. (a) STM image of the honeycomb network of anthraquinone molecules 

on a Cu(111) surface. (1.3 V, 73 pA, 26 × 15 nm). (b) Schematic model showing the 

intermolecular bonding of anthraquinone molecules. Red dots, oxygen atoms; black 

dots, carbon atoms; gray dots, hydrogen atoms; background, copper surface. 

(Adapted with permission from reference [23]. Copyright 2006, American 

Association for the Advancement of Science) 

 

Metal-ligand bonding: In molecular self-assembly, metal-ligand bonding 

can be viewed as a coordination interaction between metal atom(s) and the 

corresponding molecules. For the formation of the metal-ligand bonding, the 
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metal offers empty orbitals and the ligand offers a lone pair of electrons. 

When the molecular orbital containing the lone pair of electrons overlaps 

with the empty orbital of the metal, the metal-ligand bond is formed [24-26]. 

Metal-ligand interaction has been widely used to build metal-organic 

complexes, such materials have shown great potential in light harvesting, gas 

storage and sensor development [27-31]. For more than a decade, the 

principle of metal-ligand interaction has been applied to build 1D and 2D 

metal-organic structures on surfaces [32-35]. The metal-ligand bonding is 

considered to be an ideal tool to build long-range ordered nanostructures on 

surfaces with relatively high stability. An example of a molecular porous 

network built via metal–ligand bonding is given by Tait et. al [36]. As shown 

in figure 2.4, brick-wall-like structures were formed by 5,5’-bis(4-

pyridyl)(2,2’-bipyrimidine) [PBP] molecules on Ag(100), Ag(111) and 

Cu(100) surfaces. Though possessing different lattice constants and surface 

symmetries, nearly identical structures were formed on these three substrates 

via metal-ligand interactions between deposited Cu atoms and the N atoms of 

the PBP molecule. The differences in the three substrates are compensated by 

the distortion of the coordination configuration as evidenced by slight 

difference in the unit cell parameters. This work showed that when a metal-

ligand interaction with sufficient robustness and stability is formed, it can 

overcome the differences in substrate structures to form similar structures on 

surfaces. 
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Figure 2.4. STM images of the porous network structure formed from PBP 

molecules and Cu atoms on a) Ag(100), b) Ag(111), and c) Cu(100). (d) Tentative 

model for the metal-ligand bonded network from Cu atoms and PBP molecules. The 

unit cell is marked by a green parallelogram in each panel. The size of the STM 

images are a) 15.0 nm × 16.0 nm, b) 10.8 nm × 10.1 nm, and c) 5.2 nm × 6.3 nm. 

(Adapted with permission from reference [36]. Copyright 2008, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim) 

 

Halogen bonding: halogen bonding is the non-covalent attractive interaction 

between an electrophilic region of a halogen atom, which is part of a 

molecular entity, and a nucleophilic region of another molecular entity [37-

39]. When bonded to other elements, halogen atoms are perceived as 

negatively charged due to their relatively strong electronegativity. Then why 

would they form a halogen bond with a nucleophilic part of another molecule? 
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The key point for the formation of a halogen bond is the anisotropic 

distribution of surface electrostatic potential around a halogen atom in the 

molecule. Usually, there is a small portion of the halogen atom with positive 

electrostatic potential (�-hole) centered on the carbon-halogen (C–X) axis. 

Around this �-hole, there is a belt of negative electrostatic potential. The 

presence of the � -hole gives rise to the attractive interaction with the 

nucleophilic region of another molecular entity, which is the main origin of 

the halogen bonding. The term “halogen bonding” is named in analogy with 

the well-known hydrogen bonding. Compared to hydrogen bonding, halogen 

bonding has a higher bonding strength and better directionality. The bonding 

strength of halogen bonds can also be tuned by exchanging the halogen atoms 

[40-42]. Therefore, halogen bonding is receiving more and more attention as 

a tool for building molecular nano-architectures [43-45]. For example, Pham 

et. al. reported the formation of the molecular self-assembly of 1,3,6,8-

tetrabromopyrene (figure 2.5) on an Au(111) surface driven by both 

intermolecular halogen bonding and hydrogen bonding[45]. 

 

Figure 2.5. (a) STM image (1.2 V, 60 pA, 5 nm × 5 nm) of 1,3,6,8-

tetrabromopyrene molecules on Au(111), the unit cell is marked in white. (b) 

Proposed structural model of the structure observed in the STM image. (Adapted 
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with permission from reference [45]. Copyright 2014, The Royal Society of 

Chemistry) 

 

As a summary of this section, a comparison of different intermolecular 

interactions is given in table 2.1. The bonding strength is increasing from van 

der Waals force to halogen bonding. Higher bonding strength will give rise to 

more stable molecular structures, but it will also lead to less flexibility in the 

formation of the system. Therefore, a thorough design of the molecular 

building block is needed for the successful fabrication of the desired 

molecular nano-architectures. 

Interaction Type Interaction energy 
(kJ/mol) 

Directionality 

Van-der-Waals force 2-10 No 
Hydrogen bonding 5-70 Yes 
Metal-ligand bonding 50-200 Yes 
Halogen bonding 5-180 Yes 

 

Table 2.1. Overview of different types of intermolecular interactions. (Adapted with 

permission from reference [46]. Copyright 2009, Elsevier B.V.) 

 

2.2 Tuning the electronic structure of surfaces by adsorbing artificial 

nanostructures 

2.2.1 Introduction  

An important characteristic of a nanomaterial is that it exhibits a far larger 

surface area than bulk material. When the size of a material shrinks to the 

nanoscale, the surface area to volume ratio can be vastly increased. For 

example, the surface area to volume ratio is 6/� for a cube with a side length 

of 	�. As illustrated in figure 2.6, the surface area to volume ratio is 107
 times 

larger when the side length of the cube shrinks from centimeter to nanometer 

scale. This substantially increased surface area to volume ratio indicates that 
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the surface plays an important role in determining the properties of a 

nanomaterial. Therefore, it is fundamental to characterize and understand the 

properties of surfaces to modify them, so that materials with desired 

functionalities can be fabricated.  

 
Figure 2.6. Illustration showing the increase of surface area to volume ratio for 

nanomaterials, the surface area is 107
 times larger when the side length of the cube 

shrinks from the centimeter to nanometer scale. (Adapted from reference [47]) 

 

In this thesis, we focused on the controlled tuning of electronic surface 

properties through confinement. For noble metal surfaces, surface state 

electrons are believed to play an important role in many physical and 

chemical processes, including surface catalysis, epitaxial growth and 

molecular ordering [48-50]. Recent research showed that upon tuning 

electronic structure, some exotic characteristics and materials may show up 

such as the anomalous quantum Hall effect, topological insulators and 

artificial graphene [51-53]. The surface state electrons of close-packed noble 

metal surfaces can be viewed as a quasi-two-dimensional nearly-free 

electrons gas. This makes the surface state electrons perfect for studying 

quantum confinement effects. Both from the perspective of fundamental 

research as well as potential industrial applications, it is thus interesting to 

study the confinement of surface state electrons. 
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2.2.2 Basic principle of quantum confinement  

Quantum confinement occurs when electrons are confined to a length scale 

approaching their de Broglie wavelength. A simple example of quantum 

confinement is the one-dimensional particle in a box model. As shown in 

figure 2.7, a particle is confined in a one-dimensional infinite high potential 

well. The potential energy for such a particle inside the well (L>x>0) is 0 and 

the potential energy for such a particle outside the well (x≥L, x≤0) is infinite. 

The Schrödinger equation for the particle in this system is  

2 2

2

( )
( ) ( ) ( )

2

d x
V x x E x

m dx


 


 


,                                                                      (2.1) 

where  is the reduced Planck’s constant, m is the mass of the particle, ( )x  

is the wave function of the particle, ( )V x  is the potential energy of the 

particle and E is the energy of the particle. Inside the potential well, the 

potential is zero, and the Schrödinger equation can be simplified to be: 

 
2 2

2

( )
( )

2

d x
E x

m dx








                                                                                          (2.2) 

Since this is a second order differential equation, the most general solution of 

the equation can be written as: 

( ) sin( ) cos( )x A kx B kx                                                                                   (2.3) 

with 1/2

2

2
( )

mE
k 


.                                                                                                 (2.4) 

A and B are both arbitrary constants of integration. The values of A and B are 

determined by the boundary condition (both ( )x  and ( ) /d x dx are 

continuous at the boundary) of this problem. Continuity of the wave function 

( )x  requires that  

(0) sin(0) cos(0) 0A B                                                                                 (2.5) 

( ) sin( ) cos( ) 0L A kL B kL                                                                           (2.6) 

From the equation above, we have B=0 and kL n . 
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Therefore, we have ( ) sin( / )x A n x L                                                           (2.7) 

Since the particle is confined in the potential well, the possibility to find this 

particle in the well is 1, it means that the integral over the x values inside the 

well should amount to unity. Then, we can find the value of A by requiring 

that 

2 2 2

0 0
( ) sin ( / ) 1

L L

x dx A n x L dx                                                                (2.8) 

Then the value of A is determined to be 1/2(2 / )A L                                     (2.9) 

Therefore, the wave function of the electrons inside the potential well is 

1/2( ) (2 / ) sin( / )x L n x L                                                                        (2.10) 

The energy levels of the electrons inside the potential well are 

2 2 2 2/ (2 )E n mL   with  1/2

2

2
( )

mE
k 


                                                   (2.11) 

This result indicates that the electronic structures of materials can be 

modified by quantum confinement. 

 
Figure 2.7. Schematic of a one-dimensional potential well. 

 

2.2.3 Tuning the electronic structure of surfaces by molecular patterning  

The particle in a box model indicates the possibility of tuning the electronic 

properties of surfaces by making use of confinement effects. With this idea in 
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mind, Crommie and his colleagues built the quantum corral with Fe adatoms 

on a Cu(111) surface by manipulating the adatoms with a scanning tunneling 

microscope [54]. The corresponding dI/dV map demonstrated an standing 

wave pattern, which indicated the confinement of surface state electrons of 

the Cu(111) surface. As a characterization method, STM can offer atomic 

precision in real space imaging and sub meV resolution in energy mapping, 

in the meantime, STM can also serve as a powerful tool to build 

nanostructures on surfaces. Many nanostructures such as quantum stadium 

were built with this method and many interesting properties of these systems 

were unveiled [55-58].  

 With the manipulation method of STM, artificial nanostructures can be built 

in an atom-by-atom fashion and work as a testing ground for fundamental 

physics. However, nanostructures built with this method can only locally 

modify the electronic properties of surfaces. It is technically impossible to 

modify the electronic properties of the whole surface with this method since 

the atom manipulation technique to build the nanostructures is a relatively 

time-consuming process. On the other hand, nanoporous networks with long-

rang order can be formed via molecular self-assembly, which offers the 

possibility to tune the electronic properties of the whole surface. The concept 

of molecular self-assembly originates from supramolecular chemistry where 

the individual molecular building blocks are “glued” together via non-

covalent interactions such as hydrogen bonding, dipolar coupling or metal-

ligand interactions. Compared to covalent bonding, the bonding strength of 

non-covalent bonding is relatively low, which allows for more flexibility and 

reversibility in the bond formation of the self-assembling process. In this way, 

large-area, well-ordered and defect-free nanostructures can be formed due to 

the intrinsic error-correction feature of the self-assembling process. 

Molecular building blocks with specific functional groups can be synthesized 
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by utilizing the chemistry “tool box”, which enables the formation of 

molecular nanostructures with different sizes, different symmetries and 

different bonding motifs. The foremost advantage of molecular self-assembly 

lies in its parallel-process nature. The individual molecular building blocks 

can automatically arrange themselves into an ordered structure via 

intermolecular interactions without any human intervention. Therefore, a 

highly ordered porous network extended over the whole surface can be 

formed by molecular self-assembly in a short time. 

 Due to its unique advantages in forming nanostructures with long-range 

order, molecular self-assembly has been widely studied in tuning the 

electronic properties of surfaces [59-61]. For example, Lobo-Checa et. al. 

showed that a quantum dot array can be formed on Cu(111) after the 

deposition of perylene derivative 4,9-diaminoperylene-quinone-3,10-diimine 

(DPDI). The surface state electrons of Cu(111) were confined by the porous 

network, and a new disperse band was formed due to the interactions between 

the quantum dots.  
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Figure 2.8. Confinement of the surface state electrons of Cu(111) by a molecular 

porous network. (a) STM image showing the topography of the porous network 

(Vbias= -0.22V, 13.6 nm × 13.6 nm). (b) Structural model of the porous network. (c) 

dI/dV map simultaneously recorded with the STM image. (d) STS spectra taken in 

the center of the pore (black curve) and on the clean Cu surface (red curve). (e) 

ARPES measurements for the porous network with different coverages. (Adapted 

with permission from reference [59]. Copyright 2016, IOP Publishing) 

 

As shown in figure 2.8a, a hexagonal porous network is formed on the 

Cu(111) surface after the deposition of 0.7 ML of DPDI molecules at room 

temperature and subsequent annealing at 473 K. Figure 2.8b shows the 

bonding motif of the porous network: the metal-ligand interactions between 

the dehydrogenated DPDI molecule and the native Cu adatoms drive the 

formation of the highly stable porous network structure on the whole surface. 

STS spectra taken in the center of a pore clearly revealed a shift of the 

surface state of Cu(111) from -0.4 eV to -0.22 eV due to the confinement 

effect induced by the porous network (figure 2.8d). The dI/dV map (figure 

2.8c) was acquired at the same area as the topographic image shown in figure 

2.8a at -0.22 eV. The bright features indicated that the confined state around -

0.22 eV was localized in the pores of the network. These confined states in 

the pores of the network can also be interpreted as a “quantum dot array”. 

The ARPES measurements (figure 2.8e) taken at different coverages of the 

porous network showed that a new weakly dispersing band at the binding 

energy of 0.2eV was becoming more pronounced with increasing coverage, 

while the feature of the surface state of Cu(111) was getting weaker with 

increasing coverage. The weakly dispersing band observed in ARPES 

measurements can be interpreted by the coupling of neighboring quantum 

dots originating from the lossy scattering of the electrons at the boundaries of 

the pore. 
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By modifying the size and functional groups of the precursor molecule, 

porous networks of different sizes and symmetries can be formed thus 

enabling controllable tuning of the confinement of the surface state. Wang 

and coworkers reported a comparison study, in which they shifted the surface 

state electrons of Cu(111) to different energy levels by adsorbing three 

isostructural hexagonal porous networks made from three different molecules 

[61]. Figure 2.9a, 2.9b and 2.9c show that the 1,3,5-tris(pyridyl) benzene 

(M1), 1,3,5-tris[4-(pyridin-4-yl) phenyl] benzene (M2) and 1,3,5-tris(4-

bromophenyl) benzene (M3) molecules are all arranged in a honeycomb 

lattice. These porous networks are stabilized by Cu-ligand interactions 

between the respective molecule and the Cu adatoms (see figure 2.9d). Figure 

2.9e shows three groups of STS spectra taken in the center of the pores of the 

three different hexagonal porous networks. Each group of STS spectra was 

taken at four randomly selected pores indicated by four different colors. The 

rather different features (e.g. peak intensity, peak position and peak shape) 

observed in the STS spectra indicate that the confinement strongly depends 

on the pore size and the functional groups of the molecules. Thus, the 

electronic properties of the confined state can be tuned by modifying the 

precursor molecule of the molecular self-assembly. 
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Figure 2.9. Metal-coordinated porous network formed by (a) M1, (b) M2 and (c) 

M3 molecules (the molecular structures are shown in the insets). (d) Structural 

model of the porous network. (e) STS spectra acquired in the center of the pores of 

the porous network formed by M1 (top), M2 (middle) and M3 (bottom) molecules. 

(Adapted with permission from reference [61]. Copyright 2013, American Physical 

Society) 

 

2.2.4 Molecular patterning – a possible way to tune the electronic 

structure of graphene 

Graphene is a single layer of carbon atoms arranged in a honeycomb lattice 

[62]. The structure of graphene is shown in figure 2.10, the carbon atoms of 

graphene are arranged in a hexagonal pattern. Every carbon atom in the 

graphene lattice is bonded to the three nearest neighboring atoms as a result 

of the trigonal planar geometry of the sp2 hybridized orbitals. These sp2 

orbitals form the  -bonds between the carbon atoms. The extraordinary 

strength of the  -bond gives graphene its robustness. The unhybridized pz 

orbital protrudes from the plane at the position of the carbon atom nucleus. 
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These dangling pz orbitals form the delocalized  -system on both sides of 

the graphene sheet, which is mainly responsible for the electronic properties 

of graphene. 

Figure 2.10. (a) Schematic of graphene’s structure. (b) Schematic of the bonding 

between carbon atoms in graphene. (Adapted from reference [63]) 

 

Since the structure of graphene is already known, its band structure can be 

calculated by using the first nearest neighbor tight binding approximation 

[64]. The resulting band structure is illustrated in figure 2.11. As shown in 

the image, the valance band and the conduction band touch at the K and K’ 

points. Under the condition of charge neutrality, the Fermi surface of 

graphene is represented by the six points which coincide with the corners of 

the Brillouin zone. Under low energy conditions, the energy dispersion of 

graphene can be approximated to be:   FE k k   , where E is the energy 

of the electron, k is the wave vector, ℏ is the reduced Plank’s constant and vF 

is the Fermi velocity. Since the energy E is linearly dependent on the wave 

vector k, a cone-like feature is observed at the low energy regime. This cone-

like feature is also called the Dirac cone due to the fact that the electron 

transport behavior is governed by the Dirac equation in the low energy 

regime [65]. This unique electronic structure gives rise to many interesting 

properties observed in graphene. Mayorov’s work showed that the room 
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temperature electron mobility of graphene reached 5 22.5 10 /cm Vs at room 

temperature [66], Lee’s work showed that graphene’s Young’s modulus can 

be as high as 1 TPa with the intrinsic strength of 130 GPa [67], and 

Balandin’s work showed that graphene is also a very good thermal 

conductive material, with a thermal conductivity reaching 3000 W/mK [68].  

 
Figure 2.11. (a) Full view of the energy dispersion relation of graphene. (b) Zoom 

of the Dirac cones in the low energy regime. 

 

With so many extraordinary properties, graphene is regarded as a wonder 

material, useful for a large variety of applications. In prototype devices, 

graphene has shown great potential in sensing, electronics, photonics, energy 

generation and storage [69-73]. However, the absence of a band gap hinders 

the further application of graphene in electronic devices up to now. The 

on/off ratios for graphene transistors is very low, resulting from the zero band 

gap nature of graphene [74]. Therefore, band gap engineering of graphene is 

an essential step for the further application of graphene. Several approaches 

have been suggested to overcome this problem, including substitutional 

dopants [75], covalent modification [76,77] and confinement effects [78,79]. 

While changing the electronic structure of graphene, these methods also 

come with significant trade-offs. For example, the substitutional dopants (e.g., 
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B or N) method will introduce defects into the lattice of graphene, covalent 

modification will change sp2 carbon hybridization to sp3 carbon 

hybridization.  

On the other hand, the band gap engineering problem of graphene can also be 

addressed from a different approach. It is well known that the band structure 

of crystalline materials originate from the periodic potential imposed onto the 

electrons when these electrons are travelling in the periodic lattice of atoms 

or molecules [80]. Therefore, the band structure of graphene can be 

influenced when an external periodic potential is applied onto it, thus 

enabling the possibility of band gap engineering of graphene. Theoretical 

studies have shown that the band gap of graphene can be modified when it is 

subjected to an external periodic potential. The gap opening can even be 

tuned by changing the periodicity, symmetry and other details of the external 

potential [81-87]. For example, Zhang and his colleagues reported tunable 

band gap opening of graphene under external periodic potentials [88]. As 

shown in figure 2.12, a potential with a circular shape arranged in a 

hexagonal symmetry was imposed to graphene. The charge carriers in 

graphene were redistributed as a result of the external potential applied to 

graphene. By using density functional theory (DFT) and effective 

Hamiltonian with pseudospin–potential correlation (EH-PS) method, the 

band gap of graphene was calculated. According to their study, a band gap 

was observed at the Dirac point of graphene, and this energy gap can be 

tuned by changing the strength of the potential and the area covered by the 

potential. 
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Figure 2.12. (a) Graphene lattice and the circular potential patterns on the top 

position. (b) Charge redistribution induced by the external potential field. (Adapted 

with permission from reference [88]. Copyright 2010, American Physical Society) 

 

Since theoretical studies have suggested the validity of tuning the band 

structure of graphene by a periodic external potential, the next step is to find 

a feasible method to exert the potential onto graphene experimentally. 

Apparently, no top-down method can accomplish this task on a global scale 

since extremely large amounts of identical blocks need to be made and placed 

precisely according to a certain pattern. On the other hand, molecular self-

assembly has been a widely utilized method to form periodic structures on 

surfaces [89,90]. Previous studies have shown that the surface state electrons 

can be confined by molecular patterning and the energy levels of the confined 

electrons can be modified by varying the size of the molecular building block 

[59-61]. Since the low energy electronic states in graphene are described by 

the Dirac equation, the quantum confinement effect derived from the 

Schrödinger equation does not apply to graphene. From a different point of 

view, the physical origin of the band structure is the periodic potential 

imposed to the electrons in materials. In this sense, molecular self-assembly 

can be considered as a promising method to tune the band structure of 

graphene. By molecular self-assembly, graphene is brought into contact with 



Molecules on metal surfaces and graphene: an overview 

 

33 
 

molecules. Due to molecule-substrate interactions between molecules and 

graphene, an effective periodic potential is imposed to the underlying 

graphene. In this way, the modification of the electronic structure of graphene 

can be induced. Moreover unlike other methods, molecular self-assembly will 

not alter the electronic structure of graphene by introducing defects or 

changing carbon hybridization from sp2 to sp3. It preserves the pristine 

structure of graphene, thus conserving its excellent electronic properties. 

Therefore, porous networks formed via molecular self-assembly may serve as 

a promising way to tune the electronic structure of graphene. 
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