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             1. Introduction 

Nanotechnology plays a crucial role nowadays for high tech industries of all sectors , 
ranging from new promising materials which weigh less but are stronger and capable, new
optical devices to innovative approaches to biotechnology. It can be seen as new revolution
in materials science after the discovery of synthetic materials like plastic, polyethylene or
kevlar. But what exactly means nanotechnology or nanomaterials ? One already knows from
media that it is about small particles with amazing properties. But speaking precisely in 
terms of solid state physics, the fundamental difference between conventional materials and
nano materials ist that nano materials exhibit a characteristic microstructure. In contrast to
crystals like diamond or silicon, where the atoms in the unit cell replicate in all three room
directions x,y,z, in the case of nanomaterials atoms only propagate periodically in for 
example one or two directions. Famous examples for this are carbon nanotubes and the
Nobel-prize winning graphene. In carbon nanotubes, atoms arrange cylindrically  and 
propagate only in one direction, and in graphene atoms arrange hexagonally in a one-layer 
plane. Both are based on graphite, but their special microscopic structure causes properties
which are far superior to graphite.

The materials which get most attention from science are definitely carbon-based systems,
namely graphene and carbon-nanotubes. But the correspondence between diamond as 
conventional crystal on one side and graphene and carbon nanotubes as corresponding 
nanostructures can be extended to a vast class of other materials. The main goal of my work
is to investigate the properties of nanostructures resulting from important bulk crystals such
as GaN, AlAs, silicon …..  In order to accomplish to this , I will make use of theoretical 
methods and computer simulation, more precisely ab initio methods. This provides the big 
advantage of making first predictions about materials behavior without laboratory . 
Especially for these system this is quite helpful because the systems regarded here are very 
challenging in their experimental measurement and in their synthesis . Also companies 
nowadays make heavy use of ab initio software to investigate novel materials, famous 
examples include Acceryls  Materials studio [1] and Quantum Wise [2] . Experimental 
methods would require a lot of time and money, whereas computer simulation provides 
realistic predictions in a very fast time.   

The theoretical methods used in this work are mainly density functional theory (DFT) and
many body perturbation theory (MBPT) . If one would simply use the Schrödinger equation 
based on the potential of the lattice, the electric interaction between the electrons in the 
system would be totally neglected, and this would cause  unrealistic results.  The electron-
electron interaction  plays a decisive role in theoretical solid state physics. The first step in 
our calculations is DFT [3] , which still handles the problem in one particle formalism, but 
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adds a correction term to the Hamiltonian, which is calculated by self consistent iteration.  
In the next chapter this will be discussed in more detail. But experiments have shown that 
the DFT method systematically underestimates the band gap of semiconductors.  One of the 
fundamental reasons for this is that DFT was developed mainly for obtaining the electronic 
structure of the ground state, using a very simplified model for the electron-electron 
interaction. Excited states are not the primary aim of DFT.

A more advanced method, which corrects DFT, is the so called GW-approximation (GWA).
This approach initially considers the electron-electron interaction in its full two-particle 
Fock-space representation. Similar to DFT, a one particle expression is derived for the 
electron-electron interaction, but the term used by GWA yields much better results for the 
electronic structure above the ground state. One first calculates the band structure by DFT, 
and based on the obtained results corrections from GWA are added. Having calculated the 
GWA band structure of a system, one has already a solid and realistic basis for the electron  
structure of the system. The final step in the calculations carried out in this work is  
inserting the resulting electronic bands in the so called Bethe-Salpeter-equation (BSE). In 
contrast to DFT and GWA , the Bethe Salpeter equation treats the electron-electron 
interaction explicitly in two-particle formalism, and the coulomb interact-ion between 
electrons is investigated in its full form in Fock space representation. The only restriction 
made by BSE is that only the interaction between electrons and holes is taken taken into 
account, which expresses formally in the way that only product states between valence and 
conduction bands are regarded.  The reason for this is that the main focus of interest in BSE 
are electron-hole excitations.  Additionally, BSE is mainly restricted to semiconductors 
because its is based on electron-hole excitations, and consequently only semiconducting 
system are considered in my work. Based on the energy eigenvalues, many body eigenstates
and matrix elements received from solving the BSE, one is able to calculate the optical 
spectrum by using the dipole operator. 

The main program package used in this work is Exciton [4], [5] . Excitons main areas of 
application are DFT, GWA and BSE calculation, with final calculation of the optical 
spectrum. It is written in Fortran and conceived for use on parallel computation on clusters.
For the numerical setup Gaussian orbitals as well as plane wave basis sets are used. I 
preferred Gaussian orbitals for DFT calculations and plane waves for GWA due to better 
numerical efficiency. More details about the program Exciton are specified in [6] .       

The second program package used here is the well known program SIESTA [7] . Its main
capabilities consist of self-consistent DFT electronic band structure and also geometry 
optimization. The later capability is the one being most important for this work. Starting
with a given unit cell and atomic positions, and corrects and optimizes the atomic positions
to make them physical reasonable. The underlying principle behind this is relaxation of the 
atomic coordinates, because in nature physically stable states are those having the minimum
total energy. Based on this, the program executes a variation of atomic coordinates in order
to minimize total energy, where the total energy is regarded as functional of the atoms 
position. The numerical procedure used is the conjugate-gradient method. Relaxing the 
atoms positions is crucial if one considers defects, because one does not know the exact 
structure of the unit cell in those cases . Therefore one inserts the defect atoms at the 
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planned  positions, and SIESTA provides the exact structure of all atoms in the unit cell after
relaxation.

In the first chapter of the work an introduction to Nanotechnology and basic electronic 
properties of graphene and carbon nanotubes is given. Following this, the second chapter
describes the theoretical methods used here in detail. Then the third chapter presents the 
results obtained for graphene and graphene-like planar nanostructures, and the chapter four
discusses the properties of carbon nanotubes and nanotubes from other materials. Finally,
chapter five deals with defects and heterostructures of planar nanomaterials

                 
                  1.1  Graphene     
  
The new wonder material graphene draws a lot of attention from media because its amazing
physical propeties with give it great prospects for new applications. Recently, in 2010,
Andre Geim and Konstantin Novoselov were awarded with Nobel Prize in Physics for 
their ground.breaking work about graphene [8]. They succeeded in isolating single graphene
layers from graphite and transferred the graphene on top of SiO of silicon wafer [9]. This
process was decisive because SiO is electrically insulting and does not influence graphene
electronics, in contrast to graphene epitaxially grown on other substrates. Before that 
graphene could only be grown on substrates with significantly distort the electronic struc-
ture of it, and this process was used since the 1970s [10]. But the history of graphene started
much earlier. In 1947, P.R Wallace investigated the electronic structure of graphene [11] , 
but of course he did not regard it in our modern view as graphene, but rather as one layer of 
graphite. The term graphene was invented by Hans-Peter Boehm [12] , who combinated 
gaphite with the suffix -ene when describing single layer carbon foils in 1962 [13] .

Precisely speaking, graphene is one layer honeycomb lattice  with an interatomic distance of
approximately 0.142 nanometers [14]. The carbon atoms are chemically bonded by the sp²-
bond [15] , which causes a strong chemical bond between the atoms. Naturally graphene
always occurs in graphite, because one layer of graphite is nothing else than graphene,
but not freestanding. 
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   Figure 1.1    Graphene, taken from Wikipedia

 

          Figure 1.2   Graphite, taken from Wikipedia

But in order to be stable, theoretical calculations predict that the graphene sheet should at
least have the size of 20nm, and it becomes most stable when containing over 24,000 carbon
atoms [16]. 

The most striking aspect of graphenes properties is its zero band gap. Thus is electronically
a zero band gap semiconductor or semimetal, which means its behavior is close to that of
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a semiconductor, but at the same time also close to that of a metal. Experiments revealed 
that graphene possesses a very high electron mobility at room temperature,  exceeding 
15,000 cm²/(V*s)  [15] . Symmetry of the experimentally measured conductance indicates
that the mobility for electrons and holes is nearly equal [17]. 

                 Applications 

Furthermore, graphene exhibits interesting optical properties. It absorbs white light at a rate
of approximately 2.3% , which is much more than one would expect for monolayer material
containing a lot of vacuum [18] . But graphenes optical absorption can be saturated if the
input intensity is high enough, which takes place for the visible to infrared spectrum. This
effect is called saturable absorption, and its very important for mode locking in fiber lasers.
A graphene based saturated absorber has already been realized for fullband mode locking.
See [19] , [20]. Saturable absorption is also expected to occur in the microwave and 
Terahertz band, which might lead to applications for graphene in modulators, polarizers,
microwave signal processing and broad band wireless network access networks [21] .
Moreover, graphene offers possibility for electrochromic devices because its optical and 
electronic properties can be tuned electrically [22,23]  as follows: Electric stimulus controls 
oxidization and reduction of graphene, and the grade of oxidization influences the electronic
and optical properties of it. Additionally, a photonic crystal based on graphene has been 
manufactured, using a 633 nm He-Ne laser as the light source. [24]

The mechanical behavior of graphene is amazing as well, as it seems the be the strongest
material available today. Graphene proved to have a breaking strength more than 100times
more than a steel film with the same thickness in experiments [25] , and it has a tensile
modulus of 1TPa  [26]. It is a very light material, weighing only 0.77 milligrams per square
metre, but the Nobel announcement illustrated its strength but stating that 1 square meter 
graphene hammock would support a 4 kg cat with a weight similar to that of one of the cats
whiskers, 0.77mg [25]. But the most problematic circumstance hindering graphenes 
commercial applications is its very costly manufacture [27] , but recent developments could
change this soon [28] . Graphene has been processed into a form of paper, called graphene
paper (GP), by a  research department from the University of Technology Sydney. Lead 
Researcher Ali Reza Ranjbartoreh commented : "The exceptional mechanical properties of 
synthesised GP render it a promising material for commercial and engineering applications.
"Not only is it lighter, stronger, harder and more flexible than steel it is also a recyclable and
sustainable manufacturable product that is eco-friendly and cost effective in its use." [29] .
The results would allow the of lighter and stronger cars and planes using less fuel and 
generating less pollution, as well as being cheaper to run and being ecologically sustainable.
As large aerospace companies have already started to use carbon fibers and carbon-based
materials, graphene paper could be the next material of interest.

One of the most interesting application of graphene is its use for field effect transistors. Due
to its high carrier mobility and low noise, graphene is considered as channel in field effect 
transistors. Thus researches are looking for ways to transfer graphene to the substrate of 
interest [30] . In 2008 the smallest transistor so far consisting of only one atom in thickness
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ond 10 atoms in width was produced [31] . Graphene transistors operating at Ghz frequen- 
cies were fabricated and characterized by IBM in December 2008 [32] . P-type as well as
n-type graphene processors have been achieved in May 2009 [33] . Finally, a complemen- 
tary inverter containing n-type and p-type graphene was reported [34] .

Another possible application of graphene is its use as transparent conductor, which means
a material which lets light pass through freely as wells conducting well electrically. 
Graphenes high electrical conductivity and hight optical transparency make it suitable for
that. Concrete areas of application could be touchscreens, LCDs and organic light-emitting
diodes (OLEDs). In comparison to indium tin oxide, which is used today for those purpo-
ses, graphene exhibits superior mechanical properties, for example higher mechanical 
strength and better flexibility, and also graphene films can be deposited from solution over
large areas [35] , [36] . In practice, an OLED with a graphene anode has been constructed
[37].    

Additionally, graphene has drawn attention regarding photovoltaics. As mentioned before,
graphene is a transparent conductor, which means it can be used as for transporting electric 
current in solar systems without absorbing the incoming light [38] . But graphene might 
also work as photoactive material in solar cells. In its natural state, graphene is not suitable 
for this due to its zero bandgap, but if its bandgap is tuned up to 1.4-1.9 eV, it can be used as
photactive material. Solar cells incorporating metallic graphene as conductive electrodes
and semiconducting graphene as photoactive material are proposed by  P. Mukhopadhyay 
and R. K. Gupta [39] . Research from the Institute of Photonics Sciences (ICFO) in Spain
has revealed that graphene could transform light into energy much more efficiently than
the current standard material silicon. In contrast to silicon generation only one current 
driving electron per absorbed photon, graphene can produce multiple electrons for each 
absorbed photon. So solar cells based on graphene might offer an efficiency of 60% , which 
is twice of the maximum theoretical efficiency of silicon based systems [40]. 

 Moreover, another application where graphene might provide an excellent material for are 
sensors, especially sensors for detecting gaseous molecules. In contrast to ordinary solids 
filling space in all three dimensions, graphene has a 2-dimensional structure with a lot of 
vacuum surrounding it, which means it possesses much more contact points with incoming 
gas molecules. But unfortunately, graphene in its pure form cannot absorb molecules due to 
the lack of dangling points on its surface [41] . This obstacle can be overcome by 
functionalizing graphene by coating it with a thin polymer layer, which absorbs the gaseous
molecules. The absorption locally changes the electrical resistance  of graphene, which is 
very advantageous for electrical measurements because of its high electrical conductivity 
and low noise [42] .   

Another very important filed of graphenes technological use is energy storage. Its extremely
high surface area to mass ratio suggests to use it as material for the conductive plates of 
ultracapacitors. Such ultracapacitors are believed to surpass the current ultracapacitors in 
terms of energy storage density [43] . 

Finally, graphene offers amazing possibilities for use in biotechnology. Due to its large 
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surface area, atomic thickness as well as its modifiable chemistry and molecularly gatable
structure, graphene sheets can be functionalized by antibodies for microbial and mammalian
detection and diagnosis devices [44] . But the most biomedical ambitious application 
graphene is considered for is rapid electronic DNA sequencing. This could be performed by
integration of graphene layers as nanoelectrodes into a nanopore [45] .

                          Production 

Despite of all mentioned great things graphene can do, the biggest challenge which must be
handled for its use is its production. At the moment graphene can only be synthesized at low
rates and its very costly. Therefore productions methods fill in a fundamental role for 
graphene technologies, and I present some of the in the following :

• The first method to obtain is the one which was used in the Nobel prize for graphene.
This method, called exfoliation, takes a graphite flake and puts the sticky side of a plastic 
adhesive tape over the flake, and the pulls the tape away with the graphite caught by the 
tape, splitting the graphite flake up. By repeating the process, the resulting fragments 
become smaller and smaller to the point when the fragments contain single layers graphite, 
which is just graphene [46] .  

 

Figure 1.3   Graphene, a graphene transistor and the tape used by Andre Geim (Nobel mu-
seum Stockholm)
  
The tape with graphite flakes containing graphene are dissolved in acetone, and after few 
further steps, these are sedimented on a silicon wafer. The the monolayer graphene are 
searched using an optical microscope. This procedure was simplified one year later avoiding
the solution of the graphite flakes in liquid, and it become possible to obtain relatively large 
crystallites through this. It is aso called scotch tape or drawing method [47] .   

• Heating up silicon carbide (SiC) at high temperatures ( > 1,100 Celsisus ) under low
pressure ( ca. 10e-6 torr ) results in exptixial growth of graphene [48] . The dimensions of
grown graphene depend on SiC substrate, and the face of the SiC substrate used plays a 
crucial role thickness, mobility and carrier density of the obtained graphene. This production
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method was important for observing many important properties like for example its elec-
tronic band structure, which was first visualized with graphene obtained by this method
[49] , [50], [51] .

• Graphene can also be obtained by sonication of graphite dissolved in a proper liquid. 
The remaining non-graphene compounds can be removed using centrifugation. This was 
realized first by Hernandez et al. [52] . but later was later heavily improved by other groups,
especially by the Italian group of Alberto Mariani [53] . Marianis group attained the highest 
concentration of graphene in a liquid by using suitable ionic liquid as dissolving medium, 
namely 5.33mg/ml  [54] . 

• Furthermore, burning magnesium in dry ice (carbon dioxide) causes graphene sheets
formation, which was reported by Narayan Hosmane from Northern Illinois University in 
the United States 2011 in a paper [55] . Following this, the company Graphene Technologies
has developed a  process for scalable production of graphene making use of endothermic 
reactions between Group I and II and carbon-containing gases [56] .   

• At last,  graphite oxide draws lot of attention concerning graphene synthesis. Graphi-
te oxide is hydrphilic, and, when dissolving in water, breaks up into flakes which are mostly
only one atomic layer thick (!!!) . Those flakes are not far away from being graphene, they
just need to be chemically reduced. This can be achieved by exposing them to hydrazine 
[57], hydrogen plasma [58] or Xenon flash [59] . However, these methods cause defects in 
the resulting graphene, which has much lower conductivity than expected [60] . Treating
the graphite oxide flakes with a DVD laser provides high quality graphene at low cost [61]. 

But graphene, as mentioned at the beginning, is not the only planar nanomaterial of interest
for research. For example, boron nitride also forms hexagonal planar structures, called 
nanomesh, which were discovered first at the University of Zurich, Switzerland, in 2003
[62] . Exposing rhodium or ruthenium to borazine under ultra-high vacuum at high 
temperatures leads to self assembled formation of nanomesh sheets.  Its structure is the same
like that of graphene, but instead of carbon atoms, boron and nitride are arranged alternating
in a hexagonal lattice :     
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Figure 1.4  Boron nitride nanomesh grown on ruthenium  , taken from Wikipedia (Dr. Peter 
Blaha)  

    Figure 1.5   STM image of nanomesh, taken from Wikipedia ( Martina Corso and Roland
    Widmer) 
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Due to its wide space between planar sheets and negligible interplanar interaction, nano-
mesh might be of interests for applications regarding molecular electronics, memory 
elements, photochemistry and optical devices [63], [64], [65] . Additionally, graphene-like
nanostructures of silicon are considered by science. Hexagonal monolayers have been 
assumed theoretically some time ago [66] , and were observed experimentally by growth on
Ag(111) [67] , [68] . The term used for them is silicene , analogous to graphene. Theoretical 
calculations suggest that silicene might be very useful as field effect transistor  and also for
hydrogen storage [69] . 
   

                                

                        1.2   Carbon Nanotubes
             

Carbon nanotubes are one dimensional nanostrucutures where carbon atoms arranged hexa- 
gonally form a hollow cylinder. They derive from planar graphene, because they can be 
thought as graphene sheet rolled up to a hollow cylinder. In order specify them, a pair of 
integers (n,m) called chirality are used. They determine the way graphene sheets are rolled
up build the nanotube. The image below illustrates this:

Figure 1.6  Nanotube chirality, taken from Wikipedia
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Here a a1 and a2 denote the hexagonal lattice vectors of planar graphene. The carbon 
nanotube is obtained by rolling up graphene along the chiral vector Ch given by

         Ch=n⋅a1+m⋅a2                                                                                            (1.1)

Following this, the nanotubes diameter d is

         d =
∣C h∣
π =

a
π⋅√n2

+nm+m2                                                                             (1.2)

with a=√(3)⋅acc , where acc denotes the interatomic of graphene , which is approx-
imately

          acc≈1.42 Å                                                                                                  (1.3)

There two often considered cases of nanotubes, which are called armchair and zigzag .
Armchair nanotubes are given in the case that n = m , and zigzag in the case m = 0 .  They
take the form (n,n) and (n,0) , respectively.  Below are visualizations 

                                      

    
        Figure  1.7     Armchair nanotube, taken from Wikipedia  
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   Figure 1.8   Zigzag nanotube, taken from Wikipedia

Later we will see that armchair and zigzag differ significantly in their electronic structure.
But carbon nanotubes can also occur multi-walled , which means that multiple nanotubes
sit inside each other :

        Figure 1.9  Multi-walled nanotube, taken from Wikipedia

In this work, I only investigate single-walled nanotubes . Another  important structures re-
lated to nanotubes are nanoribbons. They can be viewed as rolled out nanotubes or as stripes
from graphene. In order to describe them, the same specifications (n,m) as for nanotubes 
are used. 
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        Figure 1.10  Nanoribbon, from Wikipedia 

The discovery of nanotubes is very interesting and there is a lot of discussion about it. 
Mostly, the discovery of carbon nanotubes is credited for Sumio Iijima who described 
carbon nanotubes in 1991. But this is not 100% correct, as pointed out in an editorial written
by Marc Monthioux and Vladimir Kuznetsov in the journal Carbon in 2006  [70] . 
Detection of carbon nanotubes tube structures dates back to 1952, when L.V. Radushkevich 
and V.M.Lukyanovich published images of tubes of carbon atoms with a diameter of 50nm 
in the Soviet Journal of Physical Chemistry [71] . The publication was written in Russian 
and the Cold War prevented science from the West to notice him. Later, in 1979, John 
Abrahamson revealed carbon nanotubes in a conference paper at the 14th  Biennial 
Conference of carbon  at Pennsylvania State University. He obtained them from carbon
anodes during arc discharge, but instead of calling them nanotubes, he referred to them as
carbon fibers [72] . In 1981, a group of Soviet scientists produced carbon nanotubes by 
thermocatalytical dispropotionation of carbon monoxide. After evaluating the TEM images
X-ray patterns, they depicted them  ''carbon multilayer tubular crystals'' . They suggested 
that they are formed by rolling up graphene layers in different configurations, namely 
circular (armchair) and spiral ( general (n,m) )  [73] .   

One of the most famous aspects of carbon nanotubes are their excellent mechanical proper-
ties. Due to their strong covalent sp² bonds, their tensile strength and elastic modulus exceed
exceed conventional materials by far. For instance, in 2000 a multiwalled carbon nanotube
was measured to possess a tensile strength of 63 gigapascals [74] . Another study in 2008
showed that individual carbon nanotubes can have strengths up to 100 GPa , as expected 
from theoretical calculations [75] . Despite having a low density of only 1.3-1.4 g/cm³ , 
they exhibit a specific strength ranging up to 48,000 kNm/kg , which is the best of currently
available materials, whereas high carbon steel only has 154 kNm/kg  [76] . Futhermore,
carbon nanotubes hardness is amazing. They prove to have a bulk modulus of 462 to 546
GPa, exceeding even diamond which has 420 GPa [77] .
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The electronic structure of nanotubes strongly depends on their chirality, and can be pre-
dicted by her.  If for a given chirality (n,m) the difference n-m is a multiple of 3, then the 
nanotube shows metallic behavior, otherwise it is a semiconductor [78] . This will be 
discussed later in this work. But this approach is only very basic and neglects curvature 
effects, and therefore  sometimes fails for nanotubes with small diameters. For example, a 
(5,0) nanotube should be expected to be semiconducting using this approach, but experi-
ments reveal that this  nanotube is metallic in fact.    

Furthermore, nanotubes exhibit interesting thermal properties. Along their axis, they prove
to be very good thermal conductors, following the so called ''ballistic conduction'' regime.
Experiments showed that a single-walled nanotube has a room temperature thermal conduc-
tivity of around 3500 W/(m*K) along its axis, exceeding the thermal conductivity of the 
well known good thermal conductor copper by far, which only has 385 W/(m*K)  [79] . 
In contrast to this, the thermal conductivity of them across their axis is only about W/
(m*K) , comparable to that of soil [80] . Carbon nanotubes are thermally stable at tempera-
tures up to 2800 Celsius in vacuum and 750 Celsius in air [81] .

                                    Applications 

Like graphene, carbon nanotubes promise a lot of applications. For instance, they offer great
potential for new strong materials. They have already been used as composite fibers in po-
lymers in order to improve their strength. Zyvex Technologies has built a 54' maritime 
vessel, called the Piranha Unmanned Surface Vessel, significanty improving its structural
perforce through use of carbon nanotubes. The boats weighs only 8,000 lb , but it can carry
a payload of 15,000 lb over a range of 2,500 miles [82] . Additionally, Amroy Europe Oy
produces carbon nanoepoxy resins incorporating carbon nanotubes under the trademark 
Hybonite, which are up to 30% stronger than other composite materials. Its areas of appli-
cations already include wind turbines, marine paints and a lot of sport equipment like skis,
ice hockey sticks, baseball bats, hunting arrows and surfboards [83] . Moreover, carbon 
nanotubes are proposed for use in clothes, combat jacktes and even in space elevators due
to their superior mechanical properties [84] . However, their use in space elevators still re-
quires a lot of technological development. Ballistic vests containing carbon nanotubes for 
better protection against gunfire are under development [85] .

Another possible application of carbon nanoutubes are field-effect transistors based on 
them, called carbon nanotube field effect transistors (CNTFETs) . They have been demon- 
strated at room temperature and can perform digital switching using only one electron [86] . 
But one very big challenge for their production is to separate metallic nanotubes away from 
semiconducting ones, because semiconductors are desired for use. IBM found a way to 
handle this problem in 2001, called ''constructive destruction'' , which automatically de-
stroys metallic nanotubes on the wafer [87] . However, carbon nanotubes are far away from
replacing conventional CMOS technology.

Furthermore, nanotubes can be used to manufacture new kind of superior wires and cables.
Wires based on carbon nanotubes and nanotube-polymer  have been realized which show
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a specific conductivity exceeding that of copper and aluminum [88], [89] . 

Another amazing applications of nanotubes is their use in a new class of batteries, called
paper batteries . They consist of cellulose which fill up the space, and carbon nanotubes
act as electrodes [90] . Lithium ions fill the role as electrolyte. Those batteries exhibit many
advantages over existing batteries, as there are light, thin and flexible. It they can be 
produced in newspaper size , they would provide enough energy to power a car [91] . 
In addition, carbon nanotube electrodes can improve the efficiency of ultracapacitors ac-
cording to research having been made by MIT Laboratory for Electromagnetic and Elec-
tronic Sytems [92] . 

Moreover, carbon naonotubes draw attention regarding their use for military. Muti-walled
carbon nanotubes can absorb microwaves and are therefore useful as radar-absorbing 
material. The University of Michigan investigated the application of carbon nanotubes for
stealth technologies, and they found that carbon nanotubes not only absorb light, but also
do not reflect or scatter visible light, which makes aircrafts hard to see. In practice, carbon
nanotubes could be painted on an aircraft [93] .

Nanotubes play a crucial role for constructing microsystems and micromachines. For in-
stance, a new memory device based on carbon nanotubes called NRAM has been invented
by the company Nantero Inc. [94] . In this memory device, 0 and 1 are represented by high 
or low electrical resistivity of two carbon nanotubes. In each memory unit, there are two 
carbon nanotubes. In the 1 state, they are connected and therefore conduct electricity well,
whereas in the 0 state, they stay separated from each other and have low electrical con-
ductivity.           

In addition, nanomotors can be constructed using carbon nanometers. These motors are very
small, at magnitude of molecules, and generate very small forces down to the order of 
piconewtons [95], [96] . First approaches used thermalgradient principles to control motion,
but these have some drawbacks compared to other micromotors. A new technology, called
Electron windmill has overcome many obstacles and largely improved nanotube motors.
An electron windmill consists of an outer (18,0) carbon nanotube and and inner (6,4) inner
carbon nanotube, and applying a voltage causes a wind of electrons. When interacting with  
the inner nanotube, these electrons get an angular momentum and therefore produce a 
tangential force on the inner nanotube causing it to rotate [97] . No metallic plates or gates
are needed. This approach is very promising for further applications. 
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 Figure  1.11  Conventional nanotube motor and electron windmill below, taken from 
 S. W. D., Bailey, I. Amanatidis and C. J. Lambert (2008). "Carbon Nanotube Electron        
Windmills: A Novel Design for Nanomotors". Physical Review Letters 256802: 1-4. 

Apart from that, carbon nanotubes also draw attention for their use as transparent conduc-
tors in touchscreens and flexible displays. Eikos Inc. in Franklin, Massachusetts and 
Unidym Inc. are working on carbon nanotube films in order to replace indium tin oxide 
(ITO) . Printable water-based inks of carbon nanotubes are under development [98] . 

Finally, another amazing application of carbon nanotubes could be store energy mechanical-
ly. Flywheels can store huge amounts of energy when they rotate at very high speeds in 
vacuum suspended by magnetic bearings, from 20,000 to over 50,000 rpm [99] . Carbon
nanotubes excellent strength would enable flywheels made with carbon nanotubes to rotate
at extremely high speeds. Energy can be taken from the flywheels very efficiently by using
electromagnetic fields. Furthermore, carbon nanotube springs can store big amounts of 
energy can exceed that of lithium ion batteries [100] .

                                             Production 

But in order to realize all those amazing applications, production methods for carbon nano-
tubes are essential. One very important method of synthesizing carbon is chemical vapor
deposition (CVD)- This method was used first in 1993 in order to produce carbon nanotubes
[101] . In CVD, the carbon nanotubes are grown on a substrate using metal nanoparticles as
catalysts , which pull out a nanotube getting longer and longer. 
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Figure 1.12  CVD carbon nanotube growth, taken from Springer Images

At the beginning, a substrate is prepared with the nanoparticle catalysts. The the substrate is
heated up to 700 Celsius , and a carbon containing gas like methane, ethanol or acetylene 
flows into to reactor together with a process gas, for example, ammonia, nitrogen or 
hydrogen. Carbon breaks away from the gas and starts forming nanotubes at the metal nano-
particles [102] . Depending on the adhesion between the catalyst particles and the substrate,
the catalyst nanoparticles either remain on the bottom of the substrate, or move into the 
direction of growth, drawing the growing carbon nanotube behind itself [103] . See Figure   
1.12 for illustration. The metals used as catalysts are mostly nickel, cobalt and iron [104] , 
or a combination [105] . The diameter of the grown nanotubes is influenced by the size of 
the carbon nanoparticles. 

        
Figure  1.13 Image of carbon nanotubes grown on substrate, taken from nanotechweb.org
(2006)  
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Adding water to the process can significantly improve the growth of the carbon nanotubes. 
This procedure is denotes as Super-growth CVD and was invented by Kenji Hata, Sumio 
Iijima and co-workers at AIST in Japan [106] .

A different approach for synthesis of carbon nanotubes is based on vaporization of carbon.
The most important methods of that kind are:

     -  Arc discharge

In this method, a high current of around 100 Amperes passes through graphite electrodes. 
Due to the high temperatures achieved by this, the carbon in the negative electrodes sub-
limates and carbon nanotubes are formed, single-walled as well as multi-walled. This 
method was first used in 1991 [107] , but the first macroscopic production by this method
was done in 1992 by two researchers at NECs Fundamental Research Laboratory [108] .  
The efficiency per weight is up to 30% [76] . 

  -Laser ablation

Another method to produce carbon nanotubes is to vaporize a graphite target in high tempe-
rature reactor using a pulsed laser, while an inert gas is blown into the reactor. The vapor 
condenses on the cooler sites of the reactor and multi-walled carbon nanotubes emerge 
[109] . Single-walled carbon nanotubes can be obtained by a combination of graphite and 
metal catalyst particles, preferably cobalt and nickel [110] . 

     - Plasma torch 

This method makes use of plasma in order to vaporize carbon containing substances, in ano-
logy to the arc discharge method. High frequency oscillating currents in a coil induces a 
plasma which is maintained by an inert gas. Metal catalysts are added for the nanotube
growth process. Groups from the University of Sherbrooke and the National Research 
Council of Canada discovered this process in 2005 [111] . The production is speed achieved
is quite good being 2 grams of nanotubes per minute, which exceeds the speed of arc-
discharge and laser ablation.

But there is a completely different approach for producing carbon nanotubes than the meth-
ods mentioned. These methods all try to synthesize carbon nanotubes directly from scratch,
which is difficult and complicated. However, carbon nanotubes are closely related to 
graphene and can be thought as rolled up graphene. This idea is realized by a proposed 
method to synthesize carbon nanotubes, namely Twisting graphene nanoribbons into 
carbon nanotubes  [112] . 
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  Figure 1.14  Rolling up graphene nanoribbons to carbon nanotubes, taken from [112] 

As depicted in Figure 1.14, carbon nanotubes are formed by continuously twisting graphene
nanoribbons. The twisting can be carried out in practice with paddle-type setups by applying
appropriate voltages to electrodes. Chiralities of the resulting carbon nanotubes can be 
controlled by using graphene nanoribbons with suitable chirality, which is a huge advantage 
over all other methods, which produce mixtures of different nanotubes. There many very 
promising approaches for large scale cheap production of graphene, and as nanoribbons
can be obtained easily from graphene, this method is very interesting for economic synthesis
of carbon nanotubes . 

             
    1.3  Basic electronic structure of graphene and carbon nanotubes

In this chapter I want to provide a brief description of the electronic structure of graphene
and carbon nanotubes based on tight binding considerations. As graphenes electronic struc-
ture is fundamental for carbon nanotubes, I start with graphene. Graphene is a hexagonal
lattice consisting of 2 carbon atoms in its unit cell, as shown in the picture below:

  Figure 1.15    Unit cell of graphene and its reciprocal lattice, taken from thep-center.org 
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I will follow the approach in [113], which gives a very good introduction to graphene and
nanotubes. With a = √(3)⋅acc , where  acc≈1.42 Angstrom is the distance between 
carbon atoms, the lattice vectors of graphene are :

        a1=( √(3)
2

;
1
2
)⋅a   ,    a2=( √(3)

2
;−

1
2
)⋅a                                             (1.4)  

                                           
The reciprocal lattice vectors are given by : 
 

b1=(
1

√(3)
;1)⋅

2π
a  ,  b2=(

1

√(3)
;−1)⋅

2π
a                                                  (1.5) 

The carbon atoms in the graphene plane are bonded by the sp2 hybridization. Carbon has
4 valence electrons, where the s , px , py orbitals form a strong sigma bond in the plane,
but the pz orbitals combine by pi bond. Graphenes mechanical properties mostly derive
from the strong sigma bond. In the electronic  structure, the pz orbitals pointing out of the 
graphene sheet are isolated from the other orbitals and are thus decoupled from them. 
Therefore only the pi-bonding pz orbitals are taken into account for the tight binding 
description of graphene. With the two basis atoms A and B of the hexagonal, the tight bin-
ding wavefunction can be written as linear combination of two functions belonging to A
and B :

           ψ(k , r )=c A(k )P A(k , r)+cB (k )P B(k , r )                                            (1.6)   

    with

           P A(k , r )=
1

√(N cells)
∑

l

eik⋅l pz(r−r A−l )                                              (1.7)

            PB (k , r)=
1

√(N cells)
∑

l

eik⋅l pz(r−r B−l)                                            (1.8) 

where k denotes the  wavevector, N cell the number of unit cells, and l the cell position
index. Inserting (1.6) into the Schrödinger equation yields the matrix diagonalization pro-
blem with energy E 

           (H AA−E H AB

H BA H BB−E)                                                                               (1.9)                     
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We restrict only to next neighbor interaction and set H AA=H BB=0  as energy reference.
We obtain

          H AB=H BA=−γ0(1+e−ik⋅a1+e−ik⋅a2)=−γ0⋅α(k )                                  (1.10)  

              

for the off-diagonal matrix elements, where γ0 denotes the transfer integral between next
neighbor pi-bond orbitals. It is approximately 2.9 eV. Solving the eigenvalue problem gives
the dispersion relation 

          E1,2(k )=±γ0⋅√1+4cos (
√(3)k x a

2
)⋅cos(

k y a

2
)+4cos2

(
k y a

2
)                (1.11) 

   

The positive and negative square root correspond to the conduction and valence band of 
graphene. At the K points of the Brillouin zone, the term becomes zero, which means that
valence and conduction band touch each other. Figure 1.16 shows graphenes band structure:

      
            Figure 1.16  Band structure of graphene, taken from Wikipedia 
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The electronic structure of carbon nanotubes can be derived from graphene. Carbon nano-
tubes can be thought of as rolled up graphene, and this idea is used to obtain the band 
structure of them. When applying next neighbor tight binding to carbon nanotubes and ne-
glecting curvature effects between the carbon atoms, one finds that the tight binding Hamil-
tonian of the carbon nanotube is the same as if one would roll the nanotube out to a stripe
of graphene. This model is called zone folding approximation. We can get the electronic
structure of the rolled out graphene stripe by taking that of graphene, but requiring periodic 
boundary conditions, because both ends of the stripe come together in the real nanotube. 
For a given chirality (n,m) , these are :

              ψk (r+C h)=eik⋅Ch ψk (r )=ψk (r )                                                          (1.12)

Consequently, the allowed k points must fulfill

               k⋅C h=2π⋅q                                                                                   (1.13)

with an integer q. The allowed k points form lines in the Brillouin zone, and these lines are 
taken as bands. If one of the k-point lines crosses a K point , then the nanotube is metallic,
because conduction und valence band cross, otherwise the nanotube is a semiconductor.
This can be checked easily by the condition 

                 n−m=3⋅l                                                                                   (1.14)

, where l is an integer. Therefore if the difference n-m is a multiple of 3, a K point is crossed
by the band lines, and the nanotube is metal. In the case that n-m cannot be divided by 3,
the nanotube is an semiconductor. A direct consequence of this is that all armchair carbon
nanotubes (n,n) are metallic, whereas zigzag nanotubes (n,0) are metallic when n is multiple
of 3. Here is an illustration of that method for a (5,5) nanotube :
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       Figure 1.17  K-point lines in the Brillouin zone for a (5,5) nanotube (a) and the
                            resulting electronic bands (b) , taken from [113]
       

      

        Figure 1.18    Band structure and density of states for a (5,5) nanotube, taken from 
                               [113]   
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                    2. Theoretical background 

In this chapter, the theoretical concepts used in this work are discussed. The key problem in
determining the electron structure is that electron-electron interaction must be taken into 
account in order to describe the systems properly. 2.1 gives an introduction to DFT, a very
popular method which calculates the ground state of a many body system in good approxi-
mation by reducing the many body problem to an effective one-particle problem. In 2.2 ,
the GW-approximation is described, which is a very big improvement of DFT for examina-
ting the electronic structure beyond the ground state. Finally, the Bethe-Salpeter equation 
(BSE) and optical spectrum are explained in 2.3 .BSE is the final method used here, which 
deals with electron-hole excitations (Excitons), and its results are taken in order to compute 
the optical spectrum. 

2.1 DFT     

The density functional functional theory (DFT) plays a very important role in the computa-
tion of the ground state in many body systems [3]. It is the main approach to incorporate the
interaction between electrons, and its basic idea is to express it by an effective potential, still
remaining in the one particle formalism. If we consider a system with N electrons, then the
complete Hamiltonian is    

                 H=∑
i=1

N p i
2

2m
+∑

i=1

n

V (r i)+∑
i< j

e2

∣r i−r j∣
                                                  (2.1) 

Instead of solving the eigenvalue problem directly in the Fock space, which would be very
time consuming, one considers the particle density 

                  n0(r )=∫ d 3 r1 ...∫ d 3 r N ψ0( x1 ,... , x N)∑
i=1

N

δ(r−r i)ψ0(x1 , ... , xN)       (2.2)

The energy expectation value of a state is given by

                     E [ψ]=
〈ψ∣H∣ψ〉

〈ψ∣ψ 〉
                                                                         (2.3)                
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For simplicity, we restrict to normalized wavefunctions, so that the energy becomes only the
matrix element of the Hamiltonian. 
Considering the energy as functional of the particle makes sense, because the

 
                Theorem of Hohenberg and Kohn                                             (2.4) 

states that ground state energy uniquely depends on the particle density. Futhermore, to the
ground state density belongs exactly one ground state wave function. Thus all relations are
unique and well-defined. But in order to proceed, we first need to express the energy in 
dependence from the particle density, with a special focus on the electron-electron interac-
tion. The total energy consists of 3 parts, the kinetic energy, the potential energy and the 
electron-electron interaction :

      
E [n(r )]=T [n(r )]+V [n (r )]+U [n (r )]                                                       (2.5)

   T [n(r )]=〈ψ∣∑
i=1

N p i
2

2m∣ψ〉                                                                          (2.6)

V [n (r )]=〈ψ∣∑
i=1

N

V (r i)∣ψ〉=∫ d 3 r V (r )n(r )                                               (2.7)

U [n(r )]=〈ψ∣e2

2
∑
i≠ j

1
∣r i−r j∣∣ψ〉                                                                    (2.8) 

                                  

The term for the electron-electron interaction (2.8) is very complicated and has no relation 
to the electron density. In order to get an expression for (2.8) based on the particle density,
one sets as approximation 

  U [n(r )]=
e2

2
∫ d 3 r∫d 3 r '

n(r )n(r ' )
∣r−r '∣

                                                        (2.9) 

This would be the classical electrostatic energy of the electron cloud. However, this approx-
imation neglects quantum effects, and needs to be improved. Therefore a correction term
 Exc [n(r)]  called exchange correlation energy  is introduced : 
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U [n(r)]=
e2

2
∫ d 3 r∫d 3 r '

n(r )n (r ' )
∣r−r '∣

p+E xc [n(r)]                                       (2.10) 

The exchange correlation energy consists of two parts, the so called exchange energy Ex  and
the correlation energy Ec   :   

           E xc=E x+Ec                                                                                   (2.11) 

The most basic and popular for the exchange correlation energy is the so called local density
approximation (LDA) . It starts from the free homogenous electron gas, also called jellium, 
to investigate the electron-electron interaction. Hartree-Fock calculations for the free homo-
genous electron gas provide the following exchange energy : 
 

            E x [n(r )]=−
3e2

4π
(3π2

)
1 /3∫ d 3 r (n(r ))4 /3                                          (2.12)

But Hartree-Fock calculations assume single Slater-determinants as solutions. This simpli-
fication is corrected by the correlation energy, which is much more difficult to calculate.  
Throughout this work, we use the results from Ceperly and Alder, who calculated the 
correlation energy of the homogenous electron gas by quantum Monte Carlo simulations. 
This can be read in D. M. Ceperley and B. J. Alder (1980). "Ground State of the Electron 
Gas by a Stochastic Method". Phys. Rev. Lett. 45 (7): 566–569.  

But there are some improvements over LDA, which are called GGA and Minnesota 
Functionals. GGA functionals not only depend on the particles density, but also on gradient 
of it. Minnesota functionals are even more extreme, involving terms of the Laplacian [114]
  
Now we regard the system in one-particle picture, because our goal is to find an appropriate
one particle formalism to describe the electron-electron interaction. If the one-particle wave-
functions are ψi , then the ground state wave function can be approximated as Slater deter-
minant

         ψ( x1 , ... , x N )=
1

√N
⋅det (ψi(x j))                                                          (2.13)       

The particle density becomes

          n (r )=∑
i=1

N

∣ψi( x)∣2                                                                               (2.14) 
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Finally, using (2.11) and (2.12), we obtain the total energy functional  
                                                                                                                                   

E [n(r )]=∑
i=1

N
−ℏ

2

2m
∫ d 3 rψi ∇

2 ψi (r )+∫ d 3rV (r)n (r )+
e2

2
∫ d 3 r∫ d 3 r '

n(r )n(r ' )
∣r−r '∣

+E xc [n(r)]  

                                                                                                                            (2.15)
                                           
After variational minimization of the energy functional with the constraint of normed wave-
functions, one receives the famous 

                           Kohn-Sham equations 

{−ℏ
2

2m
∇

2
+V (r)+∫ d 3 r '

e2

∣r−r '∣
n (r ' )+

δ E xc [n (r )]

δ n(r ) }ψi(r )=ϵi ψi(r )                   (2.16) 

for the ground state wavefunctions  ψi  and corresponding energies εi   .
Thus the system can be regarded as one particle problem with an effective potential 

V eff=V (r )+∫ d 3 r '
e2

∣r−r '∣
n(r ')+

δ E xc [n(r )]

δn (r )
                                                  (2.17)

Solving (2.14) and (2.15) yields a band structure as result, the DFT band structure. The 
numerical procedure for DFT calculations is self-consistent iteration . One starts with an
appropriate particle density and solves the Kohn-Sham equations. The resulting wavefunc-
tions are taken to calculate the updated particle density and Kohn-Sham equations. Then
the procedure is repeated again and again, until the obtained particle densities converge 
to a given convergence parameter. 

 The main basis sets used for all calculations are Gaussian orbitals and plane waves. Gaus-
sian orbitals attach an orbital basis to the atoms, which is determined by the included decay
constants and the maximum angular momentum L belonging to them. So for one decay 
constant, there are 10 orbitals in case of L=2, 4 orbitals in case of L=1, and one orbital in
case of L=0.  L=2 ist maximum in the program package Exciton being used here. 
Gaussian orbitals are often contracted in order to resemble atomic orbitals better. 

Additionally, it is possible to use linear combinations of the atomic orbitals belonging to the
atoms in the system as basis. This method is called linear combination of atomic orbitals 
(LCAO)  .   

Secondly, plane waves are used. These are controlled by the energy cutoff, and by increa-
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sing it, the precision can be enhanced systematically. Plane waves are mainly used for the
following GW calculations in my work. 

In all of this work, norm conserving ab-intio pseudopotentials are used.  
 

  
2.2 GWA

The GWA method is big improvement over DFT in order to describe the electron-electron
interaction concerning electronic states above the ground state . Despite being quite success-
ful in predicting the ground state of quantum systems, DFT often fails for excited states and 
band gaps. For instance, band gaps in Si, GaAs,Ge etc are systematically underestimated, up
to 100% in the case of Ge. In order to receive more realistic computational results, the much
more accurate GWA method is used [115] . The starting point for deriving it is to consider a 
many body quantum system in the Green function formalism. In this formalism, the one 
particle Green function  is defined as

                   G1(1,2)=−i 〈 N ,0∣T ψ̂(1) ψ†
(2)∣N ,0〉                                             (2.18)

 

and the two particle Green function  by

                    G2(12 ;1' 2 ' )=−〈 N ,0∣T ( ψ̂(1) ψ̂(2) ψ†
(2 ' )ψ†

(1' ))∣N ,0 〉               (2.19)

using the field annihilation and creation operators,  where 

                    1,2..=(x1 , t) ,(x2 ,t )...                                                                    (2.20) 

are the particles coordinates including spin, N,0 > the ground state and T denotes time 
ordering operator. The particle field annihilation and creation operators create or remove at a
room point x by generate the according particle states in the Fock space. The Green funct-
ions obey the following equation :

 
                                                                                                                            (2.21)

(i ∂
∂ t

+∇
2
−V (r )−V C (r))G (xt , x ' t ')+i∫ e2

∣r−r ' '∣
G 2(x ' ' t , x ' ' t , xt , x ' t ')dx ' '=δ(x , x ' )δ (t , t ' )

But we need a closed set of equation, and therefore (2.20) is simplified by introducing the
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so called self energy Σ : 

                                                                                                                        

(i ∂
∂ t

+∇
2
−V (r )−V C(r))G 1(xt , x ' t ' )−∫Σ( xt , x ' ' t ' ' )G1(x ' ' t ' ' , x ' t ' )dx ' ' dt ' '=δ(x , x ' )δ( t , t ' )

                                                                                                                     (2.22)

Here V(r) denotes the potential of the lattice and VC (r) the classical electrostatic potential 
of the electrons between each other, which is the first term in the DFT effective potential.
The equation above all depend on time, but we are interested in energy, and thus one makes
a Fourier transformation of the time variable for getting an energy dependence. One obtains
a new Hamiltonian for the wavefunctions  :

        (−∇2−V (r )−V C (r ))ψm
QP( x)+∫Σ(x , x ' ,ϵm) ψm

QP(x ')dx '=ϵm ψm
QP (x )          (2.23) 

In order to receive the self energy, one uses variational derivation, which can be read in full
detail in [115]. The resulting equations are 

                          Hedins equations  

              Σ(12)=i∫G1(13)W (1'+' 4)Γ(32 ;4)d (34)                                        (2.24)

              W (12)=∫ v (13)ϵ−1
(32)d (3)                                                             (2.25)

              ϵ(12)=δ(12)−∫v (13)P(32)d (3)                                                    (2.26)

              P (12)=−i∫G 1(23)G1(42)Γ (34 ;1)d (34)                                        (2.27)

              Γ(12 ;3)=δ(12)δ(13)+∫
δ Σ(12)
δG 1(46)

G1(75)Γ(67 ;3)d (4567)             (2.28)

The second term in (2.27) is very complicated and makes calculation difficult. Therefore in
the so called GW approximation (GWA) , the second term in (2.27) is neglected. This gives
simplified equations for the self energy : 

                Σ=iG1W                                                                                      (2.29)
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                W=v ϵ−1                                                                                       (2.30) 

                ϵ=δ−vP                                                                                      (2.31)

                P=−iG1G 1                                                                                  (2.32)

                 Γ(12 ;3)=δ(12)δ(13)                                                                  (2.33)

A self consistent calculation like in DFT would be very time-consuming and difficult to per-
form. Instead of this, the results from DFT are taken to construct the self energy. The Green
function based on DFT results is

                  G1
DFT

=( x , x ' ,ω)=∑
n

ψn
DFT

( x)(ψn
DFT

(x '))

E−En
DFT

+i0' 0' sign(En
DFT

−EF )
                   (2.34) 

 All other quantities are then obtained using (2.33) as starting point. Finally, the GWA quasi-
particle wavefunctions and energies from (2.22) can be computed by setting the wavefunc-
tions as linear combinations of DFT wavefunctions, which gives us the Hamiltonian to be
diagonalized :  

  

                 ψm
QP
=∑

n '

an '
m
⋅ψn'

DFT

                                                                       (2.35)

                 H nn '
QP
(E)=En

DFT
δnn '+〈ψn

DFT∣Σ(E )−V XC∣ψn'
DFT 〉                              (2.36)   

                     

Numerical evaluation of the self requires a lot of computational effort, and becomes extrem-
ly time consuming in the case of large systems. In order to handle this obstacle, dielectric
model functions have been developed. These describe the dielectric function with a simpli-
fied model rather then fully making a full calculation of the equations listed before. One of
the most prominent of the ones of Hybertsen-Louie and of Bechstedt-Falter. However, these
screening models have the big drawback that they assume one universal dielectric constant.  
In homogenous bulk sytems, this makes sense, but it does not work in inhomogenous sys-
tems like surfaces or the nanosystems considered in this work. Due to that problem, the so
called LDA+GdW model has been developed by Michael Rohlfing [116].  This model 
constructs the total dielectric response as sum of the responses of each atom in the unit cell, 
and an effective volume is attributed to each atom as a weight. All calculations in this work 
are based on LDA+GdW.                 
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2.3 Bethe-Salpeter equation and optical spectrum

The final step in our calculations to solve the so called Bethe-Salpeter equation (BSE), in 
which the electron-electron interaction is calculated directly upon the previously obtained
wavefunctions. Its key quantities are the two-particle correlation functions , defined by

          L(12 ;1' 2 ' )=−G2(12 ;1 ' 2 ' )+G 1(1,1' )G1(2,2 ' )                                              (2.37)

 and for free electron pairs 

            L0(12 ;1 ' 2 ' )=G1(1,2 ')G1(2,1' )                                                                     (2.38)    

They obey the following equation of motion [117] , called the Bethe-Salpeter equation 
(BSE) :

               L(12 ;1' 2 ' )=L0(12 ;1 ' 2 ' )+∫ d (3456)L0(14 ;1 ' 3)K (35 ; 46)L (62 ;52 ')    (2.39)
  

Here the coordinates are denoted like in the previous chapter, the numbers 1,2 … are an ab-
brevation for the space, including spin, and time coordinates, and K(35;46) denotes the so 
called electron-hole interaction kernel . There four time variables here, referring to two 
particle creations and two particle creations respectively, but we restrict to simultaneous 
creation and annihilation, so that only two time variables remain. Furthermore, due to time 
homogeneity, only time differences are of interest, so that we effectively have to deal only 
with one time variable. Once again, we perform a Fourier transformation of the time vari-
able in order to work in the relevant energy space. The free electron pair correlation function
can be expressed by the wavefunctions and energies obtained by the GW calculation as 
follows:

L0(12,1 ' 2 ' ;ω)=i∑
v ,c
(ψc (x1) ψv (x1 ' )ψv( x2)ψc (x2 ' )

ω−(Ec−E v)
−

ψv (x1) ψc( x1 ' )ψc( x2) ψv (x2 ' )
ω+(E c−E v) )   (2.40)

Under the assumption that the electron-hole excitations are long lived, the two particle cor-
relation function can be written as
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L(12,1 ' 2 ' ;ω)=i∑
S
(χS( x1 , x1 ' )χS( x2 ' , x2)

ω−ΩS
−

χS (x2 , x2 ' )χS( x1 ' , x1)

ω+ΩS
)                         (2.41) 

                                                                                                                                                    
, where S denotes the excited many body states and ΩS the energies belonging to them. The 
electron-hole amplitudes in (2.40) are defined by

    χS (x , x ' )=−〈 N ,0∣ψ†
( x ' ) ψ̂( x)∣N , S 〉                                                                   (2.42)

                                                                                                                                                    
with many-body ground state N,0 and excited states N,S. The excited states can be assumed
as linear combinations of electron-hole excitations:

      ∣N , S 〉=∑
v

hole

∑
c

elec

Avc
S âv

† b̂c
†∣N , 0〉 :=∑

v

hole

∑
c

elec

Avc
S ∣vc 〉                                                  (2.43)       

                                                                                                                                                    
                                                                                                                                                    
with electron and hole creators a,b. Expanding the field operators in the basis of the valence
and conduction bands and using (2.42) yields the following expression for the electron-hole
amplitudes:

       χS (x , x ' )=∑
v

occ

∑
c

empty

Avc
S ψc (x )ψv ( x ' )+Bvc

S ψv (x) ψc( x ' )                                     (2.44)  

                                                                                                                                                    
Inserting the equations above into the Bethe-Salpeter equation yields the following eigen-
value problem :

         (E c−E v )Avc
S
+∑

v ' c'

K vc ,v ' c '
AA

(ΩS)Av ' c'
S

+∑
v ' c'

K vc ,v ' c '
AB

(ΩS)Bv ' c'
S

=ΩS Avc
S

                (2.45)          

                                                                                                                                                    
                                                                                                                                                    

          ∑
v ' c'

K vc ,v ' c '
BA

(ΩS)Av ' c'
S

+(E c−E v)Bvc
S
+∑

v' c '

K vc , v ' c'
BB

(ΩS )B v' c'
S

=−ΩS B vc
S

            (2.46)           

   
with matrix elements 

      K vc , v' c '
AA

=i∫d (3456) ψv( x4)ψc( x3)K (35,46 ;ΩS)ψv' ( x5)ψc ' (x6)                    (2.47)
    
        K vc , v' c '

AB
=i∫d (3456) ψv (x4)ψc (x3)K (35,46 ;ΩS) ψv ' (x6) ψc' ( x5)                 (2.48) 

                         



37

                                                                                                                                                    
                                                                                                                                                    
                                                                                                                                                    
and similar formulas for KBA  and KBB . The off-diagonal matrix elements KBA and KAB are 
very small and can be neglected. Therefore we can set KAB =  KBA  = 0 , which decouples
the eigenvalue problem (2.44) and (2.45). We restrict on solving (2.44) for the coefficients
A, because these are the relevant ones providing the structure of the excited many body sta-
tes. So the equation to be solved is (2.46) , giving positive solutions.                                      

But in order to solve (2.48) , we have to know the electron-hole interaction kernel K before.
K is given by [117] :

        K (35 ;46)=
δ[V Coul (3)δ(3,4)+Σ(3,4)]

δG1(6,5)
                                                      (2.49) 

The derivative Coulomb interaction part can be computed easily because the Coulomb inter-
action is proportional to the particle density, which can be expressed by the Green function:

            V Coul∝ρ v                                                                                                (2.50)           

              ρ(1)=−i G(1,1┼
)                                                                                  (2.51) 

                                                        
The functional derivative of the self energy using GWA reads

    

             
δ(G1 W )

δG1

=W+
δW
δG1

                                                                       (2.52)

Fortunately, the second term of (2.52) is small and can be neglected. We obtain the electron-
electron interaction kernel as

                                                                                                                       (2.53) 

K (35 ;46)=−i δ(3,4)δ(5¯ ,6)v(3,6)+i δ(3,6)δ (4,5)W (3┼ ,4)=K x
(35 ;46)+K d

(35 ; 46)          
              

In (2.53), the first part Kx is called exchange interaction term and controls details of the ex-
citation spectrum, whereas the second term Kd is called direct interaction term and is respon-
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sible for the attractive nature of the electron-electron interaction and the formation of exci-
tons. The matrix elements of K can be calculated by

        
 

      〈vc∣K AA ,d
(ΩS )∣v ' c ' 〉=∫dxdx ' ψc (x )ψc ' (x) ψv (x ' )ψv ' ( x ' )

i
2π∫ d ωe−iω0┼

W (r , r ' ,ω)        

  ˟    [ 1

ΩS−ω−(E c '
QP
−Ev '

QP
)+i0┼ +

1

ΩS+ω−(Ec
QP
−E v

QP
)+i0┼ ]                              (2.54)

and       

        〈vc∣K AA , x∣v ' c ' 〉=∫ dxdx ' ψc( x) ψv( x)v (r , r ' )ψc ' (x ') ψv' ( x ' )                      (2.55) 

      
The integration in (2.54) is carried out using a plasmon-pole model [118] . If  the excitonic
binding energies are much smaller than the characteristic screening frequencies, which is the
case in most semiconductor crystals, then (2.54) is simplified to

          〈vc∣K AA , d∣v ' c ' 〉=−∫ dxdx ' ψc (x )ψc' ( x) ψv( x ' )ψv ' ( x ' )W (r , r ' ,ω=0)     (2.56)

Finally we are able to determine the optical spectrum, after having obtained the excited sta-
tes and their excitation energies. The crucial physical size for this is the dielectric function 
ε(ω). With given polarization vector of the incoming light and the velocity operator

             λ⃗=
A⃗
∣A⃗∣

                                                                                                (2.57)

                                 

              v⃗=
i
ℏ
⋅[ H , r⃗ ]                                                                                        (2.58)

, the imaginary part of the dielectric function results from the optical transition matrix ele-
ments :

              ϵ2(ω)=
16π e2

ω
2 ⋅∑

S

∣λ⃗⋅〈0∣⃗v∣S 〉∣
2
δ (ω−ΩS )                                              (2.59)
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Taking only the free interband transitions without electron-hole interaction would yield the 
so called  free spectrum , whereas including the electron-hole interaction gives the so called 
coupled spectrum . 
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3. Planar nanostructures of various materials

In this chapter, planar nanostructures of various materials are discussed. These are in ano-
logy to graphene in their structure, but consist of different atoms. First the most prominent
material graphene is investigated, followed by boron nitride, which is also a popular con-
cerning nanostructures. Then optoelectronic materials are considered, which are very im-
portant for industrial applications. Finally the focus of attention goes to one-layer nano-
structures of the classical semiconductors silicon and germanium, and their carbides. 
  

3.1 Graphene
   

Graphene, which was introduced to large extent in the first chapter, will now be analyzed
quantitatively. We start with its bandstructure obtained by DFT calculation, as well in its
full 2-dimensional presentation as along characteristic points of the Brillouin zone: 

    Figure 3.1  2-dimensional DFT band structure of graphene
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   Figure 3.2  DFT band structure of graphene along characteristic k-points 

One can clearly see that the valence and conduction touch at the k points, with a vansishing
band gap of around 0.2eV. Thus graphene is a semimetal. 

GWA and BSE calculations are quite troublesome, as a very high k-point resolution is requi-
red in order to obtain reliable results in the case of graphene. This is due to the circumstance
that valence and conduction band touch. However, GWA calculation has been carried out 
by another group, yielding very interesting results for graphene. This can be read in Paolo
E.Trevisanutto, Christine Giorgetti, Lucia Reining, Massimo Ladisa and Valerio Olevano
(2008)  '' Ab Initio GW Many-Body Effects in Graphene '' PhysRevLett 101, 226405 (2008).

Now we take a look at the silicon analog to graphene, silicene. For comparability, all sys-
tems in this work are assumed to have hexagonal structure. The lattice structure of it was 
computed by minimization of the total energy in dependence of the lattice constant, which is
the method of choice in all of this work.  Silicene possess the following structure, with a cal-
culated interatomic distance of  2.26 Angstrom :
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     Figure 3.3  Silicene, silicon atoms in yellow 

Its electronic structure is very similar to graphene, as shown below :

     Figure 3.4  2-dimensional DFT band structure of silicene 
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                 Figure 3.5  DFT band structure of silicene along ΓMKΓ

One realizes that the electronic structure of silicene is basically the same as the one of gra-
phene. As in the case of graphene, valence and conduction band touch at K. Further consi-
derations like GWA and BSE have been excluded, because the same difficulties arise due to
the band gap closing at K.   
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3.2 Boron nitride, boron arsenide and boron phosphide

The second interesting material being investigated in this work is boron nitride. It possess
a planar analog called nanomesh [62] mentioned in the first chapter, which offers many ap-
plications in electronics and optics [63],[64],[65].  Nanomesh is shown in the picture below

Figure 3.6 Boron nitride nanomesh, boron atoms in yellow, nitrogen atoms in red ; estimated
interatomic distance 1.45 Angstrom               
 

The geometric structure is the same hexagonal arrangement like in graphene, but having 
pairs of boron and nitrogen atoms instead of carbon atoms. DFT calculations yield the fol-
lowing band structure : 
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           Figure 3.7  2-dimensional DFT band structure of boron nitride nanomesh     

       Figure 3.8 DFT band structure of boron nitride nanomesh along characteristic k points

The DFT bandstructure of boron nitride nanomesh is similar to that of graphene, both mate-
rials get their band gap at the K point . But in contrast to graphene, planar boron nitride ex-
hibits a significant band gap of approximately 4.1 eV . 
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    Figure 3.9  GWA band structure of boron nitride nanomesh along characteristic k points
Boron nitride nanomesh undergoes heavy corrections of its band structure by GWA, opening
its band gap up to 7.35 eV. Bulk boron nitride has a band gap of only 5.05 eV.  The GWA 
correction have an order of magnitude being around 2.6 eV, and showing very weak disper-
sion, sharply contrasting to graphene.

      Figure 3.10 Optical spectrum of boron nitride nanomesh with wavevector z 

In the case of a plane wave propagating along the z axis, the optical response is depicted in
the figure above. The coupled spectrum has a sharp main peak at 5.25 eV , followed by 
small side peaks, and finally gets a second peak at 12.48 eV, which is much broader than the
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first main peak. One immediately recognizes the strong impact of the electron-hole interac-
tion, as the free spectrum differs from the coupled one in each aspect. 

       Figure 3.11  Optical spectrum of boron nitride nanomesh for wavevector y    

        Figure 3.12 Optical spectrum of boron nitride nanomesh for wavevector x 

The spectrum for wavevector y and x both show a sharp main peak at 5.25 eV, the same as
in the case of wavector z. Additionally, the second peak has the same position for all wave-
vectors, with the only difference that the second is broader in the case of wavector x than 
in y. In comparison, graphene takes its main peak at 2.37 eV and the second peak at 12.25 
eV. 
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Next we take a look at monolayer boron arsenide:

Figure 3.13  Monolayer boron arsenide, boron atoms in yellow and arsenic atoms in cyan ;
estimated interatomic distance 1.97 Angstrom 

DFT gives the following band structure :

       Figure 3.14  2-dimensional DFT band structure of monolayer boron arsenide
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      Figure 3.15  DFT band structure of monolayer boron arsenide along ΓMKΓ

The band gap received from DFT calculation is around 0.8 eV. GWA corrects the band stru-
cture as shown below:

          Figure 3.16  GWA band structure of monolayer boron arsenide along ΓMKΓ         

The band gap doubles to around 1.62 eV under GWA corrections. The GWA vary in their 
strength, being strongest at Γ with 2 eV and weakest at K with only 0.8 eV. It seems obvi-
ous that monolayer boron arsenide has a much smaller band gap than boron nitride. Never-
theless, the size of the GWA corrections are similar to that of boron nitride, with the diffe-
rence that the corrections for boron nitride show little dispersion. Compare this to bulk 
boron arsenide, which has band gap of 1.5 eV.

Concerning the optical response, we obtain the following dielectric function in the case of
an incoming plane wave with wavevector z :
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      Figure 3.17  Optical spectrum of monolayer boron arsenide for wavevector z

The peaks for wavevector z are located at 1.59 eV, followed by side peaks, and at 5.45 eV.
Thus the optical response of planar boron arsenide is at much lower frequencies than that
of planar boron nitride, which is in accordance with the smaller band gap of boron arsenide.

Now lets have a look at what happens in the case of wavevector y and x :

   Figure 3.18  Optical spectrum of monolayer boron arsenide for wavevector y
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      Figure 3.19 Optical spectrum of monolayer boron arsenide for wavevector x 

One observes that the position of the peaks remains the same for wavevectors x and y. How-
ever, the strength of the peaks differs. In case of wavevector y, the second peaks is consider-
ably stronger than the first one, but in case of wavevector x the second peak is only a little 
stronger than the first peak. This averages in the case of wavevector z, as it can be consider-
ed as superposition of x and y.    
 

Finally we regard planar boron phosphide :

Figure 3.20  Planar boron phosphide, boron atoms yellow and phosphorous atoms magenta ;
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estimated interatomic distance 1.87 Angstrom 
An interatomic distance 1.87 Angstrom was calculated using SIESTA. For the band struc-
ture, DFT provides the following results :

       Figure 3.21  2-dimensional DFT band structure of planar boron phosphide 

          Figure 3.22  DFT band structure of planar boron phosphide along ΓMKΓ 

The band structure runs a similar path as boron arsenide and boron nitride, getting its band 
gap at Γ. DFT states a band gap of around 0.9 eV. GWA provides this band structure:
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    Figure 3.23  GWA band structure of planar boron phosphide along  ΓMKΓ

GWA corrections enhance the band gap to 1.76 eV. This is less than the band gap of bulk 
boron phosphide, which is 2.1 eV. Thereby the corrections are roughly the same as the ones 
of  planar boron arsenide. So one can draw the conclusion that the band gap of the materials 
considered decreases with the atomic number of the second atom. The strongest band gap is 
reached for boron nitride with 7.35 eV, followed by boron phosphide with 1.76 eV and 
boron arsenide with only 1.62 eV. 
Finally, our focus of attention  goes to the optical spectrum of boron phosphide. For an in-
coming plane wave with wavevector z, the dielectric function is

        Figure 3.24  Optical spectrum of planar boron phosphide for wavevector z  
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As in the case of boron arsenide, we observe two strong peaks, at 1.7 eV with side peaks, 
and at 6.11 eV . This can be interpreted as consequence of the higher band gap of boron ph-
osphide. 

For other wavevectors, the optical spectra are :

           Figure 3.25  Optical spectrum of planar boron phosphide for wavevector y

           Figure 3.26  Optical spectrum of boron phosphide with wavevector x 

Like in planar arsenide, the second peak is very high in the case wavevector y and less for
wavevevector x. This averages in wavevector z by superposition.   
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3.3  Optoelectronic materials: AlN, AlAs, AlP and GaN

The materials considered in this section play a crucial role for optoelectronics. AlN, AlAs
, AlP and GaN have many applications in optics and electronics, most notably in light emit-
ting diodes (LED). Therefore taking a look at their optical properties makes a lot of sense. 
In this section their planar nanostructures in analogy to graphene are regarded. 

Figure 3.27  Planar AlN , aluminum atoms in red, nitrogen atoms in green ; estimated inter-
atomic distance 1.8 Angstrom  

                 

Figure 3.28  Planar AlAs, aluminium atoms in red, arsenide atoms in cyan ; estimated inter-
atomic distance 2.39 Angstrom
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Figure 3.29  Planar AlP, aluminum atoms in red, phosphorous atoms in cyan ; estimated in- 
teratomic distance 2.27 Angstrom         

Figure 3.30  Planar GaN, gallium atoms in blue , nitrogen atoms in red ; estimated interato-
mic distance 1.94 Angstrom    
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We see hexagonal monolayers like graphene, whose units cell always consists of two atoms,
Al and N, Al and As, Al and P or Ga and N. Lets take a look at the resulting band structures:

         Figure 3.31  2-dimensional DFT band structure of planar AlN

            Figure 3.32  2-dimensional DFT band structure of planar AlAs  
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           Figure 3.33  2-dimensional DFT band structure of planar AlP

            
     Figure 3.34  2-dimensional DFT band structure of planar GaN

Now we take a look at the DFT band structure along characteristic k point in order to get a
more detailed view:
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                Figure 3.35  DFT band structure of planar AlN along ΓMKΓ

             

                 Figure 3.36  DFT band structure of planar AlAs along ΓMKΓ

                Figure 3.37  DFT band structure of planar AlP along ΓMKΓ    
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               Figure 3.38  DFT band structure of planar GaN along ΓMKΓ

The most striking fact which one immediately observes is that the band strucuture of all 
materials significantly differs from that of graphene and boron nitride. Planar AlN has a 
band gap of 3.36 eV at Γ, whereas AlAs and AlP have indirect band gaps, 0.7 eV in the case
of AlAs and 2.1 eV in the case of AlP. The plane nanomaterial GaN shows a band gap of ap-
proximately 0.9 eV at Γ. But now we regard the band structures resulting from GWA correc-
tions :

         Figure 3.39 GWA band structure of planar AlN along ΓMKΓ  
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             Figure 3.40  GWA band structure of planar AlAs along ΓMKΓ  

         Figure 3.41   GWA band structure of planar AlP along ΓMKΓ

            Figure 3.42  GWA  band structure of planar GaN along ΓMKΓ   
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GWA correct strongly affect the band structure in all materials. AlN has a band gap of 6.7eV
after GWA corrections, with corrections on the order of 3.2 eV , whereas the bulk crystal 
AlN has a band gap of 6.28 eV. AlAs has a band gap of 2.5 eV according to GWA with cor-
ctions being around 2 eV on average, with bulk AlAs having a band gap of 2.16 eV, which
is also indirect. Moreover, GWA calculations yield a band gap of  3.5 eV with band correc-
tions of around 1.7 eV in the case of planar AlP, in comparison with crystal AlP having an 
indirect band gap of 2.45 eV. Finally, in the case plane GaN a band gap of 5.15 eV together
with corrections ranging from 3.3eV at Γ to 4.2 eV at K are predicted by GWA. This strong-
ly exceeds conventional crystal GaN, which only has a band gap of 3.44 eV !!! One can 
realize the clear trend that band gap is the biggest for the nitrides AlN and GaN, an decrea-
ses with AlAs and AlP. The band gaps of planar AlN and GaN are clearly bigger than the
ones of the corresponding bulk crystals , but in contrast, the band gap of planar AlP is even
smaller than that of crystal AlP. For the optical spectrum the following results are obtained:

              Figure 3.43 Optical spectrum of planar AlN for wavevector z

              Figure 3.44  Optical spectrum of planar AlAs for wavevector z            
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             Figure 3.45  Optical spectrum of planar AlP for wavector z 

            Figure 3.46 Optical spectrum of planar GaN with wavevector z 

The spectrum of AlN its main peak at 4.5 eV, followed by second peak at 5.8 eV and small
peaks after it. It is strongly affected by electron-hole interaction, totally changing the spec-
trum. In the case of AlAs, we see a double peak being located at 2.47 eV and 2.85 eV, and a
third peak at 4eV. AlP possesses 3 peaks, where the main peak at 3.9 eV is neighbored by 
two side sitting at 2.8 eV and 4.6 eV. Finally, planar GaN reveals a main peak at 3 eV , then
a broad second peak at 5 eV, and at last another wide peak at 6 eV. It is interesting that in the
case of GaN the structure of the spectrum is similar for the free and coupled one, which 
means the the electron-hole interactions mainly moves the free spectrum to lower energies.  
The position of the first peaks correlates with the band gaps, the higher the band gap, the
higher is the energy of the first peak. 

Now lets take a look what happens if the incoming has other wavevectors:
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       Figure 3.47  Optical spectrum of AlN for wavector y 

                Figure 3.48 Optical spectrum of AlAs for wavector y

               Figure 3.49  Optical spectrum of AlP for wavevector y  
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             Figure 3.50  Optical spectrum of GaN for wavevector y  

, and now the spectrum for wavevector x :

                   Figure 3.51 Optical spectrum of AlN for wavector x
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                 Figure 3.52  Optical spectrum of AlAs for wavevector x 

              Figure 3.53  Optical spectrum of AlP for wavector x 

               Figure 3.54 Optical spectrum of GaN for wavevector x  
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From the results we can conclude that the optical spectra for wavectors x and y are similar
in all materials. The spectra for wavevector z can be regarded as superposition of x and y as
explained before, and thus the spectra of all wavevectors are similar to each other. 

              
          
             
      

3.5 SiC and GeC 
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Finally, we take a look at silicon carbide SiC and its germanium counterpart GeC. Silicon
carbide, popularly known as carborundum, has its most famous application as very hard 
material used for material processing and armor. Moreover, it is used for high power and
high temperature, and it played a very important role in LED before the arrival of GaN ,
which 10 to 100 times more efficient. Therefore we pay attention to the graphene-like nano-
structures of SiC and its germanium counterpart GeC in this section.

Figure 3.55  Planar SiC, silicon atoms in yellow and carbon atoms in black ; estimated inter-
atomic distance 1.8 Angstrom  

Figure 3.56 Planar GeC, germanium atoms in blue and carbon atoms in black ; estimated 
interatomic distance 1.85 Angstrom 
  DFT calculations lead to the following band structures :
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                 Figure 3.57  2-dimensional DFT band structure of planar SiC

            Figure 3.58  2-dimensional DFT band structure of planar GeC 

Along lines these look :
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            Figure 3.59  DFT band structure of SiC along ΓMKΓ

           Figure 3.60  DFT band structure of GeC along ΓMKΓ 

Planar SiC gets its band gap at K and it is around 0.14 eV according to DFT, and planar 
GeC has a band gap of around 2 eV at K. 

GWA yields the following corrected band structures :



71

  

               Figure 3.61  GWA band structure of SiC along ΓMKΓ

               Figure 3.62  GWA band structure of GeC along ΓMKΓ     

GWA corrections greatly affect the bandstructure of planar SiC , giving it an indirect band  
gap of 4.8 eV, with the maximum of the valence band at K and the minimum of the conduc-
tion band at M. The corrections are strong and show a lot of dispersion, ranging from 3.6 eV
at Γ to 2.5 eV at K. In the case of planar GeC, a bandgap of 4.5 eV at Γ results, with GWA
corrections being roughly the same as the ones of planar SiC. Finally, we can put this in 
comparison to crystal SiC having an indirect band gap of 2.3 eV and crystal GeC having
an indirect band gap of 1.76 eV [119] .

Now we draw our attention to the optical spectra of these materials for various wavevectors
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of an incoming plane wave. We start with z :         

           Figure 3.68  Optical spectrum of planar SiC for wavevector z 

            Figure 3.63  Optical spectrum of planar GeC for wavevector z 

In both spectra 3 peaks emerge, where the main one comes first and is followed by two 
smaller peaks. Planar SiC possesses its main peak at 2.95 eV, followed by peaks at 5.48 eV
and 6.67 eV. The main peak of planar GeC lies at 2.64 eV, with peaks coming after it at 5 eV
and 6.47 eV. All peaks of SiC sit at higher frequencies than the ones of GeC, which is in ac-
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cordance with the higher band gap of SiC. 

For wavevector y the spectra are :        

                    Figure 3.64  Optical spectrum of SiC for wavevector y

                     Figure 3.65  Optical spectrum of GeC for wavector y

and for wavevector x 
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                      Figure 3.66  Optical spectrum of SiC for wavevector x   

                Figure 3.67  Optical spectrum of GeC for wavevector x 

We realize that the spectra of wavevectors x,y,z are all roughly identical in both materials.
The spectra of x and y are basically the same, and z is their superposition, and thus z should
give a very similar spectrum. 
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4.   Nanotubes of various materials

In this chapter, nanotubes and nanoribbons of the nanomaterials considered in the last chap-
ter are examined. We follows the same order as in the last chapter, starting with carbon and
boron nitride, then optoelectronic materials, silicon and germanium, and finish with SiC and
GeC. These structures are one-dimensional, in contrast to the two-dimensional structures of
the last chapter.   

4.1 Carbon nanotubes

We start with semiconducting carbon nanotubes with chiralities (7,0) , (8,0), (10,0). As men-
tioned in the first chapter, only some chiralities are semiconducting, and therefore our focus 
of attention goes to zigzag nanotubes. Their lattice constant has been estimated to be 4.26, 
which corresponds to rolled up graphene Let us visualize them first :

            
   
              Figure 4.1  (7,0) carbon nanotube, carbon atoms in black 
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          Figure 4.2  (8,0) carbon nanotube, carbon atoms in black

      Figure 4.3  (10,0) carbon nanotube , carbon atoms in black

For these carbon nanotubes, DFT yields the following band structures : 
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           Figure 4.4  DFT bandstructure of a (7,0) carbon nanotube

                Figure 4.5  DFT bandstructure of a (8,0) carbon nanotube
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               Figure 4.6  DFT band structure of a (10,0) carbon nanotube

The resulting DFT band gap for a (7,0) carbon nanotube is 0.45 eV, for a (8,0) carbon nano-
tube 0.52 eV and for a (10,0) carbon nanotube 0.92 eV. 

Now lets take a look at the band structures GWA provides :

                Figure 4.7  GWA band structure of a (7,0) carbon nanotube 
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                Figure 4.8  GWA band structure of a (8,0) carbon nanotube 

               Figure 4.9  GWA band structure of a (10,0) carbon nanotube 

In the DFT band structures one realizes the clear trend that the band gaps increase with the
diameter of the zigzag carbon nanotube. However, GWA reverses this trend. GWA calcula-
tion gives a band gap of 2.92 eV for a (7,0) nanotube, 2.6 eV for a (8,0) carbon nanotube 
and 2.54 eV in the case of a (10,0) carbon nanotube. A possible explanation is that for 
smaller chirality parameter  (n.,0) there are fewer allowed lines in the graphene band 
strucuture as explained in the first chapter, and so the allowed line can not come closer to 
the K point.  GWA corrections are weakest at Γ and strongest at X for all nanotubes, and the 
corrections for the (7,0) carbon nanotube are significantly stronger than the ones for (8,0) 
and (10,0). They range from 2.3 eV  to 3.1 eV for (7,0),  whereas for (8,0) and (10,0) they 
range from 1.6 eV to 2.4 eV.   

The optical spectrum for an incoming plane wave with propagation vector z is  :
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    Figure 4.10  Optical spectrum of a (7,0) carbon nanotube with wavevector z

     Figure 4.11  Optical spectrum of a (8,0) nanotube for wavevector z 

             Figure 4.12  Optical spectrum of a (10,0) carbon nanotube for wavevector z    
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and for wavevector y 

             Figure 4.13  Optical spectrum of a (7,0) carbon nanotube for wavevector y 

          Figure 4.14  Optical spectrum of a (8,0) carbon nanotube for wavevector y

               Figure 4.15  Optical spectrum of a (10,0) carbon nanotube for wavevector y
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The optical spectra for wavevectors z and y are nearly identical in all carbon nanotubes con-
sidered. In case of wavectors z and y, the electric field vectors are x,y and x,z. The electric 
field vector is the most important one because it shows along the tube direction, and the 
contributions of y and z showing across the carbon nanotube are very similar due to symme-
try considerations. Therefore the resulting spectra for wavevectors z and y are nearly equal.
The (7,0) carbon nanotube exhibits its main peak at 1.63 eV, followed by a double peak at  
2.81 eV and at 3.21 eV, the (8,0) nanotube has its main peak at 1.3 eV with peaks at 2.45 eV
and at 3.53 eV coming after it, and the (10.0) carbon nanotube has its main peak at 1.41 eV 
which is followed by peaks at 2.23 eV and 3.47 eV. The first peak of the (7,0) carbon nano-
tube arrives at higher frequency that the ones of the other carbon nanotubes, which is con-
sistent with the higher band gap of (7,0).

For wavevector x one gets 

       
          Figure 4.16  Optical spectrum of a (7,0) carbon nanotube for wavevector x
   

               Figure 4.17  Optical spectrum of a (8,0) carbon nanotube for wavevector x
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              Figure 4.18  Optical spectrum of a (10,0) carbon nanotube for wavevector x  

From the results depicted above we can see that the (7,0) has two peaks, the main one at 
122eV and another peak before at 7.87 eV. The (8,0) carbon nanotube has its main peak at 
7.67 eV, and (10,0) has a broad peak at 6.91 eV. Once again the same trend emerges that 
(7,0) peaks have the highest frequencies, declining for (8,0) and (10,0).    
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4.2  Boron nitride, boron arsenide and boron phosphide         
nanotubes  

As next step, we take a look at boron nitride. Like carbons nanotubes for graphene, we can 
considers nanotubes for the planar boron nitride of 3.2 by rolling it up. Their lattice constant
has been estimated to be 4.35 Angstrom. Boron nitride nanotubes look as shown below:

   Figure 4.19  (7,0) boron nitride nanotube, boron atoms in yellow, nitrogen atoms in red

 

    Figure 4.20  (8,0) boron nitride nanotube, boron atoms in yellow, nitrogen atoms in red
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   Figure 4.21  (10,0) boron nitride nanotube, boron atoms in yellow, nitrogen atoms in red

We regard the same chiralities like for carbon nanotubes, which are defined in analogy, as 
graphene and planar boron nitride have the same hexagonal lattice structure. DFT provides
the following band structures for them : 

                     Figure 4.22  DFT band structure of a (7,0) boron nitride nanotube
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                     Figure 4.23  DFT band structure of a (8,0) boron nitride nanotube  

                   Figure 4.24  DFT band structure of a (10,0) boron nitride nanotube

One can conclude from the results above that the DFT band gaps increase with the diameter
of the nanotubes. For a (7,0) boron nitride nanotube one gets an band gap of 3 eV, for a (8,0)
nanotube one gets 3.12 eV and for a (10,0) nanotube one has a band gap of 3.64 eV accord-
ing to DFT. But GWA yields quite different results, as it has done for carbon nanotubes. So
lets look at the GWA band structures:
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                   Figure 4.25  GWA band structure of a (7,0) boron nitride nanotube

                 Figure 4.26  GWA band structure of a (8,0) boron nitride nanotube

                  Figure 4.27  GWA band structure of a (10,0) boron nitride nanotube 
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The band structures obtained by GWA give different band gaps, in detail 8.4 eV for a (7,0)
nanotube, 8.3 eV for a (8,0) nanotube and 8 eV for a (10,0). It follows that the GWA are not
only huge in their magnitude, but also reverse the order of band gaps like for carbon nano-
tubes. According to GWA results, band gaps decrease with higher diameter. In contrast to 
carbon nanotubes, the GWA correction for boron nitride nanotubes show little dispersion.
Their are strongest for the (7,0) nanotube with a great magnitude of approximately 5.3 eV ,
and weakest for the (10,0) nanotube with a size of 4.4 eV, which is still huge. 
Furthermore, the optic of them behaves as follows :

          Figure 4.28  Optical spectrum of a (7,0)  boron nitride nanotube for wavevector z

             Figure 4.29  Optical spectrum of a (8,0) boron nitride nanotube for wavevector z 
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             Figure 4.30  Optical spectrum of a (10,0) boron nitride nanotube for wavevector z 

, and for wavevector y :

      Figure 4.31  Optical spectrum of a (7,0) boron nitride nanotube for wavevector y

        Figure 4.32  Optical spectrum of a (8,0) boron nitride nanotube for wavevector y
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         Figure 4.33  Optical spectrum of a (10,0) boron nitride nanotube for wavevector y 

It seems obvious that the optical spectra for wavevectors z and y are nearly the same in all
nanotubes, for the same reasons explained in the previous section about carbon nanotubes.
All spectra exhibit one characteristic main peak. For the (7,0) nanotube, he is located at 5.3
eV, for the (8,0) nanotube at 5.4 eV and for the (10,0) nanotube at 5.5 eV. This can be ex-
planed by the circumstance that for the (7,0) nanotube the size of the electron-hole inter-
action is very strong, up to 5 eV for the first excited states, whereas for the (10,0) nanotube
it maximally reaches 3.9 eV. 
For wavevector x one receives these optical spectra:

               Figure 4.34  Optical spectrum of a (7,0) boron nitride nanotube for wavevector x



91

            Figure 4.35  Optical spectrum of a (8,0) boron nitride nanotube for wavevector x

          Figure 4.36  Optical spectrum of a (10,0) boron nitride nanotube for wavevector x

One sees that the (7,0) nanotube has its main peak at  8.12 eV, followed by smaller peaks at 
11.34 eV and 12.1 eV, the (8,0) nanotube has its main peak at 8.07 eV with a second peak at 
11.4 eV, and finally the (10,0) nanotube has a sharp peak at 6.46 eV together with a broad    
main peak around 7.88 eV . Consequently the position of the main peaks moves to lower 
frequencies for bigger diameter. 

Next we look at nonotubes of boron arsenide :



92

 Figure 4.37  (7,0) boron arsenide nanotube, boron atoms yellow and arsenic atoms cyan 

     Figure 4.38  (8,0) boron arsenide nanotube, boron atoms yellow and arsenic atoms cyan
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   Figure 4.39  (10,0) boron arsenide nanotube, boron atoms yellow and arsenic atoms cyan

For boron arsenide nanotubes, a lattice constant of 5.91 Angstrom was computed. DFT cal-
culation leads to the following band structures:

          Figure 4.40  DFT band structure of a (7,0) boron arsenide nanotube
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       Figure 4.41  DFT band structure of a (8,0) boron arsenide nanotube

    Figure 4.42  DFT band structure of a (10,0) boron arsenide nanotube

We find out a band gap of 0.15 eV for (7,0), 0.156 eV for (8,0) and 0.55 eV for (10,0) using
DFT. These band structures are significantly corrected by GWA:

       Figure 4.43  GWA band structure of a (7,0) boron arsenide nanotube
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       Figure 4.44  GWA band structure of a (8,0) boron arsenide nanotube

     Figure 4.45  GWA band structure of a (10,0) boron arsenide nanotube 

The band gaps get significantly increased by GWA corrections, namely 2.14 eV for the (7,0)
nanotube, 2.03 eV for the (8,0) nanotube and 2.18 eV for the (10,0) nanotube. There seems 
to be no clear order of the band gap sizes, but however, the (10,0) nanotube has the largest 
band gap. The strength of GWA corrections slightly decreases for larger nanotube size, and
for all nanotubes, the corrections show small dispersion, being strongest at Γ and weakest at
X.

Now lets regard the optical properties of these nanotubes. For an incoming plane wave with
wavevector z, their optical spectra are : 
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      Figure 4.46  Optical spectrum of a (7,0) boron arsenide nanotube for wavevector z

      Figure 4.47  Optical spectrum of a (8,0) boron arsenide nanotube for wavevector z 
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      Figure 4.48  Optical spectrum of a (10,0) boron arsenide nanotube with wavevector z

, with nearly identical spectra for wavevector y.

One can see that all spectra have sharp first peak follwed by shoulder peaks. The main peak
lies at 1.39 eV for the (7,0) nanotube, at 1.35 eV for the (8,0) nanotube and at 1.41 eV for 
the (10,0) nanotube. Thus the position of the peaks correlates with the band gap sizes, the 
larger the band gap, the larger the peak frequency, which makes sense.

In case of wavevector x, the dielectric functions are :

     
       Figure 4.49  Optical spectrum of a (7,0) boron arsenide nanotube for wavevector x   
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    Figure 4.50  Optical spectrum of a (8,0) boron arsenide nanotube for wavevector x

      Figure 4.51  Optical spectrum of a (10,0) boron arsenide nanotube for wavevector x

In contrast to the case of wavevector z and y, the spectra belonging to wavevector x are 
broad and show many peaks, the most important ones being located at 1.37 eV and 8.19 eV 
for (7,0), at 4.52 eV, 6.61 and at 7.39 eV for (8,0), and at 3.58 eV and 4.48 eV for (10,0).
It seems obvious that the spectrum of smaller nanotubes achieves higher frequencies, as the
frequency of the highest-energy peak decreases for bigger nanotubes.    
 

Furthermore, we examine boron phosphide naotubes. Calculations have revealed a lattice 
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constant of 5.61 Angstrom for them:

   Figure 4.52  (7,0) boron phosphide nanotube, boron yellow and phosphorous magenta 

     Figure 4.53  (8,0) boron phosphide nanotube, boron yellow and phosphorous magenta
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 Figure 4.54  (10,0) boron phosphide nanotube, boron yellow and phosphorous magenta 

Their electronic bandstructure is the following according to DFT :

     Figure 4.55  DFT band structure of a (7,0) boron phosphide nanotube 
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      Figure 4.56  DFT band structure of a (8,0) boron phosphide nanotube 

     Figure 4.57  DFT band structure of a (10,0) boron phosphide nanotube

The band gaps obtained from DFT are similar to that of the boron arsenide nanotubes, but 
larger. A band gap of  0.2 eV for the (7,0) nanotube, 0.21 eV for the (8,0) nanotube and 0.64
eV for the (10,0) nanotube is predicted by DFT. Thus the (10,0) possesses by far the largest
bandgap, like in the boron arsenide nanotubes. Let us take a look at the GWA band struc-
tures now :
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     Figure 4.58  GWA band structure of a (7,0) boron phosphide nanotube 

            Figure 4.59  GWA band structure of a (8,0) boron phosphide nanotube

             Figure 4.60  GWA band structure of a (10,0) boron phosphide nanotube 

GWA gives a band gap of  2.15 eV for (7,0), 2.04 eV for (8,0) and 2.24 eV for (10,0). So 
under GWA corrections, the (10,0) still has the largest band gap. The strength of the GWA
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corrections behaves in the same way as in the case of boron arsenide nanotubes. Dispersion
of the corrections is small for all nanotubes, having their largest strength at X and their 
weakest at Γ. With increasing nanotube size, the magnitude of the GWA corrections gets 
smaller, from around 1.9 eV for the (7,0) nanotube to 1.6 eV for the (10,0) nanotube. 

Moreover, their optical responses are shown below. For wavector z, the optical spectra are :

        Figure  4.61  Optical spectrum of a (7,0) boron phosphide nanotube with wavevector z
 

        Figure 4.62  Optical spectrum of a (8,0) boron phosphide nanotube for wavevector z
          



104

    Figure 4.63  Optical spectrum of a (10,0) boron phosphide nanotube for wavector z

All three spectra reveal one characteristic main peak, followed by shoulder. He is located at 
1.53 eV for (7,0), at 1.47 eV for (8,0) and at 1.55 eV for (10,0). It follows that the larger the
band gap is, the higher the frequency of the main peak is. 

  
In case of wavevector x, the dielctric functions are :

           Figure 4.64  Optical spectrum of a (7,0) boron phosphide nanotube  
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          Figure 4.65  Optical spectrum of a (8,0) boron phosphide nanotube for wavevector x

        Figure 4.66  Optical spectrum of a (10,0) boron phosphide nanotube for wavevector x

The spectra for wavevector x exhibit 2 main peaks each, which lie at 4.66 eV and at 8.34 eV
in case of (7,0), at 4.78 eV and at 7.59 eV in case of (8,0) and at 2.9eV, 5.15 eV in case of
(10,0). Thus we can conclude, like in the case of boron arsenide nanotubes, that the smaller
nanotubes reach higher frequencies in their optical spectrum.         
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4.3   Nanotubes of optoelectronic materials

This section with the nanotubes belonging to the planar nanostructures discussed in chapter 
3.3. Zigzag nanotubes of the materials AlN, AlAs, AlP and GaN are in the focus of investi- 
gation. 

4.3.1 AlN nanotubes   

We consider nanotubes of AlN with chiralities (7,0) , (8,0) and (10,0), definded in the same
as for boron nitride and carbon nanotubes. For these nanotubes, a lattice constant of 5.40 
Angstrom was found for AlN, 7.12 Angstrom for AlAs, 6.83 Angstrom for AlP and 6 Ang-
strom for GaN using SIESTA. Their structure is visualized below:

      Figure 4.67  (7,0) AlN nanotube, aluminum atoms in red and nitrogen atoms in green

    Figure 4.68  (8,0) AlN nanotube, aluminum atoms in red and nitrogen atoms in green 
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     Figure 4.69  (10,0) AlN nanotube, aluminum atoms in red and nitrogen atoms in green

The following band structures were obtained for these nanotubes using DFT :

              Figure 4.70  DFT band structure of a (7,0) AlN nanotube

               Figure 4.71  DFT band structure of a (8,0) AlN nanotube 
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                   Figure 4.72  DFT band structure of a (10,0) AlN nanotube

DFT calculation yields a band gap of 3.23 eV for a (7,0) AlN nanotube, 3.31 eV for a (8,0) 
nanotube and 3.85 eV for a (10,0) nanotube. Thus the band gap increases according to DFT.
Let us now regard the GWA band structures:

               Figure 4.73  GWA band structure of a (7,0) AlN nanotube

               Figure 4.74  GWA band structure of a (8,0) AlN nanotube   
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                         Figure 4.75  GWA band structure of a (10,0) AlN nanotube 

GWA predicts a band gap of 8.88 eV for the (7,0) nanotube, 8.86 eV for the (8,0) nanotube   
and 8.5 eV for the (10,0) nanotube, which means GWA band gaps are higher for smaller dia-
meter. The GWA corrections taking place are immense and have negligible dispersion. They
affect the (7,0) nanotube most with approximately 5.4 eV, the (8,0) nanotube with 5.3 eV , 
and the (10.0) to lesser extent with around 4.5 eV. 
After having discussed the band structures, our focus of attention goes to the optical spectra:

  
              Figure 4.76  Optical spectrum of a (7,0) AlN nanotube with wavevector z    
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                Figure 4.77  Optical spectrum of a (8,0) AlN nanotube with wavevector z

                 Figure 4.78  Optical spectrum of a (10,0) AlN nanotube with wavevector z 

One can observe in the figures above that the (7,0) nanotube has its main peak at 6.31 eV, 
and after it a small peak at 7.49 eV. The (8,0) nanotube has double peak at 6.6 eV and 6.9 
eV, finished with smaller peak at 7.55 eV, and the (10,0) nanotube reveals a kind of peak 
rock whose borders are the main peak at 7.2 eV and another strong peak at 7.9 eV. Conse-
quently, the spectra goes to higher frequencies for bigger nanotube diameters in the case of
wavevector z. 
The spectra of wavevector are basically the same as for wavector and are therefore not taken
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into account seperately. For wavevector x, the spectra are :

    

               Figure 4.79  Optical spectrum of a (7,0) AlN nanotube with wavevector x

             Figure 4.80  Optical spectrum of a (8,0) AlN nanotube with wavevector x
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           Figure 4.81  Optical spectrum of a (10,0) AlN nanotube with wavevector x

The frequencies of the main peaks get higher with bigger nanotube, being 7.48 eV for (7,0), 
755 eV for (8,0) and 7.89 eV for (10,0) . However, the width of the spectrum increases with 
the diameter, and the dielectric function still achieves notable values at higher frequencies.   

4.3.2 AlAs nanotubes

As next step, we deal with the nanotubes corresponding to planar AlAs. Like for AlN, we 
consider the chiralities (7,0), (8,0) and (10,0). They look like this :



113

       Figure 4.82  (7,0) AlAs nanotube, aluminum atoms in red and arsenic atoms in cyan

           Figure 4.83  (8,0) AlAs nanotube, aluminum atoms in red and arsenic atoms in cyan
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        Figure 4.84  (10,0) AlAs nanotube, aluminum atoms in red and arsenic atoms in cyan    

 
  

 One obtains the following band structures from DFT :

             Figure 4.85 DFT band structure of a (7,0) AlAs nanotube 
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              Figure 4.86  DFT band structure of a (8,0) AlAs nanotube

           Figure 4.87  DFT band structure of a (10,0) AlAs nanotube

As consequence of the DFT results, the DFT band gap increases with the size of the nano- 
tube, starting with 0.6 eV for (7,0) , then 0.63 eV for (8,0)  and 0.75 eV for (10,0) .
GWA provides the following corrected band structures:

           Figure 4.88  GWA band structure of a (7,0) AlAs nanotube
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            Figure 4.89  GWA band structure of a (8,0) AlAs nanotube  

             Figure 4.90  GWA band structure of a (10,0) AlAs nanotube

Once again, GWA corrections dramatically change the band structures. GWA yields a band 
gap of  3.6 eV for (7,0) , 3.23 eV for (8,0) and 3.07 eV for the (10,0) AlAs nanotube. This
means that the band gap decreases with the size of the nanotube for AlAs nanotubes, and the
band gaps of the AlAs nanotubes are much smaller than of AlN nanotubes. The GWA cor-
rections, showing little dispersion, make their strongest effect in the (7,0) nanotube with ap-
proximately 3 eV, declining with nanotube size to around 2.3 eV for the (10,0) nanotube.

These band structures lead to the optical spectra listed below. We start with the case of an
incoming plane wave with wavevector, and the spectra for wavevector are nearly identical
to them and are thus not listed separately. The spectra for wavevector z are :
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          Figure 4.91  Optical spectrum of a (7,0) AlAs nanotube for wavevector z 

    

           Figure 4.92  Optical spectrum of a (8,0) AlAs nanotube for wavevector z

            Figure 4.93  Optical spectrum of a (10,0) AlAs nanotube with wavevector z



118

From the figures above one realizes that the position of the peaks does not change much 
with the nanotube diameter, the peaks of (7,0) are located at 2.55 eV, 3.11 eV and 3.33 eV, 
for (8,0) they lie at  2.69 eV, 3.41 eV and 3.95 eV, and at 2.7 eV, 3.4 eV and 4.35 eV for the 
(10,0) nanotube. But another interesting aspect of the optical spectra is that for smaller size, 
the higher frequency area gets penetrated deeper and the hill around the peaks gets broader.  

Additionally, a plane wave with wavevector x causes these optical responses:

           Figure 4.94  Optical spectrum of a (7,0) AlAs nanotube for wavevector x

           Figure 4.95  Optical spectrum of a (8,0) AlAs nanotube for wavevector x
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         Figure 4.96  Optical spectrum of a (10,0) AlAs nanotube for wavevector x 

In the case of wavevector x, one can observe in the spectrum of (7,0) a first peak at 2.97 eV,
after which a broad hill comes, bordered by a pea at 4.46 eV and the main peak at 6 eV. For 
the (8,0) nanotube, the first peak occurs at 3 eV, and then a hill between two high peaks at   
4.3 eV and 5 eV comes. Moreover, the spectrum of (10,0) possesses a series of increasing 
peaks at 3 eV, 3.8 eV and 4.35 eV. So it seems obvious that the optical spectrum of smaller 
diameter nanotubes  tend to higher frequencies than for bigger diameters. Additionally, it is
notable that the electron-hole coupling does not influence the spectrum so massively as it 
does in other systems discussed before.           

4.3.3 AlP nanotubes

Now lets pay attention to the nanotube structures of AlP. The ones we are going to work on
are these :
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  Figure 4.97  (7,0) AlP nanotube, aluminum atoms red and phosphorous atoms magenta

  Figure 4.98  (8,0) AlP nanotube, aluminum atoms red and phosphorous atoms magenta

    Figure 4.99  (10,0) AlP nanotube,  aluminum atoms red and phosphorous atoms magenta
 

We receive the following band structures from DFT for these nanotubes:
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           Figure 4.100  DFT bandstructure of a (7,0) AlP nanotube

             Figure 4.101  DFT bandstructure of a (8,0) AlP nanotube

              Figure 4.102  DFT bandstructure of a (10,0) AlP nanotube

Fom the results above one can find that (7,0) has a band gap of  3.23 eV, (8,0) a band gap of 
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1.51 eV and (10,0) a band gap of 1.72 eV. So there is no clear order in the band gap. Let us
take a look at what GWA says :

                Figure 4.103  GWA band structure of (7,0) AlP nanotube

                Figure 4.104  GWA band structure of (8,0) AlP nanotube

                Figure 4.105  GWA band structure of (10,0) AlP nanotube
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In contrast, GWA gives the band structures a clear order, 6.85 eV for the (7,0) nanotube,     
5.05 eV for the (8,0) and 4.85 eV for the (10,0) nanotube. Futhermore, a similar relationship
holds for the GWA corrections. These reveal nearly no dispersion and decrease with nano-
tube size by their size, falling from 3.5 eV for (7,0) to 3.2 eV for (10,0). 

Next we regard the optical properties of these nanotubes. If the incoming plane has the pro-
pagation vector z, then the dielectric functions are as listed below. The dielectric function 
for wavevector y has no mentionable difference to z is therefore not listed.

     Figure 4.106  Optical spectrum of (7,0) AlP nanotube for wavevector z  

        Figure 4.107  Optical spectrum of (8,0) AlP nanotube for wavevector z 
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            Figure 4.108  Optical spectrum of (10,0) AlP nanotube for wavevector z 

The position of the peaks moves to higher frequencies for increasing nanotube size. In the 
(7.0) nanotube, the main peak is at 2.93 eV with two side peaks at 3.91 eV and 4.2 eV, in 
case of (8,0) the main peak is located at 3.07 eV with side peaks at 4 eV and 4.52 eV, and in
the (10,0) nanotube one has a main peak at 3.31 eV followed by a smaller peak at 4.17 eV.
 This can be explained by the strong electon-hole interaction in the (7,0) nanotube.

At the end, we analyze the spectrum caused by a plane wave with propagation vector x :

       
               Figure 4.109 Optical spectrum of (7,0) AlP nanotube for wavevector x
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             Figure 4.110  Optical spectrum of (8,0) AlP nanotube for wavevector x

           Figure 4.111  Optical spectrum of (10,0) AlP nanotube for wavevector x

One can observe a forest of peaks in the spectrum of the (7,0) nanotube, beginning with the 
main peak at 3.54 eV and closing with the second strong peak at 6.5 eV. In the case of the    
(8,0) nanotube, there is a sequence of peaks being located at 3.69 eV, 4.51 eV and 6.05 eV,
starting with the main peak and finishing with a small peak. Furthermore, the spectrum of
the (10,0) nanotube has its main peak at 3.78 eV and another peak at 4.56 eV. From these
resuts we can draw the conclusion that the optical spectrum for wavevector x is pushed to 
the lower frequency spectrum for larger nanotubes.       
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4.3.4 GaN nanotubes

Finally, we discuss the last optoelectronic nanotubes of this section, namely GaN nanotubes.
After this, all nanotube equivalents to the optoelectronic planar nanostructures of 3.3 have
been handled. Like before the chiralities (7,0), (8,0) and (10,0) are taken into account. 
Below pictures of them are listed :

            Figure 4.112  (7,0) GaN nanotube, gallium atoms in blue and nitrogen atoms in red

         Figure 4.113  (8,0) GaN nanotube, gallium atoms in blue and nitrogen atoms in red
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         Figure 4.114  (10,0) GaN nanotube, gallium atoms in blue and nitrogen atoms in red

We obtain the following electronic band structures using DFT :

             Figure 4.115  DFT band structure of a (7,0) GaN nanotube
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              Figure 4.116  DFT band structure of a (8,0) GaN nanotube

            Figure 4.117  DFT band structure of a (10,0) GaN nanotube

DFT predicts no band gaps for (7,0) and (8,0) GaN nanotubes, and a very small band gap of 
0.08 eV for (10,0) GaN. These system illustrate the crucial role that GWA plays in solid 
state physics, as these results are extremely corrected by GWA :
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          Figure 4.118  GWA band structure of a (7,0) GaN nanotube

          Figure 4.119  GWA band structure of a (8,0) GaN nanotube

         Figure 4.120  GWA band structure of a (10,0) GaN nanotube

GWA yields quite different results, a band gap of  3.63 eV for (7,0) , 3.55 eV for (8,0) and    
3.18 eV for (10,0). Like for the systems before, the band gap decreases for bigger nano-
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tubes. GWA corrections achieve their strongest values at X and are weakest at Γ. For the
(7,0) nanotube, they are 3.6 eV at Γ and the same for (8,0) , and only around 3 eV at Γ for 
(10,0). 

At the end, we examine the optical of these GaN nanotubes. Their dielectric functions for an
incoming plane wave with propagation vector x with nearly identical spectra for wavevector
y :

      Figure 4.121  Optical spectrum of a (7,0) GaN nanotube for wavevector z  

        Figure 4.122  Optical spectrum of a (8,0) GaN nanotube for wavevector z
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      Figure 4.123  Optical spectrum of a (10,0) GaN nanotube for wavevector z

The results depicted above lead to the conclusion that the optical spectrum moves to higher 
frequency for taller diameters. In detail, the (7,0) nanotube has a main peak at 2.83 eV, fol-
lowed by a small peak at 3.87 eV. The (8,0) nanotube shows its main peak at 3.26 eV with 
another peak after it at 3.89 eV, and in the case of the (10,0) nanotube a sharp main peak 
occurs at 3.3 eV, followed by a side peak at 4.46 eV. Once again, this is due to the stronger
electron-hole interaction in the (7,0) nanotube, which outweighs the larger bandgap. 

Now lets regard what happens in the case of a plane wave propagating along x :          
      

          Figure 4.124  Optical spectrum of a (7,0) GaN nanotube for wavevector x
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       Figure 4.125  Optical spectrum of a (8,0) GaN nanotube for wavevector x

       Figure 4.126  Optical spectrum of a (10,0) GaN nanotube for wavevector x

As for wavevector z, the spectra go to higher frequencies for increasing nanotube size. In 
the spectrum of (7,0), one has peaks at 2.72eV, 3.43 eV and 4.61 eV, in the (8,0) nanotube 
they are at 2.89 eV, 3.64 eV and 4.84 eV. In the (10,0) the first peak emerges at 4.25 eV 
followed by the second strong peak at 4.79 eV. Once again, the strong electron-hole coupl-
ing in the (7,0) nanotube causes this.           
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4.4 SiC and GeC

At last, we investigate the nanotubes belonging to the planar nanostructures of SiC and Ge-
C. The nanotubes of SiC we consider are shown below and possess a lattice constant of 
around 5.40 obtained from calculations :

 

          Figure 4.127  (7,0) SiC nanotube, silicon atoms in yellow and carbon atoms in black

          Figure 4.128  (8,0) SiC nanotube, silicon atoms in yellow and carbon atoms in black
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          Figure 4.129  (10,0) SiC nanotube, silcon atoms yellow and carbon atoms black

Their electronic band structure is the following according to DFT :

       
                Figure 4.130  DFT band structure of a (7,0) SiC nanotube 
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        Figure 4.131  DFT band structure of a (8,0) SiC nanotube  

       Figure 4.132  DFT band structure of a (10,0) SiC nanotube 

One can realize a clear tendency from the results above. The band gap gets larger for bigger 
nanoutbes, namely the band gap is only 0.07 eV for the (7,0) SiC nanotube, then 1.19 eV for
the (8,0) SiC nanotube and 1.65 eV for the SiC nanotube. GWA provides the following cor-
rected band structures :
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           Figure 4.133  GWA band structure of a (7,0) SiC nanotube 

         Figure 4.134  GWA band structure of a (8,0) SiC nanotube 

       Figure 4.135  GWA band structure of a (10,0) SiC nanotube 

GWA corrections preserve the order of band gaps, they predict a band gap of 3.4 eV for the  
(7,0) nanotube, 4.5 eV for the (8,0) nanotube and 4.54 eV for the (10,0) nanotube. One sees
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that the GWA corrections immensely enlarge the band gaps. The GWA show negligible dis-
persion in all nanotubes, and take their largest values for small nanotubes. In the case of the
(7,0) nanotube, they account around 3.3 eV, whereas in the case of the (10,0) nanotube, they
only account 2.8 eV. 

Now let us take a look at the optics of them. For a plane wave with propagation vector z, the
optical spectra of them are :

       
         Figure 4.136  Optical spectrum of a (7,0) SiC nanotube for wavevector z     

        Figure 4.137  Optical spectrum of a (8,0) SiC nanotube for wavevector z
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      Figure 4.138  Optical spectrum of a (10,0) SiC nanotube for wavevector z 

All spectra possess one characteristic sharp peak, which occurs at 2.94 eV in the case of the 
(7,0) nanotube, at 3.09 eV in the case of the (8,0) nanotube and at 3.26 eV in the case of the
(10,0) nanotube. Consequently the peaks occur at higher frequencies for larger nanotubes,
which can be explained by the higher band gaps. 

Next, we regard the optical spectra in case of wavevector x : 
             
          

   Figure 4.139  Optical spectrum of a (7,0) SiC nanotube for wavevector x
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   Figure 4.140  Optical spectrum of a (8,0) SiC nanotube for wavevector x

      Figure 4.141  Optical spectrum of a (10,0) SiC nanotube for wavevector x
         
It seems obvious that the spectrum gets broader and touches higher frequencies for smaller 
nanotubes. The (7,0) nanotube reveals very broad with a peak hill limited by two strong 
peaks at 5.11 eV and at 8.14 eV, the (8,0) nanotube has a peak with two outstanding peaks    
at 5.16 eV and at 8.22 eV, while the (10,0) nanotube has only one sharp peak at 5.21 eV.

After having discussed SiC nanotubes, our focus attention goes to their germanium counter-
parts, GeC nanotubes. Their lattice constant is predicted to be 6.12 Angstrom from SIESTA, 
and they have the following structure:
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   Figure 4.142  (7,0) GeC nanotube, germanium atoms blue and carbon atoms black

      Figure 4.143  (8,0) nanotube, germanium atoms blue and carbon atoms black 

       Figure 4.144  (10,0) GeC nanotube, germanium atoms blue and carbon atoms black
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We get the following electronic band structures from DFT calculations:

      Figure 4.145  DFT band structure of a (7,0) GeC nanotube

    Figure 4.146  DFT band structure of a (8,0) GeC nanotube 
 

      Figure 4.147  DFT band structure of a (10,0) GeC nanotube 
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From DFT, we receive a band gap of 0.73 eV for the (7,0) nanotube, a band gap of 0.86 eV 
for the (8,0) nanotube and a band gap of 1.3 eV for the (10,0) nanotube. Thus the band gap
gets larger for bigger nanotubes. 

Furthermore, the corrected band structures are given by GWA :

     Figure 4.148  GWA band structure of a (7,0) GeC nanotube

     Figure  4.149  GWA band structure of a (8,0) GeC nanotube 
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          Figure 4.150  GWA band structure of a (10,0) GeC nanotube 

GWA corrections deeply change the magnitude of the band gaps, making them nearly equal.
Nevertheless, the order of band gap sizes remains the same, being 4 eV for the (7,0) nano- 
tube, 4.07 eV for the (8,0) nanotube and 4.09 eV for the (10,0) nanotube. The size of the 
corrections gets smaller for larger nanotubes, being around 3.3 eV in the case of the (7,0)
nanotube, 3.2 eV in the case of the (8,0) and only 2.8 eV for the (10,0) nanotube. One sees
that the correction play a big role for all nanotubes, extending all band gaps to a large de-
gree. All corrections reveal only very small dispersion.

The optical responses of these nanotubes are as follows :

       Figure 4.151  Optical spectrum of a (7,0) GeC nanotube for wavevector z      
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     Figure 4.152  Optical spectrum of a (8,0) GeC nanotube for wavevector z 

     Figure 4.153  Optical spectrum of a (10,0) GeC nanotube for wavevector z

The spectra all show a sharp peak, which position moves to higher energies for bigger nano-
tubes. For the (7,0) nanotube, the peak is located at 2.55 eV, for the (8,0) nanotube at 2.73 
eV and for the (10,0) nanotube at 2.9 eV. These results harmonize with the increasing band 
gap for larger nanotubes. The spectra for wavevector y are nearly identical, and are there-
fore not mentioned seperately. 

Now lets look at the optical spectra for wavevector x :     
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    Figure 4.154  Optical spectrum of a (7,0) GeC nanotube for wavevector x

   Figure 4.155  Optical spectrum of a (8,0) GeC nanotube for wavevector x

     Figure 4.156  Optical spectrum of a (10,0) GeC nanotube for wavevector x 
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The spectra depicted above have many peaks. In case of the (7,0) nanotube, peaks emerge at
4.68 eV, 6.38 eV and 7.97 eV, in the (8,0) nanotube peaks emerge at 4.84 eV, 6.46 eV and   
7.66 eV, and in case of the (10,0) nanotube, one can see peaks at 4.95 eV and at 6.49 eV. 
All nanotubes exhibit a very broad optical spectrum, and the frequency of the highest energy
peak is higher for smaller nanotubes. 
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5.   Heterostructures of nanomaterials

In the last two chapter, we have always concentrated on planar nanostructures and nanotu-
bes of one material. This will change in this chapter. The focus of interest is now to investi-
gate planar heterostructures of two different nanomaterials, where one nanomaterial is em-
bedded in another one. We will consider two cases, boron nitride embedded in graphene, 
and GaN embedded in planar AlN.

5.1 Boron nitride embedded in graphene

  
First we regard boron nitride stripes of several width embedded in graphen. The systems 
have the following structures :

 Figure 5.1  Boron nitride embedded in graphene, boron in  yellow, nitrogen in  red and 
carbon in black, n = 1 
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Figure 5.2  Boron nitride embedded in graphene, boron in  yellow, nitrogen in  red and 
carbon in black, n = 2

Figure 5.3  Boron nitride embedded in graphene, boron in  yellow, nitrogen in  red and 
carbon in black, n = 3

We consider boron nitride stripes of several widths, labeled n = 1,2,3. The stripes all have 
zig-zag structure, and n = 1,2,3 stands for (1,0) , (2,0) and (3,0). In our model, the boron and
nitrogen atoms are initially placed on the lattice position of the graphene lattice. Then the 
complete systems, whose size is (30,0) , is relaxed using the program SIESTA, and the re-
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sulting atom positions are used as basis for all calculations. 

DFT yields the following electronic band structures :       

     Figure 5.4  DFT band structure of boron nitride embedded in graphene, n = 1 

       Figure 5.5  DFT band structure of boron nitride embedded in graphene, n = 2

      Figure 5.6  DFT band structure of boron nitride embedded in graphenen, n = 3
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According to DFT, one obtains a band gap of 1.68 eV for n = 1, only 0.1 eV for n = 2 and 
eV for n = 3 . GWA significantly corrects these results :

     Figure 5.7  GWA band structure of boron nitride embedded in graphene, n = 1 

       Figure 5.8  GWA band structure of boron nitride embedded in graphene, n = 2 

      Figure 5.9  GWA band structure of boron nitride embedded in graphene, n = 3 
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From GWA, we receive a band gap of  2.21 eV for n = 1, a band gap of 0.72 eV for n = 2 , 
and a band gap of 0.82 eV for n = 3. The overwhelming band gap size of n = 1 remains 
under GWA corrections, but then the band gap increases with n . The large band gap for n =
1 can be explained by the distortion caused by a single boron nitride stripes which is com-
pletely surrounded by graphene. In the case of n=2,3 , the situation becomes more like 
boron nitride between graphene borders, and the band gap increases between n =2 and n = 3
because the contribution of boron nitride is stronger. 

We proceed now with the optical response. For wavevector z, the dielectric functions are :

   Figure 5.10  Optical spectrum of boron nitride embedded in graphene for wavevector z, 
                        n = 1    

    Figure 5.11  Optical spectrum of boron nitride embedded in graphene for wavevector z, 
                        n = 2
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     Figure 5.12  Optical spectrum of boron nitride embedded in graphene for wavevector z, 
                        n = 3

Regarding the optical properties, we get a clear relationship between the boron nitride with 
n and the spectrum. For higher n, the position of the strongest peak is pushed to higher ener-
gy, for n = 1 it is 0.98 eV, for n = 2 its is 1.1 eV, and for n = 3 the strongest peak is at 1.21 
eV. Additionally, one can observe much more optical response in the higher frequency area 
for higher n. This makes sense as the contribution of boron nitride increases.

Now lets take a look at the other wavevectors :

      Figure  5.13  Optical spectrum of boron nitride embedded in graphene for wavevector y, 
                            n = 1  
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    Figure 5.14  Optical spectrum of boron nitride embedded in graphene for wavevector y, 
                         n = 2

     Figure 5.15  Optical spectrum of boron nitride embedded in graphene for wavevector y, 
                        n = 3

and for wavevector x 

    Figure 5.16 Optical spectrum of boron nitride embedded in graphene for wavevector x, 
                        n = 1
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   Figure 5.17  Optical spectrum of boron nitride embedded in graphene for wavevector x, 
                        n = 2

   Figure 5.18  Optical spectrum of boron nitride embedded in graphene for wavevector x, 
                        n = 3

The position of the main peaks of wavevector z seems to originate from the spectra of wave-
vector y. However, the spectra of wavevector y show high values after the first peak, but the
spectra belonging to wavevector x rapidly decline after the first peak. So one can realize that
the spectra of wavevector z are the superposition of wavevector x and y.  
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5.2 GaN embedded in planar AlN

The second system we consider in this chapter is GaN embedded in planar AlN, with the 
same widths as in the previous section. The systems we deal with are depicted below:

Figure 5.19  GaN embedded in planar AlN, aluminum green, nitrogen red and gallium blue,
n = 1 

Figure 5.20  GaN embedded in planar AlN, aluminum green, nitrogen red and gallium blue,
n = 2  
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Figure 5.21  GaN embedded in planar AlN, aluminum green, nitrogen red and gallium blue,
n = 3

As in the case of boron nitride embedded in graphene, the gallium nitride atoms have been 
inserted on the atomic positions of the planar hexagonal AlN lattice, and then all atomic co-
ordinates have been relaxed with SIESTA. We have taken again a size of (30,0) for the total
system. The electronic band structures of these systems are the following according to 
DFT :

     Figure 5.22  DFT band structure of GaN embedded into planar AlN, n = 1   
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    Figure 5.23  DFT band structure of GaN embedded into planar AlN, n = 2

      Figure 5.24  DFT band structure of GaN embedded into planar AlN, n = 3

DFT predicts a band gap of  1.17 eV for n = 1, 0.37 eV for n = 2 and a closing band gap for
n = 3. Now we take look at the band structures resulting from GWA :
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 Figure 5.25  GWA band structure of GaN embedded in planar AlN, n = 1 

      Figure 5.26  GWA band structure of GaN embedded in planar AlN, n = 2

    Figure 5.27  GWA band structure of GaN embedded in planar AlN, n = 3
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We obtain a clear dependence of the band gap from n. According to GWA, the band gap is   
3.95 eV for n = 1, 2.78 eV for n = 2 and 2.1 eV for n = 3. The situation here is different from
boron nitride embedded in graphene, as AlN and GaN are much more similar to each other
than boron nitride and graphene. For comparison, planar AlN possesses a band gap of 6.7 
eV and planar GaN a band gap of 5.15 eV. As with higher n the influence of GaN rises and
planar GaN has a smaller band gap than planar AlN, consequently the band gap of the sys-
tems decreases. 

   
Finally, we regard the optical response of these systems :

    Figure 5.28  Optical spectrum of GaN embedded in planar AlN for wavevector z, n = 1 

    Figure 5.29  Optical spectrum of GaN embedded in planar AlN for wavevector z, n = 2
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  Figure 5.30  Optical spectrum of GaN embedded in planar AlN for wavevector z, n = 3

One can see that for n = 1, a double peak emerges at 5.95 eV and 6.14 eV, for n = 2 one has 
peaks at 5.43 eV and 6.45 eV, and in case of n = 3 peaks emerge at 1.37 eV and 6 eV. Thus
the positions of the peaks move to lower energies for increasing n.  This is logical in physi-
cal sense, as the spectrum of planar GaN is located at lower frequencies than that of planar 
AlN, and the influence of GaN increases with higher n.

For the other wavevectors, the optical spectra are :

     Figure 5.31  Optical spectrum of GaN embedded in planar AlN for wavevector y, n = 1   
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   Figure 5.32  Optical spectrum of GaN embedded in planar AlN for wavevector y, n = 2      

    Figure 5.33  Optical spectrum of GaN embedded in planar AlN for wavevector y, n = 3

and for wavevector x  : 
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     Figure 5.34  Optical spectrum of GaN embedded in planar AlN for wavevector x, n = 1

     Figure 5.35  Optical spectrum of GaN embedded in planar AlN for wavevector x, n = 2

  Figure 5.36  Optical spectrum of GaN embedded in planar AlN for wavevector x, n = 3
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One realizes that the spectra belonging to wavevector x are more concentrated in higher fre-
quencies, whereas the spectra for wavevector show stronger response at lower frequencies.
This trend becomes stronger for higher n. Their superpositions result in the spectra for 
wavevector z, which can bee seen visually from the figures shown above.   
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6. Summary

In this work, several nanostructures have been analyzed using ab initio simulations. The ma-
terials investigated can be divided in three types, firstly planar nanostructures, secondly the
nanotubes corresponding to these planar systems, and finally the heterostructures of planar
nanosystems. All calculations start with DFT, which provided the basic electronic structure.
Following this, the resulting band structure undergoes corrections by GWA. The final step
of all calculations was computing the dielectric function. Thereby the electron-hole interac-
tion was taken into account using the Bethe-Salpeter equation.

We started with planar graphene-like structures. Graphene and silicene showed to possess 
basically the same electronic structure, which is plausible as both are hexagonal lattices with
only one type of atom. Then we considered hexagonal lattices consisting of boron and an-
other element. A clear relationship between the band gap size and the atomic number of the
second element could be observed, namely the band gap decreases with increasing atomic 
number of the second element. The same behavior could be seen for the optoelectronic ma-
terials. At the end, we considered planar SiC asnd GeC. Planar SiC revealed a slightly larger
band gap than GeC. GWA corrections were very significant for all planar systems, which is
typical for spatially confined systems. As these contain a lot a vacuum, dielectric screening 
is weaker than for bulk systems, and the self energy is proportional to its inverse. 

Next, we took a look at the nanotubes corresponding to the planar nanostructures. All nano-
tubes exhibited a larger band gap than their planar counterparts, most extremely in the case
of carbon nanotubes, where graphene does not have any band gap. Furthermore, we found 
that the band gap size declines for bigger nanotube diameter. The same behavior takes place
regarding the strength of the GWA corrections, which get weaker for larger nanotubes.

The last type of systems considered in this work were heterostructures of planar nanomati-
rials. We investigated boron nitride embedded in graphene and GaN embedded in planar
AlN. The size of the embedded material was varied. Before starting DFT band structure 
calculations, we first determined the position of the atoms using SIESTA. Then we obtained
interesting results for the electronic structure and the optical spectrum. In both cases, the
band gap was surprisingly large for n=1, then got smaller for n=2, and rose again for n=3.
The large band gap for n = 1 can be explained by the strong distortion caused by a very thin
stripe of a material which is completely surrounded by another material. However, the opti-
cal spectra give a clear picture about the relationship between the position of peaks and the 
width of the embedded stripe. For bigger width of the embedded stripe, the position of peaks
moved to higher frequencies. This makes sense as the optical spectrum of the embedded is
located at higher frequencies than that of the surrounding material. 

So one can see the crucial role ab initio simulations play for nanotechnology. They offer the
ability to predict properties of nanomaterials before these have been synthesized and mea-
sured. Using relaxation of atom positions allows one to calculate the structure of a nanoma-
terial which is a combination of two different ones. GWA is very important especially for 
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nanomaterials in comparison to bulk crystals, as their spatial confinement causes strong cor-
rections by GWA. Finally, the optical response can be described successfully by the widely 
used Bethe-Salpeter equation, taken the electron-hole interaction into account. So investiga-
ting future nanomaterials with the help of simulations will be very amazing.......           
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