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Abstract

Nowadays, electronic devices span a diverse pool of applications,
especially when getting smaller and smaller satisfying the more than
Moore paradigm. To further develop this, studies focusing on material
design toward electronic devices are crucial. Accordingly, we present a
theoretical study investigating the possibility of graphene as a promis-
ing material for such electronic devices design. We focus on graphene
and graphene-based sensors. Graphene is known to have outstanding
electronic and mechanical properties making it a game changer in the
electronic design in the so-called ’post-silicon’ industry. It is stronger
than steel yet the thinnest material ever known while overstepping
copper regarding electronic conductivity.

In this thesis, we perform first-principle ab-initio density functional
theory (DFT) calculations of graphene in different sensing ambient con-
ditions, which allows fast, accurate and efficient investigations of the
electronic structure properties. Principally, we centre our attention on
the arising interactions between the adsorbates on top of the graphene
sheet and the underlying substrates’ surface defects. The combined ef-
fect of the impurity bands arising from these defects and the adsorbates
reveals a doping influence within the graphene sheet. This doping be-
haviour is responsible for different equilibrium distances and binding
energies for different adsorbate types as well as substrates. Moreover,
we briefly investigate the same effect on double layered graphene under
the same ambient conditions.

We extend the studies to involve various types of substrates with
different surface conditions and different adhesion nature to graphene.
We take into consideration the governing van der Waals interactions
in describing the electronic structure properties taking place at the
graphene sheet interfacing both with the substrates below and the ad-
sorbates above. Furthermore, we investigate the possibility of passivat-
ing such action of graphene sensing towards adsorbates to inhibit the
graphene’s sensing action as devices passivation becomes a necessity
for the ultimate purpose of achieving more than Moore applications.
Which in turn result in the optimal integration of graphene-based de-
vices with different other devices functionalities on the same resultant
chip.

In summary, graphene, by means of first-principle calculations ver-
ification, shows a promising behaviour in the sensor functionality en-
abling more than Moore applications for further advances.

Keywords: graphene, ab-initio, humidity, carbon dioxide, sub-
strate, DFT, vdW, first-principle.
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Sammanfattning

Elektroniska komponenter används i allt vidare utsträckning, och
deras användning ökar i takt med att de blir mindre och mindre sam-
tidigt som deras prestanda ökar, enligt det paradigm som brukar kal-
las ”more than Moore”. För att att göra ytterligare framsteg i den-
na riktning är grundläggande studier som fokuserar på materialdesign
och tillverkning av nya typer av elektroniska komponenter avgöran-
de. I den här avhandlingen presenteras teoretiska studier av grafen-
baserade komponenter. Grafen är ett mycket intressant material för
framtidens elektroniska komponenter. Specifikt fokuserar vi på gra-
fenbaserade gas-sensorer. Grafen är känt för att ha mycket ovanliga
elektroniska och mekaniska egenskaper som gör det till ett unikt ma-
terial för post-silicon-design av elektronik. Det är starkare än stål och
är samtidigt världens tunnaste material. Samtidigt har det bättre elekt-
risk ledningsförmåga än koppar.

Täthetsfunktionalsteori (DFT) har använts för att beräkna hur
den elektroniska strukturen hos grafen ändras som funktion av sub-
stratmaterial och typ av molekyler som adsorberats på grafenets yta.
DFT är en beräkningsmetod som medger simuleringar med hög preci-
sion samtidigt som den är relativt snabb. I studierna har DFT kombi-
nerats med olika modeller för van der Waals-interaktionen. En viktig
aspekt i de studier vi presenterar här är interaktionen mellan adsorbat-
molekylerna ovanpå grafenet och ytdefekterna hos det underliggande
substratet. De orenhetsband som härrör från defekterna, i kombination
med adsorbat-molekylerna, skapar en slags dopningseffekt som änd-
rar elektronstrukturen hos grafenet. Därmed kan även de elektriska
transportegenskaperna ändras hos grafenet, vilket möjliggör elektrisk
detektion av molekylerna.

Vi har även studerat sensorer byggda med dubbelskiktad grafen.
Dessutom har vi gjort en systematisk studie av hur grafen binder till
ett stort antal substrat samt även hur man kan passivisera grafen så
att den elektriska ledningsförmågan inte ändras vid molekyladsorption.
Detta sista är viktigt för more than Moore-tillmämpningar, där ett
centralt designkriterium är att kunna integrera många funktioner på
samma chip.
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Chapter 1

Introduction

Currently, many exascale problems are striving for more computing power
to be solved [1]. Thus, we always aim for more computing power which can
empower us to solve exascale problems. Thus we are keen on advancing the
way we design transistors till quantum computers become ready. Current
silicon-based technology is obeyingMoore’s law since 1965 where the transis-
tor number per integrated circuit is doubling every year [2, 3]. Throughout
the years since Moore’s law, the technology has been advancing a lot with
more and more transistors double on the same chip year after year.

Miniaturising and down-scaling electronic devices lead to increasing the
number of transistors per chip and thus raising the overall computing power
of the chip [4]. Thus, the physical characteristics of such computing devices
are the controlling factors of the resultant computing frequencies and its
functionality. Alternative channel materials like graphene and other 2D
materials can ideally serve for this purpose. Those candidate substitutive
materials are having extraordinary nanoscale electronic properties, which in
turn are capable of delivering a significant boost in computing properties.
Such technology acceleration can shape a new era of post-silicon industry [5–
10].

Six years before Moore’s law, Richard Feynman has pointed out to the
possibility of achieving exceptional results when manipulating atoms. Feyn-
man stated that during his notable talk, entitled There is plenty of Room at
the Bottom [11]. He said ’I can’t see exactly what would happen, but I can
hardly doubt that when we have some control of the arrangement of things
on a small scale, we will get an enormously greater range of possible proper-
ties that substances can have, and of different things that we can do.’. Since
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4 CHAPTER 1. INTRODUCTION

then, researchers have been investigating the atomic-level properties of dif-
ferent materials, exfoliating, integrating and simulating it. Graphene is an
excellent example of such development. Inaugurated as Novoselov et al. [12]
successfully exfoliated graphite layers in 2004 achieving a breakthrough to-
wards atomic manipulation to which Feynman pointed.

Nowadays, computing needs are not only limited to traditional comput-
ers we grow up with but are widespread to include quite a broad pool of de-
vices ranging from laptops, tablets, smartphones, smartwatches, glasses, im-
plantable body electronics and other useful daily usable applications. Those
devices have dozens of functionalities depending on the combined usage of
different integrated devices on their chips: accelerometers, gyroscopes, com-
munication units, sensors, gyroscopes and others. The urge to advance and
maximise the functionalities and hence the resultant properties of such de-
vices has shaped what is known as more than Moore paradigm.

While Gordon Moore expected the evolution of device scaling through-
out the years, the idea beyond the more than Moore depends on developing
applications that solve the optimisation puzzle of both achieving high di-
versification of functionality while miniaturising the devices year after year.
Fig. 1.1 shows an overview of this law. In detail, this law enables more fea-
tures by achieving diversification through utilisation of different devices with
different functions such as analogue, radio frequency, passives, high-voltage
power, sensors and actuators, and biochips. Incorporating various pack-
ages containing the systems achieves diversity, in other words, it is called
system-in-package (SiP).

Meanwhile, those multiple components are evolving through time satis-
fying Moore’s law and getting miniaturised in a way that enables integrating
various functionalities on the same chip, in which is called system-on-chip
(SoC). Optimising both trends can achieve hatching new out-of-the-box so-
lutions. Integrating such bulky diverse functionality devices can be achieved
via exploring new ways of designing our computing units while being minia-
turised. Such new directions employ on a bottom-up approach pointed by
Feynman decades ago. Consequently, examining new trends in transistor
material design, revolutionising the semiconductor field, becomes a neces-
sity for enabling a combination of SiP and SoC for building higher value
systems [14]. As we have pointed above, candidate materials as graphene
and other similar 2D promising materials can boost the electronic design
within the more than Moore paradigm [15, 16].

After Novoselov’s [12] effort on 2004, graphene research shed light upon
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Figure 1.1: More than Moore. From ITRS [13]

potential applications due to its extraordinary properties. Specifically, a
large pool of research has focused on integrating graphene in sensors [17–20],
supercapacitors [21–23], biosensors [24, 25], radio frequency devices [26, 27],
spintronics [28] and photodetectors [29, 30]. Such outstanding proven char-
acteristics made graphene a hot topic for scientific research for the ultimate
purpose of engagement within a diverse number of applications.

1.1 Research contribution

In this work, we aim for the ultimate goal of examining graphene as a gas
sensor theoretically; we elucidate the electronic structure studies of pristine
single and double layered graphene residing on top of different substrates
types as well as the adsorbates-graphene interactions and the influence com-
ing from the substrate surface defects. We specifically investigate the inter-
play between the substrate common surface defects and the adsorbed water
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and carbon dioxide molecules on top of graphene sheets. We performed
the studies via means of a first-principle ab-initio method within dispersion
corrected studies.

1.2 Thesis organisation
The thesis is compiled into seven chapters, detailed as the following:

• Chapter 1 provides a background of the current trends in technology
and motivation for this thesis work.

• Chapter 2 provides some insights on graphene theory.

• Chapter 3 focuses on the sensing mechanism of graphene and litera-
ture comparison with other materials in use.

• Chapter 4 presents some theoretical overview covering the method.

• Chapter 5 gives some insights on the used calculational parameters
with an overview and recommendations of some technicalities related
to the programs and method in use.

• Chapter 6 summarises the results of the related thesis’s manuscripts.

• Chapter 7 outlooks the thesis work with some insights on some fu-
turistic disciples and paths to go through.



Chapter 2

Overview on Graphene

A snippet of graphene’s electronic, geometrical and mechanical properties is
available in the following sections.

2.1 Theoretical snippets on graphene

A single layer of graphene consists of a monolayer of carbon atoms arranged
in a 2D honeycomb-like structure. Within each layer, every carbon atom
bonds to three neighbouring carbon atoms building a quasi 2D plan [31],
with sp2 hybridisation between carbon atoms resulting in the single layer of
graphene being intact [31]. Each carbon atom within the graphene sheet has
a dangling bond as it is only connected to three nearby carbon atoms leav-
ing a free valence electron forming a cloud of electrons covering the single
graphene sheet, organised in half filled π orbitals [31]. Such carbon atom’s π
orbital interacts with its neighbours’ counterparts forming conduction and
valence bands [32–34]. Thus, graphene’s band structure is due to those π
orbital electrons with the conduction and valence bands intersecting at a
point in the Brillouin zone named Dirac point. Fig. 2.1 shows the Dirac
point with zero bandgap, confirming the semimetal nature of graphene [35]
characterised by the Dirac electrons. As a result, these π orbital electrons
cause graphene to be sensitive to the surroundings, paving the road towards
graphene-based sensors [36, 37] as detailed in section 2.2.2 with further ex-
planation in Chapter 3.

Graphene monolayer sheet is considered one of the thinnest material
ever known [6, 39]. Meanwhile, stacking graphene layers can take different
stacking orders revealing different electronic properties. Two distinguished

7
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Figure 2.1: Graphene’s band structure, from [38].

stacking orders can be either AA or AB stacking. AA stacking is semicon-
ducting with a direct bandgap while AB stacking is a semi-metal with zero
bandgap [40]. In AA stacking order, the second layer’s carbon atoms match
precisely the top of the carbon atoms within the bottom layer. Within
AB stacking, the carbon atoms within the top layer are on top of the cen-
tre of the honeycomb hexagon in the bottom layer. Figure (2.2) reveals
the related band structure showing the band opening at the AA stacking
order. Stability wise: AB stacking, which is the natural stacking order
in graphite, is the more energetically favourable for graphene stacking or-
ders [40–42]. However, a forced opening of a bandgap in graphene’s band
structure can open many applications for graphene-based devices. Bandgap
opening is possible through different techniques such as introducing strain
in the graphene sheet [43–45], producing nanoribbons [46, 47], arrangement
in different stacking orders [48–50].

2.1.1 Electronic properties

Graphene shows ballistic transport due to the Dirac fermions that are mass-
less quasiparticles [6]. Those massless quasiparticles are responsible for the
resultant graphene’s band structure (depicted in Fig. 2.1). They are a result
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Figure 2.2: Band structure of AA and AB stacking orders in graphene bi-
layers. From [40]

of the graphene’s electrons interacting with the hexagonal lattice periodic
potential [6]. The Dirac equation [6, 51–53] does accurately model those
particles. They are the graphene’s charge carriers, and their relativistic
properties are investigated experimentally via quantum Hall effect measure-
ments [12, 52]. Experimental studies [12, 32, 33, 54–57] shows high mobility
of 200,000 cm2V−1s−1. Moreover, graphene has been proven to have a low
electronic noise, which in turn makes it an ideal material for detecting ad-
sorbant gas molecules on its surface [58]. Further details are discussed in the
following chapter regarding the detection and sensing properties of graphene.

2.1.2 Mechanical properties

Graphene’s mechanical properties are outstanding. Graphene has a Young
modulus of 1 TPa [17, 59] qualifying it to be part of nanoelectromechan-
ical systems (NEMS) and electromechanical transducers [60, 61]. Apply-
ing strain of 20 % is possible on graphene while maintaining the elastic
region [62]. In turn, this opens the possibility for applications of graphene-
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based devices in the flexible electronics world [15]. Moreover, applying strain
can open a bandgap [45], with a shift in the Dirac point [44, 63, 64] and
hence a bandgap in the resultant band structure of the graphene sheet.
Furthermore, graphene well-reside on top of silica substrates [65–67] with
strong adhesion forces dominated by van der Waals dispersive interactions.
Finally, Graphene can build impermeable membranes, where it reported im-
permeability to standard gases [39]. That is advantageous when designing
graphene-based sensors.

2.2 Graphene’s applications
Graphene faces some complications in the fabrication and design processes [15,
61], yet it is quite paying back concerning its wide applications integrity
due to its extraordinary properties discussed earlier. This pool of applica-
tions for such a 2D material and other challenging 2D materials include,
but not limited to, transistors [14, 68], sensors [19, 20, 61, 69–74], transis-
tor passivation [75], energy harvesting [76], faster charging batteries [77],
potentiometer [78], supercapacitors and energy storage [21–23], photodetec-
tors [29, 30, 79], photodiodes [80], analog electronics [81], solar cells [82, 83],
RF devices [15]. Graphene’s high optical transparency and high electronic
conductivity open the door for touch screens [84] as a direct application of
optoelectronic devices. Graphene applications can be extend towards NEMS
systems [85], such as graphene-based mechanical resonators [85–87], can-
tilevers [88], pressure sensors [89–92], magnetic field sensors [93], accelerom-
eters [94]. All these applications fall into more than Moore paradigm.

2.2.1 Transistors

Graphene can build the channel material in transistors for a promising post-
silicon field effect transistor (FET) devices [61, 95]. In such devices, the
current flow in the central channel region from the source to the drain elec-
trodes. This current is controlled by applying an external voltage to the gate
electrode, which is shielded against the channel region by a dielectric. Apply-
ing means of external electric field can alter Graphene’s resistance opening
the possibilities for high-speed transistors [5]. Graphene can also be part
of the base component of the transistor in graphene-based bipolar junction
transistor (BJT) [96]. Graphene transistors can act as amplifiers as in [97].
Graphene can be a promising building block for high-frequency devices for
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communication purposes [61, 98]. On a circuit design level, circuits designs
can model and simulate graphene-based circuit components [97, 99–102].

2.2.2 Sensors
Graphene has demonstrated potential in the sensor field due to its extraor-
dinary properties, discussed in section 2.1.1. One of the main sensor ap-
plications here is the gas sensor in the form of solid-state devices featuring
graphene [61, 103–106]. Such devices demonstrate competitive edge with
sensing applications for more NEMS based applications. Chapter 3 details
the sensing action of graphene.

2.3 Summary
In summary, graphene has shown the potential to be a key player in advanc-
ing material science due to its remarkable properties being either electric or
mechanical. Such properties allow graphene to be implemented in a wide
range of device applications either being electronic or mechanical or consol-
idating both. Besides, being CMOS compatible allows it to be embedded in
the current technologies seamlessly.





Chapter 3

Graphene based sensors

Here comes an overview of the sensory action of graphene with some in-
sights on different factors behind the sensing mechanism. For a theoretical
background for graphene and related properties, please refer to Chapter 2.

3.1 Inauguration of graphene as a sensor
Means of Atomic Force Microscopy experiments has ignited graphene’s sens-
ing behaviour visualising the first water adlayer on mica surface at ambient
conditions [107] being a coating material on mica. Graphene’s high se-
lectivity to concentration changes for different ambient gases has enabled
embedding it in sensory devices [58, 108, 109]. Graphene’s sensitivity to gas
molecules is mainly attributed to two factors: (1) graphene’s π orbitals [31]
which interact with the adsorbates residing on top via van der Waals inter-
actions, (2) graphene’s high surface to volume ratio which is an advantage
for all 2D materials.

3.2 2D materials as a gas sensor candidate
By the millennium till now, vast number of materials have demonstrated
gas sensing properties including low dimensional carbon-based materials
as carbon nanotubes [110, 111], graphene and its oxide [19, 20, 33, 34,
36, 58, 61, 69, 74, 108, 109, 112–130]. Recently, other 2D materials fea-
turing a bandgap caught the attention as a promising candidate material
for sensing devices. One example of such materials family is the transi-
tion metal di/tri-chalcogenides family (TMDCs/TMTCs) [73]. For exam-
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14 CHAPTER 3. GRAPHENE BASED SENSORS

ple, molybdenum disulfide has shown sensitivity to different gas molecules
interacting on its monolayer [72, 73] showing sensitivity towards carbon
monoxide/dioxide, ammonia, nitrogen monoxide/dioxide, methane, water
molecules, nitrogen, oxygen and sulfur dioxide. Similarly, Dirac materials
such as silicene have also demonstrated promising activity in the materials
sensory behaviour [70], showing sensitivity against a wide range of gases
such as nitrogen monoxide/dioxide, sulfur dioxide, oxygen and ammonia,
as well as formaldehyde [71]. Worth mentioning that Geim and Grigorieva’
study on van der Waals heterostructures [131] has inaugurated the commu-
nity to investigate further the resultant properties of stacking different 2D
materials, revealing different properties which can have many applications,
where sensors can be one of them [132]. Interestingly, other low dimensional
as metal oxides [133] or 1D materials as nanowires [110, 134, 135] and tin
oxide [111] materials have proven sensing capabilities .

3.3 Graphene as a gas sensor

Graphene and other 2D materials have demonstrated sensing capabilities for
an extensive collection of gases, both experimental and theoretical studies
have focused on elucidating the different electronic properties within dif-
ferent ambient conditions emphasising different gases. The study in [58]
has experimentally enkindled the first graphene-based gas sensor achieving
single molecule detection limit, in a way that the adsorbed gas molecules af-
fect the charge carrier concentration and so the graphene device’s resistance
which is a direct measure of the device’s sensitivity. Since then, studies fo-
cusing on various gases adsorption on graphene took place both theoretically
and experimentally. Example of such gases are carbon dioxide and water
molecules, where many of the studies examined their effect on graphene’s
electronic properties both theoretically [112, 123, 136–155] and experimen-
tally [19, 20, 61, 61, 69, 109, 116, 117, 120, 124, 156–167].

Similarly, Graphene has showed sensitivity towards other gases such as
carbon monoxide [58, 168, 169], oxygen [108, 144], sulfur dioxide [152], nitro-
gen monoxide/dioxide [142, 167, 170, 171], hydrogen sulfide [143, 172] and
ammonia [141–143, 170]. Graphene sensing capabilities can be extended to-
wards detecting complex bio-molecules [173] such as DNA [24, 25], opening
the capabilities for lab on chip applications for fast diagnosis or selectivity
towards various bio-molecules [174]. This can enable graphene to enter the
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market of surface-based biosensors [24].
Graphene’s sensing behaviour towards adsorbates can differ according to

graphene types [19], thickness [175, 176], stacking orders [166], defects [177],
substrate effect [137, 165, 178].

3.4 Benchmarking against other materials based
sensors

Bench-marking graphene-based sensors against commercially available tech-
nologies are quite impressive. Honeywell™developed a no expensive widely
used humidity sensor based on polymer capacitive sensing mechanism [179],
with model code name (HIH-4000-001) [180]. Its sensitivity can span the
full relative humidity range yet achieves a response time of 10x and a re-
covery time of 40x making it pretty slower than graphene integrated CMOS
resistive humidity sensor as demonstrated in [19]. The graphene-based hu-
midity sensor does span 95% relative humidity range, with a 5% less than
the commercial one.

Another example for well-developed humidity sensors in literature is the
tin oxide [111], which is also resistive sensor and CMOS compatible. How-
ever, tin oxide based sensors do experience lower overall efficiency when
compared to the graphene-based equivalent [19], regarding the spanned rel-
ative humidity percentage range, response and recovery times and sensitivity
to minute changes in humidity.

3.5 Graphene’s sensory action
In the following subsections, we address different aspects that can play a
role in graphene’s sensing action towards different adsorbates.

3.5.1 The nature of graphene-adsorbate interactions

Environmental conditions and adsorbed molecules on top of graphene sheet
do change the electronic properties of graphene regarding carrier concen-
tration, resistance chance, work function and other properties [167, 181].
Pristine single-layered graphene is hydrophilic. However, it goes hydropho-
bic with stacked graphene layers [176] as per bernel stacked graphene (AB
stacking). Moreover, the underlying substrate is proven to affect the hy-
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drophilicity of the graphene sheet by doping mechanisms [165]. Adsorbates
can dope the graphene sheet through p-doping [167] as the adsorbates do
attract electrons from graphene resulting in p-doping [182]. The sensing
mechanism relies on changing the charge carrier concentration as well as
charge carrier mobility [166, 183].

3.5.2 Effect of adsorbates on pristine graphene

Adsorbates on top of pristine graphene have been investigated showing a
charge transfer between the graphene sheet and the relaxed adsorbates on
top. The charge transfer depends on the different orientations, geometries
and relative positioning of the adsorbates [142, 184]. For adsorbates of
water type: the charge transport depends on the water molecule orientation,
in which the charge transport is from the water molecule to the graphene
sheet when the water’s oxygen is the closest to the graphene sheet [146] and
reversed when the hydrogen atom is the closest [184]. Adsorbates of water
or ammonia existing on top of either single layered or bi-layered graphene
sheets can, in some cases, open a bandgap opening in order of few tens of
meV [139]. The adsorbates orientations can depend on the graphene sheet
charge where the hydroxylic bond within the water molecule does point
towards the graphene sheet in case of negatively charged graphene [162]
and vice versa for positively charged graphene. Large concentrations of
water adsorbates (forming icelike structures) on top of a pristine graphene
sheet can result in comparably large net dipole moment accumulation, in
which has a net doping effect on the graphene sheet leading to changing the
electronic charges around the graphene sheet [142].

All in, the presence of water adsorbates concentration on both sides of the
graphene sheet as well as its relative orientation either pointing towards the
graphene sheet or opposite do have a resultant effective doping mechanism
which changes the charge transfer to and from the graphene sheet [142, 146,
162]. However, the change in the electronic structure is not dramatic when
adsorbates are present [137] and is quite minute as long as the study is
concerned with the effect of adsorbates on pristine graphene.

3.5.3 Effect of adsorbates on defected graphene

Defects can take place within the graphene sheet itself where common de-
fects within the graphene sheet can be either categorised into point defects
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and 1D defects [177]. Where point defects can involve Stone-Wales (SW)
defect [185], the typical single vacancy (SV) [186], double and multiple va-
cancies, carbon adatoms, embedded foreign adatoms, substitutional impu-
rities (introducing dopant atoms), defective topology and so on. While 1D
defects can involve line defects, edge defects, and similar defects that result
from separated domains within the graphene sheet characterised by different
lattice orientations [177]. Defects types can involve having unusual buckled
or rippled graphene sites [153].

Graphene-based sensors featuring vacancy defects [187] has achieved sen-
sitivity enhancement for various adsorbates signalling 33% improvement for
adsorbates of nitrogen dioxide and 614% improvement for ammonia while
compared to pristine graphene. Moreover, line defects can have a remark-
able influence on graphene’s electronic structure and hence the sensitivity
towards adsorbates on top [188].

Experimental chemical and physical defects can alter the humidity sen-
sitivity of graphene surfaces [189] where the chemical defects (obtained by
reactive ion etching) do have a more substantial effect on the sensitivity
than the physical defects (via PMMA coating).

3.5.4 Effect of adsorbates on doped-graphene

Graphene sheets sensing properties can depend on dopants existence within.
Doping the graphene sheet itself changes the electronic and sensing proper-
ties [167, 170], p-doping can be achieved via boron and nitrogen [143, 149,
190], gallium, germanium, arsenic and selenium dopants [152, 191], silicon
doping [192], aluminium doping [141, 172]. For example, aluminium-doped
graphene has proven different electronic structure properties when adsorbing
hydrogen fluoride molecules compared to pristine graphene [119]. Moreover,
adsorption of hydrogen fluoride on top of Aluminium doped graphene has
a chemisorption nature while it is physisorption for the pristine graphene
case [119].

As doping graphene can alter the adsorption nature of adsorbates on
top of a graphene sheet: an extensive study focusing on the adsorption
nature of molecular hydrogen on top of graphene [122] has revealed that
the adsorption can either be physisorption or chemisorption. Depends on
graphene’s dopant type: it is physisorption when the dopants are boron,
iron, cobalt and nitrogen. While it is chemisorption when the dopants are
hydrogen, beryllium, oxygen, sodium, aluminium, silicon, calcium, titanium,
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vanadium, chromium, nickel, copper and lithium.

3.5.5 Effect of adsorbates on stacked graphene

Different stacking orders in graphene do alter the carrier concentration and
work function, while single-layered graphene is the most sensitive to differ-
ent ambient conditions [163, 167]. Adding only one layer resulting in bilayer
graphene can decrease the sensitivity. Within bilayered-graphene, the bot-
tom graphene layer is affected by charges coming from the substrate, while
the top layer is affected by the adsorbates on top [69]. The doping type, in
this case, is also of acceptor type (p-doping) [166].

3.5.6 Effect of adsorbates on graphene with the influence of
substrate

Defects modifying graphene’s electronic properties can extend towards the
substrate surface defects in which the graphene sheet is residing on top [137,
138, 155]. Such commonly found substrate surface defects do contribute by
inducing a net dipole moment with the presence of adsorbates on top of
the graphene sheet. Such dipole moment accounts for a doping effect which
results in changing the graphene’s electronic structure and hence can alter
the sensitivity [19, 20, 109, 137, 155].

For example, adsorbates of oxygen with the presence of silica substrates
dope the graphene sheet due to the couplings to the graphene sheet and the
coupling between the graphene and the substrate [193]. Oxygen molecules
doping effect is of acceptor type (hole doping) [194]. Typically, such p-doping
of graphene takes place when graphene exposes to regular atmospheric con-
ditioning, i.e. exposure to water, carbon dioxide, oxygen and other ambient
molecules in the air [78, 195]. Graphene p-doping action is not only due to
the adsorbate in ambient conditions [183] but also charges arising from the
underlying silica substrate can induce such p-type doping of graphene [166].
Electronically, the underlying substrate surface defects can facilitate the
doping effect by shifting the Dirac point by 0.5 eV as proven in [78].

Moreover, altering the degree of hydrophobicity [152, 196] can directly
affect the p-doping in graphene. For example, applying an electric field to the
graphene-substrate system can alter the degree of hydrophobicity, resulting
in a maximisation of the substrate induced doping [165]. The applied electric
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field shifts the Fermi level relative to the Dirac point changing the graphene
doping from n-type to p-type doping.

3.6 Summary
We have demonstrated a short overview of the influence of several param-
eters on graphene’s sensing action with a big emphasis on the effects com-
ing from the underlying substrate. As graphene has proven sensitivity to
ambient conditions, we should give a careful treatment when constructing
graphene-based sensory devices considering all the discussed parameters.





Chapter 4

Theoretical background

In this chapter, an overview of the theory behind the calculations performed
throughout the attached manuscripts is available. It introduces the Density
Functional Theory (DFT) as well as snippets description on the used func-
tionals and their development.

4.1 The many-body problem
The solution of any quantum mechanical problem is obtained by evaluating
the eigenvalues and eigenfunctions of the Hamiltonian operator (HΨ = EΨ)
formulated in equation 4.1. Since the exact solution of such equation for a
many-body system is analytically impossible, therefore a series of approxi-
mations are to be applied. In this chapter, we briefly discuss basic theories
and approximations, which formulates the density functional theory. The
many-body Hamiltonian is formulated as in equation 4.1:

Ĥ = −
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(4.1)

In the many-body Hamiltonian: the first term
[
−~2

2
∑
I
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I
MI

]
represents

the kinetic energy of all nuclei, each with mass MI . The second term
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[
1
2
∑
I 6=J

ZIZJe
2

4πε0|RI−RJ|

]
represents nucleus-nucleus interactions via Coulomb

repulsive forces. The second term can be calculated efficiently using Ewald’s
summation method (which determines the electrostatic potential as well as
the energy of point charges in a crystal [197]). The third term

[
− ~2

2m
∑
i∇2

i

]
represents the kinetic energy of electrons, each with mass m. The fourth
term

[
1
2
∑
i 6=j

e2

4πε0|ri−rj|

]
represents the Coulomb interaction within pairs

of electrons (the so called Hartree interaction). The fifth and last term[
−
∑
i,I

ZIe
2

4πε0|ri−RI|

]
represents electron-nucleus Coulomb interactions. The

1/2 in the electron-electron and nucleus-nucleus interactions is to correct for
the double counting.

The first step to simplify the many-body Hamiltonian is to invoke the
Born-Oppenheimer approximation, detailed in the following section.

4.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation [198] (BO) simplifies the solution
of the many-body Schrödinger equation (equation 4.1) as it separates the
nuclear and electronic motion. This approximation leads to two wave equa-
tions. The first equation describes the electronic motion, which can be
solved separately by further approximations to evaluate the electronic wave
function and the ground state energy. The second equation provides a de-
scription of the motion of the nuclei.1 The final result is the simplified
Born-Oppenheimer Hamiltonian described in equation 4.2 below:
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(4.2)

1The contents of this section and the upcoming sections closely follows the presentation
in standard textbooks in the subject, e.g., ABC of DFT [199] and Density Functional
Theory and the family of (L)APW-methods: a step-by-step introduction [200].
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In atomic units, the Born-Oppenheimer Hamiltonian is expressed in
equation 4.3 with ~ = me = e = 4πε0 = 1 as:

ĤBO = − 1
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(4.3)

4.3 Hohenberg-Kohn theorems

The Born-Oppenheimer approximation simplifies the Hamiltonian of the
many-body problem. Still, the number of degrees of freedom in the system
is prohibitively large. The Hohenberg-Kohn theorems provide a further sim-
plification through replacing all the complicated interaction by an external
potential and formulating the ground state energy as a functional of the
electronic density instead of dealing with the wavefunctions. This is the ap-
proach taken in the Hohenberg-Kohn (HK) theorems [201]. Those theorems
are considered the foundation of DFT. They are stated below as:

Theorem I: "For any system of interacting particles in an external po-
tential Vext(r), the potential Vext(r) is determined uniquely, by the ground
state particle density n0(r)."
So equation 4.3 will be rewritten as:

Ĥ = −1
2
∑
i

∇2
i + 1

2
∑
i 6=j

1∣∣ri − rj
∣∣ +

∑
i

Vext(ri) (4.4)

Theorem II: "The ground state energy could be expressed in terms of
a universal functional of the electron density E[n(r)] valid for any external
potential Vext. For any particular Vext(r), the exact ground state state energy
of the system is the global minimum value of this functional, and the density
n(r) that minimizes the functional is the exact ground state density n0(r)."

We can construct a universal function for the energy which contains a
functional that does not depend on the external potential Vext(r) and only
depends on the density.
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4.4 The Kohn-Sham approach
The energy functional above contains a kinetic energy term. There is no
known closed expression for this term at present, and thus the functional
cannot be evaluated as it stands. With the Kohn-Sham approach, one can
solve this problem. Achievable through the Kohn-Sham (KS) equations [202]
which replaces the difficult to solve the interacting many-body system with
a solvable auxiliary non-interacting system. This formulation assumes that
the ground state density of the original interacting system is equal to that
of some chosen non-interacting system. The Kohn-Sham equation is formu-
lated in the following equations.

E[n] = F [n] +
∫

d3rVext(r)n(r) (4.5)

Where
F [n] = Ts[n]︸ ︷︷ ︸

K.E.

+ d3r d3r′n(r)n(r′)
|r− r′|︸ ︷︷ ︸

Hartree

+ Exc[n(r)]︸ ︷︷ ︸
Exchange-Correlation

(4.6)

F [n] is valid for any external potential Vext(r). All terms here are solvable
apart from the Exc[n(r)] term.

4.5 Exchange-correlation functionals
Next, we need to address the exchange-correlation term Exc[n(r)] in the en-
ergy functional. By solving the KS equations, the ground state energy and
the density of the original interacting system are found with an accuracy
limited by approximations utilised in the used exchange-correlation func-
tional. In the process of modelling the exchange-correlation interactions,
different approximations are applied each has its limitations. Such set of
approximations are referred in the what so called Jacob’s ladder [203, 204].
The local density approximation (LDA) is one of the simplest approxima-
tions [202, 205]. Exc is substituted here with the homogeneous electron gas
exchange and correlation energies as shown in equation 4.7:

ELDAxc [n(r)] =
∫
dr εhomxc [n(r)]n(r) (4.7)

Where εxc[n(r)] is the exchange-correlation energy density.
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A more accurate way to approximate the Exc is the generalized gradient
approximation (GGA), where the functional includes not only the density
but also the density gradient as illustrated in equation 4.8:

EGGAxc [n(r)] =
∫
drn(r) f(n(r),∇n(r)) (4.8)

Both exchange-correlation functionals; LDA and GGA has been lucrative
in extracting structural, vibrational, elastic properties of materials governed
by metallic, ionic, covalent bonds.

4.6 Dispersion interactions

Van der Waals (vdW) dispersion interactions and forces take place in various
systems with organic, inorganic, polymeric or bio-organic nature [206]. vdW
forces have a big influence in describing systems where surface molecules
are weakly bounded to slabs [206–209] or when addressing stacked layered
materials [131]. In other words, it describes the physisorption of molecules
on slab surfaces, in which is the case we deal mostly throughout this thesis’
related manuscripts. Conventional DFT functionals do not count for such
dispersive forces properly.

4.6.1 DTF-D empirical damped dispersion correction within the
GGA

As conventional functionals lack proper definitions for dispersive interac-
tions, early attempts started by Wu and Yang [210] with the incorporation of
an empirical dispersion correction term within some of the conventional func-
tionals. After that Grimme [211, 212] further developed the semi-empirical
dispersive term. The corresponding vdW energy is added to the plain KS
functional as a correction term, this term is assuming that the total dis-
persion interaction within solids or molecules is a summation of pairs by
pairs contributions’ from all atoms in the system. The energy is expressed
in equation 4.12 as:

EGrimme = EKS-DFT + EDFT-D (4.9)
Where
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EDFT-D = − s6
2
∑
i 6=j

Cij6
R6
ij

fdamp(Rij) (4.10)

Here Cij6 is the dispersion coefficient for each pair of atoms i & j

Cij6 =
√
Ci6C

j
6 (4.11)

The empirical damping dispersion correction function fdamp is given by:
fdamp(R) = 1

1 + e−d(R/Rr−1) (4.12)

As indicated in equation (4.12), each pair of atoms contributes in the summa-
tion by a term proportional to the inverse sixth power of their inter-atomic
distance Rij . The scaling factor s6 differs according to the functional used,
best parameterization is available with Becke’s GGA [213]. The dispersion
coefficient Cij6 as well as the damping function fdamp(R) are preventing any
diverge of the EDFT-D term at small Rij values. This approach has been
referred to as Grimme correction or DFT-D where D here stands for disper-
sion. Wu and Yang’s approach [210] developed the summation term without
the scaling s6 factor, that is why grimme approach is more advanced.

4.6.2 Non-local van der Waals functionals
The famous approximations to the exchange-correlation DFT functional pre-
viously discussed here are local and semi-local functionals, not allowing for
a proper description of such non-local correlation contribution definition of
forces and interactions. That was the case till Dion et al. [214] came up
with a pure non-local functional describing such dispersive interactions as
a stand-alone vdW DFT functional. The proposed formulism for the so
called vdW functionals (vdW-DF) has an added vdW dispersion term. This
overture led to definition of various version of vdW-DF functionals such as
vdW-DF2 [215], optB88, VV09 [216], VV10 [217], rVV10 [218], the ’opt’
functionals [219] (optPBE-vdW, optB88-vdW, and optB86b-vdW).

4.6.3 vdW functional formulation
Upon inauguration of the original "vdW-DF" functional by Dion et al. [214]
in 2004 including vdW interactions, Thonhauser et al. [220] implemented
the method later on 2007 self-consistently. The exchange-correlation term
is defined as stated in equation (4.13) where the exchange term is defined
within the GGA exchange energy EGGA

x [n(r)] obtained from the revPBE
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functional definition [221]. Such exchange term doesn’t have any spurious
binding. Meanwhile, the local correlation energy ELDA

c [n(r)] is obtained
within the LDA definition for the correlation. LDA exchange was avoided
due to its additional attraction contribution which can falsify the results.
Finally, the non-local explicit correlation energy Enl

c term is added involving
all the necessary machinery for vdW forces.

Exc[n(r)] = EGGA
x [n(r)] + ELDA

c [n(r)] + Enl
c [n(r)] (4.13)

The simplest form for the non-local correlation energy part to the vdW-DF
functional is defined in equation (4.14).

Enl
c [n(r)] = ~

2

∫
dr
∫
dr′ n(r) Φ(r, r′)n(r′) (4.14)

where the kernel Φ(r, r′) is a general function depending on r− r′ as well as
the densities n(r), n(r′).

With the introduction of vdW-DF by Dion et al. [214], dispersion in-
teractions are taken into consideration within the ab-initio approach with
no empirically introduced parameters as done in grimme correction [212].
The other vdW functionals that followed Dion’s definition are significantly
improving the accuracy of the method. One of the main concerns in Dion’s
approach was the over-binding issue due to the role of the exchange term
defined in revPBE functional. This revPBE’s exchange term is providing
the exchange term in the vdW functional definition formulated in equation
(4.13).

4.6.4 van der Waals functional development
Here comes an overview of such range of functionals, introduced for the
ultimate purpose of improving the accuracy of Dion et al.’s [214] vdW-DF
original functional according to the following:

vdW-DFC09x

Cooper et al. [222] have introduced the vdW-DFC09x with a focus on im-
proving the exchange part by minimising the short-range exchange repul-
sion due to revPBE acting quite repulsive in such vdW regime [223, 224].
Such changes led to a better agreement with results reported in the S22
benchmarking database [225] (considered as a "gold standard" database):
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the benchmarking revealed a 9% deviation compared to 17% scored by the
original vdW-DF with the revPBE exchange term.

vdW-DF2

Furthermore; Lee et al. [215] brought a second version of the Dion’s vd-
WDF calling it vdW-DF2 where they focused on improving both the ex-
change and the non-local terms in the exchange-correlation definition in
equation (4.13). They used Murray’s et al. [224] updated exchange version
of Perdew’s [226]. Murray’s exchange included the revised version of the
PW86 functional (revPW86). They also further tuned the kernel Φ(r, r′)
contributing in the non-local term. Lee et al. made a comparison with ex-
perimental results as well as the S22 benchmarking database in [225] and
got quite good agreement and better accuracy compared to the original
vdW-DF.

opt- vdWs

As the effort continues towards improving the original vdWDF; Klimes et
al. [219] introduced the new ’opt-’ family of vdW functionals named optPBE-
vdW and optB88-vdW where they examined a pool of exchange functionals
to replace the revPBE exchange term in equation 4.13. Klimes’s et al. had
achieved a satisfactory target, regarding satisfying energy accuracy, of 43
meV or 1kcal/mol, which is considered as a "chemical" accuracy. The pro-
posed functional has, in turn, a significant accuracy improvement compared
to the corresponding original vdW-DF, signalling accuracy of 60 meV, while
compared to the S22 benchmarking database [225].

VV10

Furthermore, a continual effort was made in improving the accuracy by fine-
tuning the non-local correlation energy, introducing the vdW-DF-04 and
vdW-DF-09 functional by Vydrov and van Voorhis [216, 227, 228]. Their
effort was concluded with the introduction of the VV10 [217]. In which,
they introduced an adjustable parameter in the non-local correlation kernel
Φ(r, r′) definition making it quite more efficient when comparing to their
previous efforts, regarding both computational cost as well as the resultant
accuracy. Worth mentioning, they carried out a benchmarking study [229]
comparing two versions of their VV10 functional (VV10 and LC-VV10) as
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well as with the famous vdW-DF2 revealing better accuracy with a compa-
rable CPU time.

vdW-DF-cx

Moreover, Berland et al. [230] had introduced the vdW-DF-cx functional
with a so-called LV-PW86r exchange functional which in turn relies on the
Perdew-Wang-86 [224, 226] exchange energy. The term -cx- here stands for
consistent exchange while the term -LV- stands for the Langreth-Vosko gra-
dient expansion. They are parameterised in the functional definition. They
had benchmarked the functional with experimental and RPA results [231,
232] for various bulk structures, graphite and the layered dichalcogenides.
We have chosen this functional in some of the publications presented in this
thesis due to the agreement with experimental and RPA reported values for
graphite calculations as shown in Berland’s work [230] motivating for the
functional. Moreover, Lebègue et al. [233] bench-marked their RPA results
with both the quantum Monte Carlo and a range of experimental values.
It is worth to note that experimental results reported for graphite systems
can span a wide range of values depending on different parameters and con-
ditioning concerning experiments; thus a comparison with quantum Monte
Carlo calculations can provide a proper benchmark for graphite [234].

spin polarized vdW

Thonhauser et al. [235] had introduced non-local magnetic interactions in
which can be applied on spin-polarised systems. They developed the spin-
polarised version of vdW-DF1, vdW-DF2 and vdW-DF-cx prefixing them
with -s- standing for spin-polarised as svdW-DF1, svdW-DF2, svdW-DF-cx.
It is also in agreement with the other functionals in a systematic approach
presented in [236]. They had justified their implementation against ex-
perimental and quantum Monte Carlo. They have also implemented their
method in Quantum Espresso [237] package as well and studied an exam-
ple of graphene deposition on nickel 111 surface cut revealing exact match
with the experimental value using the svdW-DF-cx (depicted in Fig. 4.1a)
making it suitable for such slab based systems. Thonhausers’s results are
in agreement with earlier results from Hamada and Otani [238] showing a
confirmation but with the proposed functional by Cooper’s [222] emphasis-
ing the exchange term (depicted in Fig. 4.1b). Berland et al. in a later
study [206] benchmarked the vdW-DF-cx functional with peer functionals
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as well as with quantum Monte Carlo results from [234] and experimental
value revealing strong agreement with both benchmarks as depicted in figure
4.2.

As the non-local correlation term contains a double spatial integral as
shown in equation (4.14) resulting in six-dimensional integrals, it gets quite
computationally expensive calculating it the way it was introduced either
none-self-consistently [214] or self-consistently [220] making it an O(n2)
problem. Román-Pérez together with José M. Soler[240] calculated the in-
tegral self-consistently by factorising the integration kernel and use the fast
Fourier transforms to evaluate the self-consistent potential, total energy, and
atomic forces resulting in a reduced computational complexity of O(n logn)
operations. Regarding calculational time, this method is ≈ 103 times less
expensive than the original implementation and ≈ 10 times costly when
compared to the PBE cost. This algorithm is widely implemented in the
different DFT codes nowadays. Sabatini et al. [218] had also introduced
algorithm efficiently implementing the VV10 functionals, introducing the
rVV10 functional.

As a quick overview on the efficiency of the proposed non-local function-
als and benchmarking their results with experimental results: Björkman et
al. [232] calculated the energy per unit area of the surface of the hexagonal
hafnium ditelluride (HfTe2) TMDC for a wide range of different c lattice
constant values. They got minima at the experimental value via the VV10
functional [217] as well as a close performance achieved by the DFT-D correc-
tion [212] as depicted in Fig. 4.3a. HfTe2 is a layered semi-metal as graphene
where its layers are intact together via vdW interactions. Similarly, Berland
et al. [230] benchmarked the vdW-DF-cx with the experimental as well as
the accurate RPA results for graphite lattice constants revealing excellent
agreement as shown in Fig. 4.3b. In conclusion, The vdW functionals have
been proven to be a not very expensive regarding computational time ex-
cept for some complicated accurate versions, complicating the kernel. They
give a promising solution for high accuracy calculations achieving the so-
called "chemical" accuracy. That, in turn, can help ab-initio scientists who
are always concerned about solving the optimisation problem of accuracy
versus calculation cost. Of course, with further development in computing
technologies, scientists can shift their interest towards the exact method of
quantum Monte Carlo (QMC) or random phase approximation (RPA). The
open question is whether it is crucial to the specific problem under study or
not. Worth mentioning, comparing DFT results with QMC or RPA is ad-
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Figure 4.1: (a) Taken from supplementary material given by [235] depicting
the equilibrium distances and binding energies for graphene on the Ni 111
surface. Examined with different spin polarised vdW functionals and com-
paring it with other non-local functionals. The experimental value for equi-
librium binding distance is taken from [239]. (b) Taken from [238] showing
the same curve as in (a) but emphasising Cooper’s version of functional [222],
these calculations are spin-polarised as well
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Figure 4.2: Taken from [206] benchmarking the performance of the vdW-
DF-cx functional versus the earlier versions of vdW-DFs, the experimental
value represented in the vertical dashed line and the quantum Monte Carlo
and RPA result (from [233, 234]) with the horizontal dashed line with yellow
error bar regions. The figure is a result of a calculation of the inter-layer
separation values within graphite.

vantageous where we can avoid experimental uncertainties and contributions
from the thermal motion that are not dealt in BO approximation.

4.6.5 vdW and 2D materials

As discussed in previous paragraphs, vdW functionals had a long run of
success if we benchmark it with accurate methods in quantum Monte Carlo
and PRA. In 2D materials, the uses of vdW functionals are materialised
in describing the physisorption of molecules towards 2D surfaces, including
graphene, TMDC and other valleytronics materials. That has been studied
extensively in literature [241–254].

4.7 Planewaves and pseudopotentials
In the thesis’ related manuscripts, we used planewaves together with pseu-
dopotentials, where planewaves is a type of basis set. With the help of a basis



4.7. PLANEWAVES AND PSEUDOPOTENTIALS 33

Figure 4.3: (a) excerpt from [232] showing the performance of various disper-
sion functionals dealing with the dispersion forces governed by vdW showing
both the densities overlaop pauli repulsion compression side as well the vdW
attraction slope. (b) taken from [230] showing results from differnet vdW
functionals on graphite lattice constants.
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set, an arbitrary function (for example a charge density of a wave function)
can be written as a sum of the basis functions weighted with coefficients.

Equation 4.15 expands the eigenstates in terms of an infinite number of
plane waves with corresponding coefficients. cn,kK .

ψnk(r) =
∑
K
cn,kK e(k+K).r (4.15)

It is impossible to numerically evaluate an infinite number of coefficients
for the basis set. Therefore the solution is limited to K by specifying a
limiting value Kmax, which is the radius of a sphere in the reciprocal space
whose centre is the origin. Thus, the limiting factor for all the K is set
to K ≤ Kmax. The corresponding free electron energy is called the cut-off
energy which is expressed in equation 4.16 as:

Ecut-off = ~2K2
max

2me
(4.16)

Here, me is the electron mass.

4.7.1 Pseudopotentials and vdW functionals
As the electronic wave functions are very steep in the close neighbourhood
of the nucleus and the limitation introduced by choosing a plane wave cutoff
will cause high inaccuracy. Replacing the potential in the close vicinity of
the nucleus with a pseudopotential that models the electronic wave functions
properly in the interstitial region can be a good solution to the inaccuracy
issue. Since most of the chemical bonding appears away from the nucleus
in the inter-atomic region, the result of using pseudopotentials has a much
lower computational cost for the same accuracy.

Ikutaro et al. [255] have done a fascinating study comparing vdW elec-
tronic structure calculations performed using pseudopotentials generated
with PBE functional versus pseudopotentials generated with consistent vdW
functionals, they found out that the binding distances are slightly under-
estimated with pseudopotentials generated with PBE functional, while the
binding energies are slightly overestimated. Meanwhile, the electronic struc-
ture regarding band structures is not altered. These differences are still in
the range of the chemical accuracy with an error of 36 meV. Thus, it is safe
and considerably still accurate to use pseudopotentials generated by PBE
within vdW electronic structure calculation. It is a common practice to
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use PBE pseudopotentials as the vdW-DF non-local functionals utilise their
exchange term.

4.8 Summary
In summary, we have enlightened the basis of DFT and how dispersion
interactions are treated within. Dispersion interactions are essential to be
considered when dealing with layered materials and describing adsorption
properties. As there are several ways to describe it, thus, we choose the one
suitable for the specific system under study.





Chapter 5

Method and calculational details

Here comes an overview of the used DFT code, pseudopotentials, cutoffs
and other details related to the calculations setup.

5.1 Used code

All the numerical simulations throughout this thesis’ manuscripts have been
performed using density functional theory (DFT) [201, 202]. The Kohn-
Sham equation described in section 4.4 has been solved within the formalism
of the planewave basis sets and pseudopotentials [256]. We have carried out
the calculations using the integrated open-source software distribution suite
of Quantum ESPRESSO [237] abbreviated (QE) which is an integrated suite
of electronic structure calculations codes based on DFT using planewave
basis sets and pseudopotentials. It can be downloaded from [257] for free.

5.2 Used pseudopotentials

Pseudopotential choices vary throughout this thesis’ manuscripts. Here
comes a brief overview of the chosen ones:

• The HSCV pseudopotentials library [258]: It is norm-conserving
pseudo-potentials. It stands for Hamann, Schluter, Chiang and Van-
derbilt (HSCV). We have used it at a tested cutoff of 130 Ry. We used
it in the manuscripts representing Papers I, IV , V with a planewave
energy cutoff value of 130 Ry.
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• The GBRV pseudopotentials library [259]: it is ultrasoft pseu-
dopotentials downloadable from Rutgers database [260]. It is highly
accurate and computationally inexpensive open-source pseudopoten-
tial library designed and optimised for use in high-throughput DFT
calculations. It has relatively low recommended cutoffs of 40 Ry for
the planewave and 200 Ry for the charge density. It has been used in
the manuscripts representing Papers II, V II with the recommended
cutoffs.

• The SSSP pseudopotentials library[261]: It is an ambitious pseu-
dopotentials curation effort done on most of the commonly available
pseudopotential libraries for the QE suite leading to the identification
of optimal pseudopotentials. In which, they are classified into either
efficient (relatively faster) or accurate choices of pseudopotential sub-
libraries. Energy cutoff values, theorised in section 4.7, are provided
for almost every element in the periodic tables, where both cutoffs for
the wavefunction and charge-density were chosen according to conver-
gence tests concerning cohesive energies, stresses and phonon frequen-
cies performed for each element [261]. The SSSP library was originally
constructed within the framework of AiiDA [262, 263], an open-source
platform to manage and automate scientific computational work-flows
without human intervention. The SSSP pseudopotentials were exhaus-
tively tested and chosen from various sources [259, 264–268]. The ac-
curacy sub-library has been bench-marked providing -to date- the best
overall agreement with the all-electron codes results [269, 270]. This
SSSP accuracy library has been used in the manuscript representing
Paper III with the assigned recommended cutoffs.

• ONCV pseudopotentials library [266]: It is norm-conserving scalar
relativistic pseudopotentials, it stands for Optimized Norm-Conserving
Vanderbilt. It is considered as the updated version of the HSCV with
an efficient lower cutoff, 60 Ry, about half the value needed for HSCV
regarding the same systems. This pseudopotential was the choice in
the manuscript representing Paper V I, where it has been used at the
recommended cutoff of 60 Ry.
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5.3 Used functionals

As we have pointed before in the subsection 4.6.2 for the importance of
modelling vdW interactions, we used either non-local vdW functionals [230]
or semi-empirical corrections [211, 212] to account for the dispersive in-
teractions taking place within the slabs, graphene sheets and the available
adsorbates on top.

5.4 Systems modelling

All systems under study within all the manuscripts involved slabs with incor-
porated vacuum to avoid any interaction within periodic images constructed
by the code. In the manuscripts systems, we treated both slab surfaces sym-
metrically where the termination end of the top and bottom of the slab are
identical. That serves the purpose of cancelling any resultant intrinsic dipole
moment resulting from the slabs in case they are treated asymmetrically. We
built the slabs to be quite thick resulting in bulk-like middle layers inside the
slabs. We followed another approach in the manuscript representing Paper
III, which is the dipole correction [271] method implemented in the QE
package. Such correction can compensate for the artificially produced field
within the supercell’s vacuum by imposing a saw-like potential cancelling
the artificially generated one taking place in the vacuum.

5.5 Other calculational details

• Within most of the manuscripts in this thesis, we have generated QE
input files from bulk Crystallographic Information File (CIF) files via
the CiF2CeLL utility code [272, 273]. We fetched most of those CIFs
from the materials project database [274, 275]. Those CIFs are avail-
able after undergoing satisfactory relaxations processes through their
automated machinery available at the Materials Project repositories.
Materials project uses the ICSD library [276, 277] as a source of the
structures being fed into their computational workflows.

• We calculated the charge transfer using the Bader charge analysis [278]
via a utility code computationally implemented in [279, 280].
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• We computed Löwdin charge analysis [281] as implemented in QE
package.

• We used the visualisation tools xCrysden [282] and VESTA [283] for
visualising system components and charge density differences. Both
utilities can be downloadable from [284] and [285]



Chapter 6

Results and discussion

In this work, we discuss potentialmore than Moore applications of graphene-
based devices through theoretical studies associated with experiments for
real insights on the functionality of the sensory action of graphene. We
emphasised the significance of humidity and carbon dioxide on graphene-
based devices from a first-principle calculations point of view as well as the
effect coming from the substrate. We also highlighted the possibility of
passivating such sensors and making the device non-functional for serving
the purpose of better integrity into more than Moore applications.

The results are presented in full in the attached seven manuscripts as in
five published articles and two in the manuscript format under submission.
Here, we provide a summary of these papers and how they connect.

To study graphene-based sensors theoretically, we carried out DFT calcu-
lations for examining and simulating the effect of the presence of adsorbates
of carbon dioxide and water molecules on top of graphene. We constructed
the supercells and set up the calculations in light of the calculational de-
tails discussed in Chapter 5. We calculated the binding distances, energies,
charge transfer, charge density differences (CDD) and density of states for
supercells of pristine graphene with adsorbates on top while the substrate
is intact. We took care of the dispersive forces as reviewed in Chapter 4.

Our findings were in line with literature [137], where the weak interaction
between the adsorbate molecules on top of the pristine graphene sheet and
the defect states arising from the underlying substrates induces a doping
effect in the graphene sheet. That is detailed in Paper I, where the substrate
defects effect when combined with water molecules, change the electronic
structure properties represented by CDD contours. We studied the substrate
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Figure 6.1: excerpt from manuscript describing Paper I [155].
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defects on three different substrates and found that doping effect took place
in all the substrate surface defect types across the three different substrates
with different degrees. The substrate slabs were either of silica type (β-
cristobalite and α-quartz) or α-sapphire. Notably, the defects within the
β-cristobalite substrate surface were the Q0

3, which is a well-known and
common silica substrate surface defect [286, 287]. The defects within the
other silica and sapphire substrates type took place at the substrates’ surface
with either silicon or aluminium undercoordinated atoms terminating the
substrates. We referred them to as Si-terminated α-quartz (0001) and Al-
terminated sapphire (0001) substrates. The respective (CDD) contour plots
are available in Fig. 6.1, Fig. 6.2 and Fig. 6.3 for the three cases respectively.

In paper I, we examined several adsorbate configurations, distinguished
by the relative (x-y) plane positioning of the adsorbates with respect to the
graphene sheet. Among all the relaxed configurations, adsorbate configu-
rations with the lowest energy (a preferred configuration) are the closest
to the graphene sheet among the same substrate type. This observation
is due to a stronger bonding (more hybridisation) that result in a shorter
bonding distance. We found that water adsorbates always preferred to be
above the centre of the graphene hexagon (hollow sites) regardless of the
type of the underlying substrate. Meanwhile, carbon dioxide adsorbates
preferred configurations differed according to the substrate. For the cristo-
balite case: it was on top of the midway between two carbon atoms (the
so-called bridge position). For the quartz case: it was on top of silicon atom
of the Si-terminated substrate. For the sapphire case: it was on top of a
carbon atom in the graphene sheet as well as an aluminium atom (inside
the substrate and not the substrate’s surface top atom). Moreover, car-
bon dioxide adsorbates revealed a binding distance of 3.2 Å away from the
graphene sheet in all the preferred configurations across all the three cases.
We extended this study with paper II taking into consideration a more
robust treatment of the dispersion interactions using non-local vdW func-
tionals that we previously discussed in Chapter 4. As a follow-up, we studied
graphene’s electronic structure properties being in contact with a different
pool of substrate types which can be metal, semiconductor or insulators as
in manuscript III. Moreover, we found good agreement with experimental
equilibrium distances and binding energies (or adhesive energies).
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Figure 6.2: excerpt from manuscript describing Paper I [155].
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Figure 6.3: excerpt from manuscript describing Paper I [155].
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Figure 6.4: excerpt reprinted from manuscript describing Paper IV [19].

In summary, upon studying those different systems, we can conclude
that, with the presence of the adsorbates, the doping effect differs slightly
per different types of adsorbates within the silica substrates, while it dif-
fers dramatically in comparison with sapphire substrate type. Sapphire can
be embedded as a coating material silicon substrates [288]. Thus, we can
conclude that the effect of adsorbates existence on the graphene sheet can
depend heavily on the substrate properties, types and its associated defects
as previously reported in [137].

In Papers IV , V , we studied similar systems to the ones in Papers I,
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Figure 6.5: excerpt from manuscript describing Paper V [20].

II in conjunction with experimental input. We showed in both articles a
qualitative overview on the influence of substrate-surface defects on pristine
graphene sheet with either water or carbon dioxide molecules adsorbed on
top. The results showed a difference in the charge distribution when compar-
ing cases lacking adsorbates with cases of adsorbates existence as shown per
Figs. (6.4), (6.5). Besides, there is a difference in the CDD contours accord-
ing to the surface conditioning, as we examined cases of hydrogen-passivated
and non-passivated surface termination as shown in Fig. (6.4). The CDD
contours experience alternating charge depletion and accumulation regions
throughout the graphene sheet depending on the different ambient condition
it can coexist according to the examined cases.

We expanded the study to double layered graphene, which has caught
interesting properties leading to useful utilisation in sensor devices [40, 166].
We performed a related joint-experimental study in [69] via DFT calcula-
tions on pristine double layered graphene residing on one type of α-quartz
substrate. The CDD contour plots depicted in Fig. (6.6) revealed that
the double-layered graphene isolates the combined doping effect of the sub-
strate and the adsorbates, that we already discussed before. Each layer
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Figure 6.6: excerpt from manuscript describing Paper V I [69].

is concerned with the adhered weakly-bounded system which are the sub-
strate and the adsorbates. Furthermore, the overall charge transfer was also
small, signalling value of 0.05e and 0.04e as a net charge transfer towards
the adsorbate molecules of carbon dioxide and water molecules.

As the ultimate goal of designing such devices is to obtain higher value
systems according to the more than Moore paradigm we pointed to in Chap-
ter 1, we need to isolate different components and functionalities on the same
chip in order not to interfere with each-other and comply with the targeted
diversification purpose. Thus, we performed a combined experimental and
theoretical study as in [75] for confirming the passivating layers effect on
the graphene-based sensors and how the associated CDDs looks like as ren-
dered in Fig. 6.7. We showed with an availability of a passivation layer
in between the graphene and adsorbates that the adsorbates effect on the
graphene sheet is dysfunctioned.
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Figure 6.7: excerpt from manuscript describing Paper V II [75]©2016 IEEE.





Chapter 7

Conclusions and future outlook

In this work, we discussed a theoretical investigation of a possibly more than
Moore application of graphene’s sensitivity towards humidity and carbon
dioxide molecules.

We focused on extracting the electronic structure properties of single-
layered pristine graphene as a sensor, more especially as humidity and car-
bon dioxide sensors. Similarly, we extended the studies towards investigat-
ing the double layered graphene sensing action towards the same adsorbates.
We demonstrated the effect of passivation on such sensing action resulting
in dysfunctioning sensors for better integrity of high valued systems in the
more than Moore paradigm. All in all, we consider this approach crucial for
optimal delivery of high-valued systems combining system-on-chip (SoC)
with system-in-package (SiP) as direct usability and applicability of more
than Moore.

In particular, we performed the studies on graphene within different
ambient conditions through first-principle ab-initio calculations. We focused
on the combined effect of the underlying substrates and adsorbates on top
of the graphene sheet itself. This effect is attributed to be a doping effect
which is responsible for different adhesive forces added to the graphene’s
interface with the substrate as well as to the adsorbates on top. These
results are in line with related literature available in [78, 109, 137, 165, 178,
194, 195]. Those interactions are weak and governed mainly by van der
Waals forces. Thus, the study also included different investigations of such
weak interaction of graphene on different surfaces with metal, semiconductor
and insulator nature where physisorption or chemisorption adhesive nature
govern graphene’s adhesion with those substrates.
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In summary, we demonstrated and highlighted some factors that affect
the sensing behaviour of pristine graphene where the electronic structure of
such graphene-adsorbates interactions relies on the stacking orders as well
as the underlying substrate-induced doping effect due to common defects
available on the substrate surfaces.

As future work, expanding the study to involve other molecules’ com-
bined effect with the substrates via accurate van der Waals methods is an
important step towards incorporated into more sensing devices. Examining
other 2D materials can have potential interest opening more applications
for gas sensory paradigm [72, 73], especially if they feature either direct or
indirect bandgaps. Moreover, studying the conductance employing trans-
port calculations within the non-equilibrium Green’s functions scheme [289]
is crucial for ultimate benchmarking purposes and to explore the trans-
port properties of such sensing devices from a purely theoretical point of
view. Finally, merging results from multi-scale simulation paradigm and
ab-initio can be useful for understanding more properties of such systems
in-design [290].
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