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Abstract 

The potential of graphene, graphite and amorphous carbon as DNA sensor 

platforms was investigated. Therefore, different functionalization strategies to 

bind DNA strands to graphene, thin graphite and amorphous carbon were 

tested. Furthermore, ultrathin graphite flakes were electronically characterized 

as a first step in the development of sp2 carbon based sensors with electronic 

readout. 

The hydrogen-terminated edges and defect sites of carbon nanowalls (CNW), 

upstanding microplates made out of 4-6 stacked graphene sheets, were 

succesfully functionalized with single stranded DNA. DNA strands were 

covalently bonded using a fatty acid linker molecule. The fatty acid linker was 

attached to the CNW edges through a photochemical reaction. This was followed 

by the coupling of amino-labeled DNA to the carboxylic acid groups of the fatty 

acid linker, using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) as a 

mediator. Hybridization experiments in combination with fluorescence 

microscopy allowed for the clear differentiation between fully complementary 

target DNA and DNA with a single mismatch, out of a 29 nucleotides sequence. 

The optimal hybridization temperature to achieve high selectivity was found to 

be 60 °C. Furthermore, hybridized DNA could be denatured and rehybridized for 

at least 10 cycles. 

In order to increase the DNA functionalization levels, different functionalization 

routes that act upon the basal plane of sp2 carbon were tested. First, a non-

covalent method, based on π-π stacking, was investigated. A pyrene-like 

molecule was used to π-stack with the aromatic structure of graphene and 

graphite. The pyrene-like molecule also contained a carboxylic acid group that 

was used to couple DNA with the known EDC-mediated reaction. However, 

different experiments using fluorescence microscopy, fluorescence spectroscopy 

and XPS could not prove the binding of DNA or the pyrene-like linker to the 

graphene or graphite surface. The functionalizing species are probably rinsed off 

by mild washing steps. 
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A second, covalent, method was tested to functionalize the graphene and 

graphite surface with DNA strands. This method was based upon diazonium 

salts. The aim was to use the diazonium as a linker to attach the DNA, again via 

the known EDC-mediated reaction. Two different diazonium molecules were 

used. The first one resulted in nitro groups as an anchor point for further DNA 

coupling. Since the required reduction of the nitro groups into amino groups 

posed some problems, another diazonium molecule, with a carboxylic acid 

group, was used to facilitate the DNA coupling. This second type of diazonium, 

4-benzoic acid diazonium tetrafluoroborate, was homemade by two different 

methods. Functionalization was investigated with Raman spectroscopy, as this 

method allows to characterize preselected individual flakes. The results from 

Raman spectroscopy (and XPS) indicated that a part of the diazonium physisorbs 

to the graphene, as it could be removed by thorough washing steps, while 

another part of the diazonium covalently binds to the graphene surface. This 

covalent binding was shown by the appearance of a defect-related D peak in the 

Raman spectra of functionalized samples. The presence of DNA was not clearly 

detected by the Raman spectroscopy and no real difference between samples 

with(EDC-positive) and without (EDC-negative) the necessary EDC-mediator 

could be observed. 

In addition to graphene-like materials, amorphous carbon microstructures were 

tested for their potential use in DNA sensing. The amorphous carbon 

microstructures contained an outer layer of nanostructured carbon, drastically 

enhancing the surface area. The amorphous carbon microstructures were 

successfully functionalized by the fatty acid route and by the diazonium route, as 

shown by confocal fluorescence microscopy. Amorphous carbon microstructures, 

lacking the nanostructured outer layer, were used as a reference. It was clear 

that these regular microstructures showed greatly reduced functionalization 

levels due to the much smaller surface area. The electrical resistance over 

bridge-shaped amorphous carbon microstructures was measured using a four 

probe technique. The resistance change for positive samples was 40 % lower 

than the change for EDC-negative samples, and this for the samples 

functionalized via the fatty acid route. Samples functionalized via the diazonium 

route display a difference in resistance change of 12 %. Bulk amorphous carbon 
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structures did not show a difference in resistance change between positive and 

EDC-negative reference samples.  

In order to further investigate the potential of sp2 carbon as DNA sensor 

platforms, ultrathin graphite flakes were electronically characterized. Four 

electrical contacts in van der Pauw configuration were deposited on individual 

flakes, with a thickness of 25 – 50 nm, using e-beam lithography. The samples 

showed a zero-field resistivity of 40 – 55 µΩcm at room temperature. The 

magnetoresistance effect of the samples was studied in magnetic fields up to 

2.06 T and in a temperature range of 5 K – 400 K. At fields of 2.06 T, positive 

magnetoresistance effects of up to 130 % and 235 % were found for 

temperatures of 300 K and 77 K, respectively. It was also proven that in-plane 

components of the magnetic field had no effect on the magnetoresistance. Next, 

the Hall voltage was investigated in function of magnetic field (0.1 T – 2.06 T) 

and temperature (77 K – 400 K). The Hall voltage exhibits a linear field 

dependence for the lowest fields and shows a downward bent for higher fields. 

The charge carrier concentrations and mobilities were determined, using the 

zero-field resistivity and Hall measurements, for low magnetic fields in a 

temperature range of 77 K – 300 K. Charge carrier mobilities up to 891 cm2/Vs 

(n = 1.75 x 1020 cm-3) and 1329 cm2/Vs (n = 8.28 x1019 cm-3) were found 

at 300 K  and 77 K, respectively. 
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Nederlandstalige samenvatting 

Grafeen is een flinterdun laagje koolstof waarvan de structuur vergeleken kan 

worden met kippengaas. Echt grafeen is slechts één atoomlaag dik, wat 

overeenkomt met 0.335 nm, en werd pas ontdekt in 2004. Omwille van zijn 

speciale structuur en tweedimensionale vorm bezit het zeer interessante en 

unieke fysische eigenschappen. Het is dan ook een materiaal van verschillende 

superlatieven;  het is niet alleen het dunste materiaal ter wereld maar ook het 

sterkste. Samen met koolstof nanobuizen, welke kunnen gezien worden als 

opgerolde grafeenvellen, heeft het de beste thermische geleidbaarheid van de 

tot nu toe gemeten materialen. De elektrische ladingsdragers in grafeen 

verplaatsen zich met een extreem hoge snelheid en vertonen nog tal van andere 

unieke eigenschappen. 

In deze thesis werd onderzocht of deze grafeenlagen en verwante materialen 

potentieel bezitten om gebruikt te worden in elektrisch uitleesbare DNA 

sensoren. Met DNA sensoren worden sensoren bedoeld die specifieke DNA 

sequenties kunnen detecteren. Ze kunnen bijvoorbeeld gebruikt worden om DNA 

mutaties of genetische verwantschappen op te sporen. Om te kunnen dienen als 

platform voor DNA sensoren is het noodzakelijk dat er DNA strengen aan deze 

grafeenlagen gebonden kunnen worden. Het binden van DNA aan deze lagen 

noemen we functionalisatie van de grafeenlagen. Verschillende 

bindingsmethoden werden getest om DNA aan grafeen-achtige materialen te 

binden. Elke bindingsmethode mikt op een specifiek type materiaal. 

Koolstof nanomuurtjes, bestaande uit rechtopstaande pakketjes van 4-6 

grafeenlagen, werden gefunctionaliseerd met enkelstrengig DNA. De 

functionalisatie vond plaats op de randen van de nanomuurtjes en op defecten. 

Om het DNA covalent te binden werd eerst een linker molecule, een onverzadigd 

vetzuur, aan het DNA bevestigd met behulp van een fotochemische reactie. De 

carboxyl groep aan het uiteinde van dit vetzuur werd gebruikt in een tweede 

reactie, gekatalyseerd door EDC, om amino-gemodificeerd DNA te binden. 

Doordat DNA gebruikt werd dat gelabeled was met een fluorescerende groep, 

was het mogelijk om het resultaat van de bindingsreacties te analyseren met 

behulp van fluorescentie microscopie. Hybridisatie experimenten toonden aan 
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dat er een onderscheid gemaakt kon worden tussen volledig complementaire 

DNA paren en paren met één fout of mutatie in de sequentie. Dit betekent dat 

het systeem een hoge selectiviteit bezit. De herbruikbaarheid van het systeem 

werd getest door 10 opeenvolgende cycli van hybridisatie en denaturatie uit te 

voeren. 

Vervolgens werd getracht om het oppervlak van individuele grafeen en dunne 

grafietlagen te functionaliseren met DNA. Eerst werd een niet-covalente 

methode onderzocht. Hiervoor werd een linkermolecule gebruikt met een pyreen 

groep. De pyreengroep zou dan kunnen interageren met de aromatische 

structuur van het grafeen oppervlak door middel van π-π stapeling. Deze 

methode bleek echter niet succesvol, waarschijnlijk doordat de binding niet sterk 

genoeg was om de nodige spoelstappen te kunnen doorstaan. Daarna werd er 

overgeschakeld op een covalente bindingsmethode waarbij diazonium zouten 

gebruikt werden als linker molecules. Raman spectroscopie werd aangewend om 

de gefunctionaliseerde stalen te karakteriseren vermits deze methode het 

toelaat om te focussen op één grafeenschilfer zonder het omliggende substraat 

mee te meten. De resultaten toonden aan dat het diazonium gedeeltelijk 

covalent gebonden was en gedeeltelijk geadsorbeerd aan het oppervlak. De 

aanwezigheid van DNA werd echter niet aangetoond. Het is wel mogelijk dat 

DNA aanwezig was op het oppervlak maar dat het niet gedetecteerd kon worden 

met de gebruikte karakterisatiemethode. Deze bewering is gebaseerd op andere 

experimenten, uitgevoerd op diamant en amorfe koolstof, waar de aanwezigheid 

van DNA wel aangetoond werd na binding met diazonium linkers. 

Er werd ook een niet-grafeen-achtig materiaal gebruikt om een provisoire DNA 

sensor te ontwikkelen. Hiervoor werden amorfe koolstof microstructuren 

gefunctionaliseerd met DNA. Deze amorfe koolstof microstructuren bevatten een 

nanogestructureerde buitenste laag die resulteert in een immens groot 

contactoppervlak. Dit laatste wilt zeggen dat er veel DNA strengen gebonden 

kunnen worden. De twee bovengenoemde linker methodes, vetzuur en 

diazonium zouten, werden in combinatie met de EDC-reactie met succes 

gebruikt om DNA te binden aan deze structuren. Om sensor potentieel van deze 

structuren verder te onderzoeken werd de elektrische weerstand over deze 

structuren gemeten, en dit voor en na de binding met DNA. Vergelijking van de 
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verandering in weerstand na de DNA binding voor een positief staal en een EDC-

negatief referentiestaal toonde aan dat de weerstandsverandering voor het 

positief staal 40 % kleiner was dan voor het referentiestaal. Dit wilt zeggen dat 

de binding van DNA gedetecteerd kon worden en er dus eigenlijk een 

elementaire DNA sensor ontwikkeld werd. 

Tenslotte werden ook nog de elektronische eigenschappen van uiterst dunne 

grafietschilfers (75 – 150 grafeenlaagjes dik) onderzocht. Er werden vier 

elektrische contacten aangebracht op individuele grafietschilfers met behulp van 

elektronenbundel lithografie. Zo werd er een resistiviteit van 40 µΩcm gevonden 

in de richting evenwijdig met de grafeenlagen. De magnetoweerstand werd 

onderzocht in magneetvelden van 0 T tot 2.06 T en een temperatuurbereik van 

77 K tot 300 K. De stalen bleken een gigantisch magnetoweerstandseffect te 

vertonen in de positieve richting. Zo vergrootte de resistiviteit met 235 % bij 

een magnetische veldsterkte van 2.06 T en een temperatuur van 77 K. Verder 

werd de invloed van het magneetveld op de Hallspanning getest. Initieel 

vertoont de Hall spanning een lineaire vergroting met toenemende magnetische 

veldsterkte. Bij hogere magnetische veldsterktes werd de toename in 

Hallspanning afgezwakt of daalde ze zelfs. De resistiviteit en Hall spanning 

werden gebruikt om de dichtheid en mobiliteit van de ladingsdragers te bepalen. 

Zo werd er gevonden dat de geleiding voornamelijk bepaald werd door 

gatengeleiding in plaats van elektronengeleiding. Er werd een mobiliteitswaarde 

van 1329 cm2/Vs gevonden bij een temperatuur van 77 K. 

Dit werk toonde aan dat grafeen, grafeen-achtige materialen en amorfe 

koolstofstructuren kunnen dienen als bindingsplatform voor DNA strengen. Een 

primitieve elektrische DNA sensor werd ontwikkeld op basis van amorfe 

koolstofstructuren en de eerste stappen werden genomen in de karakterisatie 

van de elektronische eigenschappen van grafeen-achtige materialen. Verder 

onderzoek zal de invloed van DNA binding op de elektrische eigenschappen van 

grafeen-achtige structuren moeten onderzoeken om zo grafeen-gebaseerde DNA 

sensoren te ontwikkelen met elektrische uitlezing. 
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Chapter  1  

Introduction 

Despite the general thought that a pure two-dimensional material, consisting of 

only one single atomic layer, could not exist, the isolation of two-dimensional 

graphene from graphite became a fact in 2004. Geim and coworkers produced 

and observed an atomic layer of carbon atoms by peeling off a graphite crystal 
1. This single layer carbon material is called graphene and it is the subject of a 

super-fast growing amount of research papers from all over the world. The topic 

graphene is hot and this was illustrated by awarding the 2010 Nobel Prize in 

Physics to A. Geim and K. Novoselov “for groundbreaking experiments regarding 

the two-dimensional material graphene”. 

In this work graphene and graphene-like materials are studied for their potential 

use in biosensors and more specific DNA sensors. A biosensor is a sensing 

device that uses a biological or biomimetic component to detect an analyte of 

interest. The idea behind developing a DNA sensor is to be able to detect specific 

DNA sequences in test samples. One could for example perform DNA tests to 

identify criminal offenders or verify genetic relations between people or animals. 

DNA sensors could also be used in screening for diseases marked by a specific 

DNA mutation. Current DNA tests are mostly based on relatively slow and labor 

intensive working methods such as PCR combined with electrophoresis and 

microarrays. The development of DNA sensors, and biosensors in general, 

should lead to significantly faster, easier and cheaper testing. 

Very little research has been done on the use of graphene and graphene-like 

materials as biosensing platforms. Graphene-like materials can be used at the 

same time as anchoring surfaces for biomolecules and as transducers to convert 

an analyte recognition event into a measurable signal. The potential advantages 

of graphene in biosensor development are its size, elemental composition and its 

unique physical properties. Graphene with its (sub)nanometer scale thickness 

and micrometer scale lateral dimensions is perfectly suited for miniaturization of 

sensing devices. The fact that graphene consist solely of carbon atoms makes 
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graphene a good candidate for the production of biocompatible sensors. And 

finally, the unique physical properties, which will be dealt with later in this 

thesis, could lead to very fast and extremely sensitive biosensors. Some work 

already exists to support this idea. Adsorption or binding of DNA 2,3, bacteria 3, 

antigens 4 and even single gas molecules 5 evoked a detectable change in the 

electronic properties of graphene.  

1.1. Carbon 

Carbon is a relatively rare element on earth; less than 0.1 % of all elements on 

earth is carbon according to Wikipedia. Although it might be rare, it is an 

extremely important element. Together with a few other elements it forms the 

basic building block for all living organisms on earth. Furthermore, carbon is the 

sole building block of some unique materials like for example diamond, graphite, 

bucky balls, carbon nanotubes (CNT) and off course the subject of this thesis: 

graphene. 

Carbon, denoted by symbol C, is element number 6 in the periodic table of 

elements and has the following electronic configuration: 1s2 2s2 2px
1 2py

1. 

Carbon belongs to the same group as silicon and germanium for example. The 

elements in this group can form a maximum of four covalent bonds with one to 

four different atoms. Depending on the type of bond, carbon can form a variety 

of materials. So are diamond and graphite, the hardest material and one of the 

softest materials, due to its layered structure, both composed of carbon.  This 

different type of bonding can be explained by describing different hybridizations 

of the atomic orbitals of carbon, shown in Figure 1-1. The valence s-orbital can 

hybridize with one p-orbital to form two sp-hybridized orbitals. Together with 

two unchanged p-orbitals a triple bond can be formed between two carbon 

atoms. Another type of hybridization is the sp2 hybrid. Three of these hybrids 

are formed when the 2s orbital mixes with two p-orbitals. A carbon atom of this 

type can form three different σ-bonds and one π-bond to make up a double 

bond. These bonds are oriented in a plane with angles of 120° between the 

bonds. Graphite, graphene and carbon nanotubes are all sp2-bonded. A third and 

last type of hybrid can be made when the 2s orbital hybridizes with all three 2p 
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orbitals, generating 4 hybridized sp3-orbitals. These can make 4 σ-bonds in a 

tetrahedral configuration with angles of 109.5° between all bonds/orbitals. 

Diamond has an sp3 configuration. 6 

 

Figure 1-1. Illustration of different atomic orbital hybridizations of carbon. Adapted from 7. 

1.2. Graphene 

After a short background of this work and a brief introduction into carbon, this 

section will deal with graphene itself. The discovery of this carbon layer with 

single atomic thickness will be described first, followed by the structure, 

potential structural defects and physical properties of graphene. Furthermore 

different methods to produce graphene will be described. Some possible 

chemical modifications will be explained and future applications will be given. 
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1.2.1. Historical overview 

In order to describe the history of graphene one has to start long before the 

actual isolation and observation of graphene by Geim and Novoselov. Terms like 

graphite oxide and graphite intercalation compounds, which are now used as 

precursors for graphene, already turned up in the 1840s. German scientist 

Schafhaeutl reported on the intercalation and exfoliation of graphite 8,9. More 

work on graphite oxide was published in the following decades by Brodie and 

Staudenmaier 10,11. 

The history of graphene itself starts in 1947 with Philip Russell Wallace, a 

Canadian theoretical physicist. While working on graphite, Wallace realized that 

this graphite consists of loosely bound carbon layers. He became interested in 

the properties of single layers, mostly to describe the more complex 3D graphite 

structure. He performed some calculating work on these single layers and 

concluded that the electrons in graphene behave like massless particles 12. In 

the 1950s more theoretical work was published where graphite was modeled by 

single layers to calculate the band structure 13 and explain diamagnetism 14. 

The next fact in graphene’s history was in 1962 when Boehm and coworkers 

chemically reduced dispersions of graphite oxide. This yielded thin carbon sheets 

with a low hydrogen and oxygen content. By using transmission electron 

microscopy (TEM) they determined a minimal thickness of 0.46 nm, which must 

be attributed to single layer carbon 15. This was followed by the detection of 

graphene in Auger spectra by Blakely and coworkers in 1974. They were 

investigating the surface segregation of carbon on nickel surfaces 16,17. Carbon, 

dissolved in metal alloys, phase separated and formed single or multiple carbon 

layers on the surface after exposure to elevated temperatures. 

The term “graphene” was invented in 1986 by Boehm 18 and was formalized in 

1997 when IUPAC incorporated it into their Compendium of Chemical 

Technology 19,20. Despite all the previous work and formalization of the term 

graphene, it was believed that graphene could not exist. According to the 

Mermin-Wagner theorem, a strictly two-dimensional crystal would be 

thermodynamically unstable and would break or curl up to form soot or 

fullerenes 21-23.  
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It was waiting until 2004 for the big event when Geim and Novoselov from 

Manchester University found a way to produce actual pristine graphene 1. It was 

only now that the term graphene became known to a broader scientific 

community. The common idea that they produced graphene for the first time by 

just peeling off graphene from graphite (or even pencil) with scotch tape is a bit 

simplistic. They started from highly oriented pyrolytic graphite (HOPG) from 

which they etched 5 µm high squares or mesas of different sizes. Then they 

pressed these mesas to a substrate covered with wet photoresist. After baking, 

the mesas could be cleaved off from the rest of the HOPG as they were attached 

to the photoresist. It was only then that the Scotch tape came into the story. 

Using the Scotch tape they kept peeling off thick flakes from the mesas on the 

resist. Thin flakes that were still on the resist were released by dissolving in 

acetone. A silicon (Si) substrate was subsequently dipped in the acetone solution 

to fish out thin flakes. After some washing steps their sample was ready. By 

serendipity they found that the use of Si wafers covered with a specific thickness 

of silicon dioxide (SiO2) was essential for the optical observation of graphene. 

Since then graphene became a rapidly rising “star” on the horizon of materials 

science and condensed-matter physics, as said by Geim himself 24. He was not 

exaggerating: the number of research papers on the topic boomed (see Figure 

1-2) and more and more properties, production methods and potential 

applications are found. Nowadays, graphene becomes known to the general 

public. 

 

Figure 1-2. Number of manuscripts per year when the search term “graphene” was 

entered as topic in Web of Knowledge. 
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1.2.2. Graphene structure 

As mentioned before, graphene is a single atomic layer of carbon atoms. The 

carbon atoms are sp2-hybridized and therefore are arranged in a hexagonal 

crystal lattice. The atomic structure of graphene can be compared with chicken 

wire or a honeycomb. This structure was confirmed for example by scanning 

tunneling microscopy (STM) 25. The bond length between two carbon atoms in 

graphene is about 0.142 nm. Although considered as a flat sheet, graphene is 

actually rippled, see Figure 1-3. Experimental observation 26 and theoretical 

calculations 27,28 show an out-of-plane deformation of about 1nm. The lateral 

size distribution of these ripples is 50-100 nm. These ripples may be the reason 

that relatively large graphene sheets are stable at all. They can be seen as a 

mechanism to lower the thermal vibrations that threaten the stability of all two-

dimensional layers. One should bear in mind that it was believed that strictly 

two-dimensional structures could not exist without support. 

 

Figure 1-3. Artistic impression of a rippled graphene sheet 26. 

Graphene can be considered as the base material from which other sp2 carbon 

allotropes can be folded. Figure 1-4 illustrates how graphene can be shaped into 

a bucky ball (0D) or carbon nanotubes (1D). Different graphene layers stacked 

on top of each other make up graphite (3D) off course. While graphene consists 

solely off hexagons, bucky balls also contain 12 pentagons. Carbon nanotubes 

can also possess some pentagons if they have closed ends. 

The interlayer spacing in stacks of multiple layers is 0.335 nm. The layers in 

few-layer graphene (FLG) and graphite are held together by weak van der Waals 

forces. The layers are stacked in an ABAB configuration or Bernal stacking. It 

means that the layers are shifted relative to each other to form a hexagonal 
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close packing. Two adjacent carbon atoms in the layer are non-equivalent. Half 

of the carbon atoms have a neighbor straight above and below them. The other 

half lies over and under the centre of hexagons of the adjacent layers 29. There 

is also an ABCABC stacking with a rhombohedral crystal lattice. This is a 

metastable phase and has not been observed as a separate phase in natural 

graphite 30. 

 

Figure 1-4. Graphene sheet (top) as the base for other sp2 carbon materials. Folding yields 

0D bucky balls (left) or 1D carbon nanotubes (middle). Stacking gives 3D graphite (right) 
24. 

 

1.2.3. Defects 

Defects or imperfections can play a crucial role in the electronic, chemical and 

morphological properties of crystalline structures. Graphene can potentially 
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possess a variety of defects, a lot of them are already known from carbon 

nanotubes and other sp2 carbon materials. The different types of defects in 

graphene can be grouped in different categories 31,32. A first category comprises 

the structural defects. These are usually caused by the presence of non-

hexagonal rings, like pentagons or heptagons. The presence of such a pentagon 

or heptagon leads to the formation of curvatures in the structure. Bond rotations 

are a second but related category. A carbon-carbon bond rotation leads to the 

formation of pairs of non-hexagonal rings. These pairs only induce local 

curvature changes as compared to the structural defects that cause an overall 

topography change. A well-known defect is the Stone-Wales defect 33,34 where a 

bond is rotated over 90°. This converts four hexagonal rings into two pentagons 

and two heptagons. This is illustrated in Figure 1-5. 

 

Figure 1-5. Illustration of Stone-Wales defect. Rotation of one carbon-carbon bond over 

90°, resulting in two pentagons and two heptagons. 

A third group are doping-related defects where non-carbon atoms can substitute 

carbon atoms. Nitrogen and boron are two examples of possible dopants. These 

are especially important for the electronic properties of graphene as they 

increase n-type and p-type conductivity, respectively. A last category are non-

sp2 carbon defects. In this case, highly reactive carbon species are present in 

the form of dangling bonds, interstitials, adatoms and vacancies. Graphene 

edges can also be seen as defects and fall in this category. The graphene edges 

have very different chemical and electronic properties compared to bulk 

graphene 35,36. In graphene nanoribbons, these edges become a dominant factor 

in the characteristics of the whole nanoribbon 37-41. 
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Defects in graphene structure can be exploited or even deliberately introduced 

to tune its physicochemical properties. 

1.2.4. Physical properties 

Electronic properties 

The electronic properties of graphene have opened new doors in physics and 

they are often described as exotic and unique. Charge carriers in graphene 

cannot be described with regular nonrelativistic quantum mechanics and the 

Schrödinger equation. They obey the rules of relativistic quantum mechanics 

also called quantum electrodynamics (QED). Charge carriers in graphene are 

described as massless Dirac fermions. This type of physics could be observed 

only in cosmology and high-energy particle accelerators. With the discovery of 

graphene however, these phenomena of quantum electrodynamics can be 

studied in the laboratory. For now, graphene is the only solid known to exhibit 

these quantum electrodynamics 42. This is partly due to the fact that graphene 

can be produced or isolated with exceptional crystalline quality. Other existing 

2D materials lack this electronic quality. 

 

Figure 1-6. Electronic band structure of graphene, showing the dependence of energy on 

momentum. The right side illustrates the conical shape of the touching valence and 

conduction bands around the K point. 43 
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A single graphene layer is a zero-gap semiconductor. The electronic band 

structure of graphene, shown in Figure 1-6, is determined by its π-orbitals. The 

valence and conduction bands touch each other at the K points, also called Dirac 

points. These K points are the corners of a two-dimensional hexagonal Brillouin 

zone. There are actually three K points and three K’ points linked to the two 

sublattices of graphene. The low energy band structure around these K points 

resembles two touching cones with a linear energy-momentum (E-k) dispersion 

relation. The dispersion relation is given by the following equation: 

E = |ћk|νf , where ћk is momentum and νf is the Fermi velocity 

The Fermi velocity in this case is 106 m s-1, which is 300 times slower than the 

speed of light. A consequence of this linear dispersion relation is that the charge 

carriers behave as massless particles 24,42-45. 

The type of charge carriers and the carrier density (n) can be tuned by applying 

a gate voltage. This ambipolar field effect is possible through the raising or 

lowering of the Fermi energy. The Fermi energy is lowered by applying a 

negative gate voltage, resulting in hole-type charge carriers. Electron-type 

charge carriers can be induced by positive gate voltages. Without the presence 

of an electric field, there is a mixed state of charge carriers, neutralizing each 

other. Charge carrier density can also be increased by increasing temperature. 1 

These charge carriers in graphene show ballistic transport on micrometer scale. 

Charge carrier mobility (µ) values as high as 15000 cm2/Vs were measured 

under ambient conditions 1,44,46. This mobility is even improved to values around 

30000 cm2/Vs (at n = 2.1011 cm-2) by measuring at low temperature and 

vacuum conditions. However, mobility measurements done on suspended and 

annealed graphene reached a stunningly high value of 230000 cm2/Vs (at n = 

2.1011 cm-2) 47. Lower mobility values are due to scattering of charge carriers. It 

is believed that this scattering stems mostly from sources extrinsic to graphene 

because of the exceptional quality of graphene. These scattering sources can be 

adsorbates and the presence of substrates. 

Another exotic aspect of graphene is that its conductivity never falls below a 

certain value, even when charge carrier concentration goes to zero. Some 

theoretical calculations predict a conductivity minimum of σ= 4e2/πh 48-50 while 
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others predict a conductance quantum of (4)e2/h 44,51,52. The factor 4 points to 

double spin and double valley degeneracy (from the two sublattices) in 

graphene. Experimental work gave conductivity minima values of 2e2/h to 

12e2/h 44,53, independent of temperature up to 100 K. For clarity, σmin= 4e2/h 

equals ρmax = 6.4 kΩ/□. 

Graphene shows an anomalous quantum Hall effect (QHE) in the sense that the 

quantization condition is given by half integers instead of the normal integer 

values. For a regular QHE the expected Hall conductivity (σxy) plateaus are 

situated at (4e2/h)N where N is an integer. The σxy plateaus in graphene 

however are situated at (4e2/h)(N+1/2). This is shown in Figure 1-7, an actual 

measurement of the QHE in graphene and bilayer graphene (inset). The QHE of 

bilayer graphene is described below. 

 

Figure 1-7. Quantum Hall effect measurement on single and double (inset) layer graphene. 

The oscillating and step-like curves show the longitudinal resistivity (ρxx) and the Hall 

conductivity (σxy), respectively, in function of the carrier density (n) 44. 



12 
 

The origin of the quantization of the Hall effect are the Landau levels. These 

Landau levels are discrete energy levels, linked to cyclotron orbits that can be 

occupied by charged particles in a magnetic field. The higher the strength of the 

magnetic field, the more particles can occupy a specific Landau Level. These 

Landau levels cause oscillations of the electronic properties of materials in the 

presence of magnetic fields, like the Shubnikov-De Haas effect. The Hall 

conductivity shows plateaus when the Fermi energy (Ef), which can be tuned by 

a gate voltage, is located in the Landau level tails. When Ef crosses a Landau 

level the Hall conductivity changes by 4e2/h. In the special case of graphene, the 

first plateau occurs at ±2e2/h. The end of the first hole plateau and the 

beginning of the first electron plateau share the same Landau level, namely the 

zero-energy level. The existence of this zero-energy Landau level is typical for 

the unique band structure of graphene 44,54-56. The presence of this half integer 

quantum Hall effect is a proof for the relativistic Dirac like nature of graphene’s 

charged particles. 

Another exotic and highly counterintuitive property of Dirac like particles is the 

Klein tunneling, also called Klein paradox 57. Klein tunneling implies the perfect 

tunneling of relativistic particles through large potential barriers. If a potential 

barrier exceeds a certain energy value (the electron’s rest energy E=mc2), the 

transmission probability of an incoming electron is only weakly depending on the 

height and width of the barrier. The transmission probability is 100% in the case 

of really high potential barriers. This is fundamentally different from the 

conventional tunneling of non-relativistic particles where the probability of 

transmission is exponentially decaying with increasing barrier height. The Klein 

tunneling can be explained by the fact that strong potentials that are repulsive 

for electrons, are attractive for its relativistic antiparticles or positrons. The role 

of this positron in graphene is fulfilled by the holes. Electrons and holes in 

graphene are interconnected analogues to charge-conjugation symmetry in 

QED. This is a result of graphene’s crystal symmetry with two sublattices. When 

an electron encounters a potential barrier it aligns with its positron and tunnels 

through the barrier, since this barrier can be seen as a potential valley for the 

positron. This tunneling is dependent on the incidence angle of the incoming 

particle. Perfect tunneling occurs only at specific resonance conditions. However, 

perfect tunneling occurs always at angles close to the normal incidence. 42,55,58. 
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Graphene provides a unique platform to test the Klein paradox. Without 

graphene, the observation of Klein tunneling is not possible since the creation of 

suitable potential barriers requires enormous electric fields. In graphene 

samples this barrier does not have to be this large. As a consequence, the first 

experimental observations of the Klein paradox in graphene are a fact 59,60. Klein 

tunneling was observed through potential barriers formed by graphene p-n 

junctions. 

The electronic properties of bilayer graphene are already very different from 

single layer graphene. Bilayer graphene is a semimetal according to its 

electronic band structure and this in contrast to the zero-gap semiconductor 

properties of single layers. The band structure of bilayer graphene around the 

Fermi energy at the K point is parabolic compared to the linear spectrum of 

single layer graphene. Valence and conduction bands in bilayer graphene have a 

very small overlap of 1.6 meV and only along the ΓΚ direction in the Brillouin 

zone. This band overlap increases with the number of stacked layers and the 

difference with the band structure of bulk graphite becomes already smaller than 

10% when more than 10 graphene layers are involved 45. 

Bilayer graphene also shows a unique QHE where the Hall plateaus occur at 

integer values and the zero-level plateau is absent 44,61. This is shown in the 

inset of Figure 1-7. Theoretical analysis predicts a Klein tunneling in bilayer 

graphene that is different from single layer graphene. Although there is perfect 

tunneling at specific incidence angles, there is perfect reflection of particles for 

angles close to the normal incidence 58. 

Mechanical properties 

The extraordinary characteristics of graphene are not restricted to electrical 

properties. Graphene is also extreme in its mechanical properties as it is the 

strongest material ever measured. Numerical investigations already predicted 

that the intrinsic strength of graphene is unmatched by any other material 

(except for CNTs) 62,63. They calculate a Young’s modulus of 1 TPa, a Poisson 

ratio of 0.186 and a maximum stress of 120 GPa. These mechanical properties 

are confirmed by experimental work. Mechanical properties of graphene are 
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mostly tested by indenting suspended graphene sheets with atomic force 

microscopy (AFM) tips 64-67. Measurements on single layers confirm the Young’s 

modulus of 1 TPa and yield an elastic stiffness of 340 N/m and an intrinsic 

strength of 130 GPa 64. Although it is believed that single layer graphene is very 

susceptible to folding and scrolling, freestanding sheets of graphene supported 

only by one side were observed 68. Graphene can extend freely for 10 µm 

without support illustrating its extreme stiffness. To compare, a sheet of paper 

with similar stiffness would extend freely for 100 m. This behavior is only 

observed in gas atmosphere though. Graphene sheets do fold and scroll in liquid 

environment. 

Theoretical 69 and experimental work 70 have shown that graphene sheets are 

impermeable to standard gases, including the small helium gas atoms. Graphene 

nanoballoons can withstand pressure differences larger than one atmosphere 70. 

Tests with these nanoballoons gave an elastic constant of 400 N/m and a 

surface tension of 1 N/m. The resonance frequency of these membranes can be 

controlled by the pressure inside the balloon. This made it possible to perform a 

measurement of the mass of a graphene sheet. Bunch and coworkers 

determined the mass of their graphene to be 0.96 µg/m2. The fact that this is 30 

% higher than the theoretical value is probably due to adsorbed species. 

Thermal properties 

Theoretical studies suggested a very high thermal conductance of graphene 

sheets 71-73. The thermal conductivity in graphene is described as ballistic and 

isotropic. The thermal conductivity has two contributions, thermal conductance 

of electrons/holes and phonons. In intrinsic graphene, with the Fermi energy 

located exactly between the valence and conduction band, thermal conductivity 

is dominated by the phonon conductance, proportional to T1.5. Thermal 

conductance by electrons and holes in this case varies with the square 

temperature. In the case of an applied gate voltage, and consequently a shifted 

Fermi energy, the electron or hole thermal conductance becomes the most 

important factor at low temperatures.  The electron or hole thermal conductance 

changes linearly with temperature at low temperatures 71. 
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This extreme thermal conductivity of graphene was confirmed experimentally via 

Raman spectroscopy 74. The G peak and 2D-bands of graphene in Raman 

spectroscopy are temperature-dependent 75. As local temperature of a graphene 

sheet can be raised by the laser power of the Raman excitation it is possible to 

determine the thermal conductivity. This noncontact measurement on 

suspended graphene yielded thermal conductivities of about 5000 W/mK. This 

value is similar to the upper limit for CNTs and higher than any other known 

material. 

Optical properties 

Freestanding graphene has an optical transmittance of 97.7 % and a reflection 

of less than 0.1 %. Furthermore, the optical transmittance is independent of 

wavelength 76,77. Graphene has an absorption coefficient of 301.655 cm-1 78 and 

a complex refractive index of n = 2.0 – 1.1i in the visible range 79. The opacity 

or absorption of 2.3 % of white light is relatively high for a single atomic sheet. 

This is the result of graphene’s unique electronic properties. Each layer that is 

added to a stack of graphene sheets gives an extra opacity of 2.3 % as shown in 

Figure 1-8. 
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Figure 1-8. Light transmittance of graphene and bilayer graphene spanning a 50 µm hole 

in a metal support. Each single layer absorbs 2.3% of transmitted white light. The solid 

horizontal line indicates the scan position for the transmittance profile. A lower 

magnification of the setup is shown in the inset 77. 

The optical transparency of graphene is actually defined solely by the fine 

structure constant (α). This is a fundamental physical constant that describes 

the strength of the interaction between photons and relativistic electrons in QED. 

It is defined by α = e2/ћc ≈ 1/137 with e the electron charge, ћ the reduced 

Planck constant and c the speed of light. Graphene absorbs a fraction πα of white 

light, corresponding to 2.3 %. Graphene provided a simple platform to 

determine this otherwise hardly measurable fundamental constant. It was 

observed however that this universal behavior becomes anomalous for photon 

energies lower than 0.5 eV, due to doping and finite temperature effects 80. 

Luckily for researchers, graphene shows a remarkably good optical contrast 

when placed on specific substrates. This contrast enables researchers to locate 

the ultrathin graphene and investigate its morphology with a regular optical 

microscope. The origin of this contrast lies in an increased optical path combined 

with the abovementioned strong opacity of graphene. This results in an 

interference color that is slightly different from the bare substrate. The best 

known and mostly used substrate is Si with a 300 nm SiO2 layer on top. Other 

thicknesses of SiO2 like 90 nm , 280 nm and 465 nm are also used 79,81-84. 
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Besides Si with SiO2, other substrate materials were tested.  Some examples are 

Si with 68 nm Si3N4 
85, Si with 72 nm Al2O3 86 and SiC 87. Optical contrast rapidly 

decreases to zero when substrate thicknesses deviate from these specific 

interfering thicknesses. 

1.2.5. Graphene production 

Mechanical exfoliation 

Mechanical exfoliation actually encompasses a few methods that are very 

similar. There is the Geim method 1, also called the Scotch tape method and 

there is the drawing method 46. Both are top-down approaches and they start 

from graphite. As described above, the Geim method was the first successful 

method to produce freestanding graphene. The Geim method used today is 

further simplified as compared to the first description, see historical overview. 

The “modern” version starts from clean HOPG or graphite ore and thin layers of 

graphitic material are peeled off directly from the unprocessed HOPG or ore. 

These thin layers are made even thinner by folding and unfolding the tape a 

number of times. When the sheets are thin enough, they are transferred to a Si 

substrate. This is done by pressing the tape with flakes onto the substrate, 

followed by gently rubbing over the tape to remove trapped air bubbles. Usually, 

a special kind of tape, for wafer dicing, is used instead of the regular Scotch 

tape. This tape leaves much less residue on the substrate and facilitates the 

transfer of flakes from the tape to the substrate. 

The drawing method involves the rubbing of graphite onto a substrate. This 

rubbing, like writing with a pencil, leaves thin flakes on the substrate. This 

method is not used often as it yields less graphene flakes than the Geim 

method. Other 2D materials, like hexagonal boron nitride and dichalcogenides, 

were also produced by this method 46. 

Both of these approaches deposit a bunch of flakes with a wide variety of lateral 

dimensions and thicknesses. One has to search for true graphene sheets, or if 

desired few-layer graphene, under the optical microscope. An example of a 

graphene sheet produced by the Geim method is given in Figure 1-9. Searching 
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for graphene is a time-consuming task because a substrate of cm2 dimensions 

has to be scanned slowly to detect a faintly visible sheet, mostly with maximum 

dimensions of a few tens of µm2. Although time-consuming, this method still 

gives the best quality graphene samples, regarding crystal quality and physical 

properties. 

 

Figure 1-9. Optical microscopy image of a graphene flake (indicated by the arrow) 

produced by the Geim method. The flake is lying on top of a Si substrate with 300 nm 

SiO2. The flake in the lower region of the image is about 3-5 layers thick. 

Chemical oxidation and reduction 

The chemical oxidation and reduction method is the best technique for large 

scale production of graphene. Unfortunately, the quality of reduced graphite 

oxide is fairly poor. A lot of the unique electronic properties of graphene are not 

preserved after reduction of oxidized graphene.  

Graphite can be oxidized by the Hummers method 88 whereby an oxidizing 

mixture of potassium permanganate (KMnO4), sodium nitrate (NaNO3) and 

sulfuric acid (H2SO4) is used. Other oxidation methods are the Brodie method 10, 

with potassium chlorate (KClO3) and fuming nitric acid (HNO3), and the 

Staudenmaier method 11, with KClO3, HNO3 and H2SO4. Graphite oxide contains 
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a variety of functional groups, like epoxy, hydroxyl and carboxyl groups 89,90. An 

illustration of graphene oxide is given in Figure 1-10. 

 

Figure 1-10. Illustration of possible graphene oxide structure. 91 

The functional oxygen containing groups render the graphite oxide hydrophilic. 

This hydrophilicity together with the intercalation of the used salts make 

graphite oxide dispersible in many solvents, including water 92. Graphite oxide 

exfoliates in few-layer graphene oxide, but mostly not in monolayers. 

Furthermore, dispersions of graphene oxide are not very stable in most solvents. 

Heat treatment 89 and ultrasonication 93 are used to enhance exfoliation. 

Graphene oxide can be chemically modified to improve the stability of 

dispersions 93-95. 

Graphene oxide is an electrical insulator and needs to be reduced again to 

restore the conducting properties. As mentioned above, the electronic properties 

of reduced graphene oxide are very different from pristine graphene because 

reduction cannot fully restore the sp2 structure of graphene. Reduced graphene 

oxide has a strongly decreased conductivity and carrier mobility for example 96. 

Graphene oxide is mostly reduced by hydrazine (N2H4) 94,97-100. Other possible 

reducing agents are hydroquinone 101 and sodium borohydride 102. Graphite 

oxide can also be reduced by elevated temperatures. In this case, reduction 

causes the simultaneous exfoliation of the graphite oxide through elevating gas 

pressures between the layers. The decomposition of the oxygen containing 

groups produces gas bubbles that drive the layers apart 89,103. 
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This graphite oxide reduction method can be combined with a Langmuir-

Schaefer approach to deposit single layer graphene with tunable coverage of 

hydrophobic surfaces 104. A dispersion of graphene oxide in water was injected 

with octadecylamine, a long-chain surfactant. The octadecylamine bonds to the 

graphene oxide and forms a hybrid Langmuir film at the air-water interface. The 

density of the hybrid layer can be controlled by changing the surface area of the 

Langmuir bath. The surfactant molecules with the attached graphene oxide pack 

closer together when the surface tension is raised. Deposition is realized by a 

Langmuir-Schaefer method, meaning slowly dipping the substrate horizontally in 

the bath. The hydrophobic chains of the octadecylamine-graphene oxide are 

attracted by hydrophobic substrates and the hybrid Langmuir film is transferred 

to the substrate, see Figure 1-11. After reduction with hydrazine, thermal 

annealing and healing of defects with ethylene gas, a high quality film of 

monolayer graphene sheets is formed, with carrier mobilities of 12 cm2/Vs. 

 

Figure 1-11. Schematic representation of the Langmuir-Schaefer method 

Liquid-phase exfoliation 

Liquid-phase exfoliation of graphite is another method that is potentially suitable 

for large scale production of graphene. In contrast to the previous method, the 

graphite is not oxidized or otherwise covalently functionalized. The electrical 

properties however are similar to reduced graphite oxide. Another drawback of 

this method is the relatively small size of graphene flakes, in the order of a few 
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micrometers. This method involves the exfoliation of graphite in certain 

solvents, like N-methylpyrrolidone (NMP), N,N-dimethylacetamide (DMA) and γ-

butyrolactone (GBL), for which the surface energy matches that of graphene. 

The exfoliation is aided by ultrasonication. Almost all material is exfoliated in 

layers with a thickness of less than 5 atomic sheets and 1 wt% of the starting 

material is exfoliated into single layer graphene 105. Graphite can also be 

exfoliated in water-based solutions with surfactants 106. 

Thermal decomposition of silicon carbide 

Thermal decomposition of silicon carbide (SiC) is a form of epitaxial growth of 

graphene. It is proposed as a route for large scale synthesis of wafer-size 

graphene. SiC wafers are heated to temperatures between 1250 °C and 1450 °C 

in vacuum for a couple of minutes. This heat treatment evaporates the Si atoms 

and graphitizes the carbon to form thin layers of graphene and few layer 

graphene (FLG) 107-110. The method can be improved by heating the SiC wafers 

in a near atmospheric pressure of argon gas (900 mbar). As a consequence, the 

temperature at which Si starts to evaporate is elevated. The surface of the SiC 

wafer at this elevated temperature is much smoother compared to temperatures 

used with vacuum conditions. Therefore, when the graphene layer starts to 

grow, at 1650 °C, the surface underneath has an improved morphology. This 

results in much larger domains (2 x 50 µm2) and better uniformity in layer 

thickness 111. 

Although continuous films were grown with wafer-size dimensions, they are like 

a polycrystalline sheet consisting of different domains. The resulting material is 

of fairly good quality with carrier mobilities in the order of 1000 - 2000 cm2/Vs 
107,111 and even 20000 - 30000 cm2/Vs 108,109 for patterned structures with 

nanowire dimensions. Disadvantages of this technique are non-homogeneous 

layer thickness and small domain sizes. Thermal decomposition of SiC mostly 

gives a film consisting of monolayer and few-layer graphene. SiC is a wide 

bandgap (3 eV) semiconductor that is insulating enough to avoid the need for 

transfer of the grown graphene to other insulating materials. Single crystal SiC 

wafers are used in most experiments. The Si-terminated face or the C-

terminated face can be used to grow graphene. Growth on a C-terminated face 
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generally gives larger domain sizes (~ 200 nm) compared to Si-terminated 

planes (30 – 100 nm) 112. Furthermore, stacks of graphene grown on C-

terminated faces are rotationally disordered, meaning that there is no stacking 

order and the layers show only weak electronic coupling. Nevertheless, this 

resulted in exceptional electronic quality and a carrier mobility of 250000 cm2/Vs 

inside a stack of 100 layers 113. However, external electric fields are screened by 

the outer layers of the stack, making it unattractive for a lot of electronic 

applications 114.  

Epitaxial growth on metal surfaces 

The epitaxial growth of graphene on metal surfaces is related to the epitaxial 

growth on SiC wafers. This method is maybe the most promising method for 

industrial production of good quality wafer-size graphene, although it is still 

difficult at the moment to produce a layer with uniform single atom thickness. 

An additional problem can be the need to transfer graphene to insulating 

substrates or to remove the metal layer in order to use graphene for electronic 

applications. 

Graphene is grown on metal surfaces by chemical vapor deposition (CVD) via 

decomposition or segregation. Decomposition involves the cracking of carbon 

containing molecules, like ethylene, that are adsorbed on the surface. These 

molecules can be adsorbed at room temperature, followed by heating to start 

decomposition, or they can directly adsorb and decompose on hot substrates. 

Segregation means diffusion of dissolved carbon to the metal surface at elevated 

temperatures. The carbon atoms can be present as natural impurities or metal 

substrates can be doped with carbon at elevated temperatures. 

Graphene or FLG were grown on a variety of transition metals. Some examples 

are nickel (Ni) 115-119, copper (Cu) 115,120, ruthenium (Ru) 121,122, platinum (Pt) 

and palladium (Pd) 123. Ni and Cu show the most potential for industrial 

application, as they are relatively cheap and mobilities around 4000 cm2/Vs 

were measured 116,120. 

The transfer of the grown graphene or FLG from the metal surface to an isolated 

substrate is possible through the wet chemical etching of the metal layer in the 
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presence of a support layer for the graphene. After etching, one can handle and 

stamp the support material with the graphene. A graphene layer grown on a Ni 

foil for example can be transferred by etching the Ni layer with HCl in the 

presence of a poly(methyl methacrylate) (PMMA) layer. The latter serves as a 

capture and support layer for the graphene. Next, the graphene can be stamped 

onto another substrate and the PMMA layer can be dissolved with acetone 117. 

The previous method can be adapted to avoid rupture, tearing and wrinkling. 

Before the PMMA is removed with acetone, there is a redeposition of fresh liquid 

PMMA which partly dissolves the “old” cured PMMA. This results in a mechanical 

relaxation of the graphene attached to the PMMA, leading to a better transfer to 

the target substrate 124. 

Bottom-up chemical synthesis of nanoribbons 

An entirely new method was developed to fabricate graphene shaped into 

atomically precise nanoribbons 125. It is a bottom-up approach that starts from 

precursor monomers. The production starts with thermal sublimation of 

halogenated monomers, like for example 10,10-dibromo-9,9-bianthryl, onto a 

solid gold or silver substrate. Upon sublimation, there is a dehalogenation of the 

monomers to form surface-stabilized biradicals. A thermal activation step causes 

the biradicals to diffuse across the solid substrate and polymerize with each 

other through radical addition. Polymer chains are formed with the orientation of 

the functional groups determining the shape of the chain. This can be linear or 

zigzag for example. A second thermal activation starts a surface-assisted 

cyclodehydrogenation, resulting in a graphene nanoribbon. The reaction scheme 

is illustrated in Figure 1-12. 

Graphene nanoribbons can also be made by unzipping CNT, for example via 

oxidation 126,127 or plasma etching 128. Alternatively, graphene nanoribbons are 

produced top-down by lithographical processing of graphene sheets. 
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Figure 1-12. Bottom-up fabrication of graphene nanoribbons starting from precursor 

monomers (10,10-dibromo-9,9-bianthryl). (A) Dehalogenation of adsorbed monomers. (B) 

Diffusion and polymerization of biradical species upon thermal activation. (C) Second 

thermal activation initiates cyclodehydrogenation to form graphene nanoribbons. Adapted 

from 125. 
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1.2.6. Chemical modification and functionalization 

The main purpose for the chemical modification of graphene and FLG is to 

improve their solubility as graphene itself is highly hydrophobic and therefore 

insoluble in most solvents. Another reason to modify graphene is opening and 

tuning of the bandgap. Pristine graphene is a zero-gap semiconductor and a 

bandgap needs to be introduced in order to develop transistors with good on-off 

ratios. The covalent chemical functionalization of graphene almost always 

involves the changing from sp2 hybridization to sp3 hybridization and from 

conducting to insulating properties, depending on the scale of functionalization. 

Chemical modification can also induce doping of the material. Coupling of 

electron-withdrawing functional groups, like oxygen groups, induce p-doping. On 

the other hand, electron-donating functional groups, like nitrogen groups, cause 

n-doping. Also, the development of graphene-based biosensors requires the 

functionalization of graphene and FLG. Biological receptor molecules need to be 

immobilized on the surface or edges of graphene and graphene-like materials. 

 At present, most of the chemical modifications and functionalizations deal with 

graphene oxide. Very little work has been done on pristine graphene, probably 

due to the fact that the sp2 carbon structure is rather inert to chemical 

reactions. It is expected that some chemical reactions have a preference for zig-

zag or arm-chair conjugated tracks 129. Furthermore, once a covalent bond is 

formed at a certain point in the graphene lattice, adjacent sites will show an 

increased reactivity due to the presence of unpaired electrons. The conjugated 

bond structure can be opened like a zipper in this way. 

The chemical modification of graphene is based on CNT chemistry. Like CNTs 

graphene can be functionalized covalently or non-covalently. Both of these 

methods will be shortly described. 

Covalent functionalization 

A special form of covalently functionalized graphene is graphane. The latter is a 

graphene sheet that is fully saturated with hydrogen atoms. Every carbon atom 

is covalently bonded to a hydrogen atom with the two sublattices bonding on 

opposite sides 130,131. An artist’s impression is given in Figure 1-13. After the 



26 
 

prediction of the existence of graphane it took some time to produce the first 

graphane sheet. This was accomplished by exposing a suspended graphene 

sheet to a cold hydrogen plasma at low pressure for two hours. The 

transformation of graphene into graphane is accompanied by the conversion of 

sp2 bonds into sp3 bonds and electronic transformation into an insulator. The 

hydrogenation is reversible and electronic structure can be restored to a large 

extent 131. The hydrogenation of graphene could be used for further attachment 

of organic moieties. 

 

Figure 1-13. Artistic impression of graphane. Small and large spheres correspond to 

hydrogen atoms and carbon atoms, respectively. The proposed structure is one with 

crystalline order. 132 

A fully saturated analog to graphane also exists where the place of hydrogen is 

taken by fluorine atoms. This is called poly-(carbon monofluoride) with the 

chemical formula CF 133. 

The functionalization of graphene with diazonium salts is one of the very few 

functionalization methods that can be applied to pristine graphene, although it is 

also used with reduced graphene oxide 97,102,134-136. Diazonium salts contain a 

very reactive N2
+ group which acts as a leaving group when a covalent bond is 

formed. Benzenediazonium species are used to functionalize graphene. A 

proposed reaction scheme is as follows: first the diazonium adsorbs on the 

graphene. Second, graphene spontaneously donates an electron to the 

electrophilic diazonium group. An N2 molecule splits off and leaves behind an 
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aryl radical. This aryl radical then binds to the unpaired electron that is left 

behind on the graphene after it donated one electron. Finally, a C-C bond is 

formed between the benzene ring and graphene 137. 

It should be noted however that the covalent character of the diazonium 

coupling on graphene is subject of debate. Some results suggest that the bond 

is not covalent but stronger than regular van der Waals adsorption 138. Other 

results indicate that both covalent binding and adsorption occur with covalent 

binding dominating on graphene, and especially at graphene edges, and 

adsorption dominating on FLG 134. 

Other covalent functionalizations use graphene oxide as base material. The 

oxidation of graphene was described in the section on graphene production. A 

variety of covalent reactions can be performed on oxidized graphene sheets. 

Each kind of oxygen containing group can be used for a specific reaction. 

The epoxy groups of graphene oxide can react with sodium azide (NaN3) to yield 

azide functionalities that can subsequently be reduced with LiAlH4 to get amino 

groups or they can be used to perform click chemistry 139. This is shown in 

Figure 1-14. Another possibility to functionalize the epoxy groups is a 

nucleophilic ring-opening reaction between the epoxy groups and amine-

terminated (R-NH2) target molecules 140,141. 
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Figure 1-14. Reaction of graphene oxide with sodium azide (NaN3). Azide functionalities 

can be reduced with lithium aluminium hydride (LiAlH4) to aminogroups (left) or used in 

click chemistry (right). 

Carboxylic acid groups can be esterified via carbodiimide activation of the 

carboxylic acid and reaction with hydroxyl groups 142,143. Alternatively, an 

intermediate with acyl chloride groups, generated by adding thionylchloride 

(SOCl2), can react with hydroxyl groups to form an ester bond 142. Graphene 

oxide was functionalized with poly (vinyl alcohol) (PVA) chains for example. 

Exposure to isocyanates leads to reaction of the hydroxyl groups on the surface 

as well as carboxylic acid groups on the edges of graphene oxide. Hydroxyl 

groups react into carbamate esters (RNHCOOR’) and carboxylic acid groups into 

amides (RC(O)NHR’) 93,95,144, as shown in Figure 1-15. 
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Figure 1-15. Reaction of graphene oxide with isocyanate to transform hydroxyl and 

carboxyl groups into carbamate esters and amides, respectively. 

Non-covalent functionalization 

Non-covalent functionalization, like covalent binding, is mainly used to improve 

the solubility of graphene or graphene oxide. The great advantage over covalent 

functionalization is that non-covalent modifications do not disrupt the sp2 

structure of graphene. This way, graphene can be solubilized without losing 

physical properties like its electrical conductivity. Non-covalent functionalization 

is based on hydrophobic interactions or π-π interactions. This means that 

aromatic (parts of) molecules can interact with the aromatic structure of 

graphene through strong π-π interactions 145. The aromatic ring structures stack 

on graphene like two or more graphene sheets stack on each other. 

Functionalized pyrene molecules, like pyrene butanoic acid, are often used to 

decorate graphene planes to improve their solubility 146-148. Other aromatic 

molecules that can be used are perylene derivatives 147,149.  

Graphene and graphene oxide can also be functionalized with DNA in order to 

develop a biosensor 150,151, dope graphene through negative potential gating 2 or 

protect the DNA from enzymatic cleavage 152. The interaction between DNA and 
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graphene is due to van der Waals forces, with only a limited contribution of the 

aromatic rings 153. 

1.2.7. Applications 

The reason for the huge amount of interest in graphene and graphene-like 

materials is the myriad of potential applications for these remarkable structures. 

The unique electronic, mechanical, thermal and optical properties of graphene-

like materials may contribute to large improvements of existing technologies. 

Maybe the highest expectations for graphene-like materials are in transistor 

development. Graphene could enable the production of transistors at the 

nanometer scale due to its stability, high signal-to-noise ratio and conductivity, 

even in the nanometer range. Graphene is possibly the material of choice to 

prolong the lifetime of Moore’s law 42. This law states that the amount of 

transistors on a given chip area doubles every 2 years. It is expected that the 

transistor density will reach a limit at some point and Moore’s law will not apply 

anymore. Graphene could extend the period of validity of this law. A lot of work 

has already been done on graphene-based field effect transistors 44,54,154-156. 

Graphene-based transistors with very fast operating frequencies of 100 GHz 

were developed 154. Furthermore, a single-electron transistor was developed 

with dimensions of only a few hundred nanometers. It is even possible to 

decrease this size down to quantum dots of about 10 nm 155. It should be noted 

however that graphene’s zero gap band structure is detrimental for transistor 

on-off ratios as there is always a minimal conductance in pristine graphene. 

Introducing a bandgap can solve this problem and increase the on-off ratios 

significantly 157. Bandgap introduction can be realized by chemical modifications, 

restriction of lateral dimensions to nanoribbons or by interaction with substrates. 

FET structures made from graphene nanoribbons, smaller than 10 nm wide, 

were fabricated and showed Ion/Ioff ratios of about 107 158. 

Graphene-like materials also show great potential as transparent conductive 

electrodes. The high conductivity and optical transmittance of graphene makes it 

a good candidate to replace traditional materials such as indium tin oxide (ITO). 

The need for alternatives to ITO is growing as indium sources are shrinking and 
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therefore prices are escalating. Furthermore, ITO is not suited for future flexible 

electronics due to its decreasing conductivity after bending 159. A lot of progress 

has been made in the production and handling of graphene and graphene-like 

materials, making its commercial use more and more relevant. A lot of research 

has already been done on the use of graphene in transparent conductive films 
124,160,161. It has been used for example in photovoltaics 147,162,163, organic light-

emitting diodes (OLEDs)164 and liquid crystal devices (LCDs) 165. 

Graphene has also proven to be useful in sensor devices. Binding or adsorption 

of chemical 5,166-168 and biological species 169,170 can evoke a measurable change 

in electrical properties, due to for example charge transfer or gating effect. Its 

high surface-to-volume ratio and low electrical noise, related to its metallic 

conductivity and crystal quality, are great advantages in the development of 

highly sensitive detection devices. It was demonstrated that graphene devices 

could easily detect 1 part per million (1 ppm) concentrations of gases like 

ammonia (NH3) and carbon monoxide (CO). It was even possible to detect the 

adsorption of individual gas molecules 5. Other work showed the detection of 

chemical warfare agents and explosives at the parts per billion (ppb) 

concentration level 166. Furthermore, different biological species like bacteria 169, 

DNA 169 and proteins 170 can be detected electrically with graphene-based 

devices. Sensing of target molecules is not limited to electrical response as 

shown by the detection of DNA strands via optical methods 151,171. This was 

based on the quenching of fluorescing labels upon adsorption on graphene’s 

aromatic structure. 

Other possible applications of graphene-like materials include lithium ion 

batteries, where graphene is used as high capacity storage medium of Li ions 
172,173, ultracapacitors 174,175, hydrogen storage 176, electrochemical resonators 

that can be used as mass, force and charge sensors 177, support films for high 

resolution transmission electron microscopy 178 and as fillers in graphene-

polymer composites to improve mechanical and electrical properties 144,179. 
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Chapter  2  

Characterization techniques 

This chapter will describe the characterization techniques that were used in this 

work. Some techniques, like optical microscopy and atomic force microscopy, 

were used to characterize the graphene-like materials while others, such as 

fluorescence based measurements and X-ray photoelectron spectroscopy, were 

used to investigate functionalization of these graphene-like materials. A brief 

theoretical background of each technique will be given, followed by the specific 

contribution of the technique to this research. The precise apparatus that were 

used in this work will also be given. 

2.1 Optical microscopy 

Optical microscopy or conventional light microscopy utilizes a specific set of 

lenses to focus a beam of visible light on a sample and magnify an image from 

the sample. Optical microscopy is of special importance in graphene research 

since it gives a rather good indication of the thickness of flakes. A trained eye 

can distinguish between single layer, bilayer and multiple layer graphene when 

deposited on specific substrates. This was already mentioned in the section on 

the optical properties of graphene. Optical microscopy was also used to quickly 

investigate the lateral dimensions of flakes, coverage of a substrate with flakes 

or to check lithographically made patterns for example. 

An example of an optical image of a flake is given in Figure 2-1. This flake was 

deposited via the Geim method on a Si substrate covered with 300 nm SiO2. The 

area of the flake that consist of only one single layer is denoted by “A” and a 

small band of bilayer graphene is indicated by “B”. The following letters indicate 

parts with increasing thickness with G being the thickest part of the flake. G 

corresponds to an approximate thickness of 50 layers. 
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Figure 2-1. Optical microscopy image of a flake on Si/SiO2 300 nm. Letters indicate some 

parts with different thicknesses with “A” the thinnest and “G” the thickest part. “A” 

indicates single layer graphene, “B” bilayer graphene and “C” marks an area consisting of 

at least three layers. Different steps in thickness can be seen in the transition zone from 

“E” to “F”. The image was taken with a 100x objective. 

The optical microscope that was used in this work is an inverted microscope, 

type Axiovert 40MAT from ZEISS, equipped with 5x, 10x, 20x, 50x and 100x 

objectives. A BrightLine HC 560/14 bandpass filter from AHF analysentechnik AG 

(Tübingen, Germany) was sometimes used to improve contrast. However, as 

this filter only transmits green light, the color indication for flake thickness is 

lost by using it. 

2.2 Raman spectroscopy 

Raman spectroscopy is an analysis technique that is based on Raman scattering 

or the Raman effect. When light falls onto a sample, most photons are elastically 

scattered and a very small part is inelastically scattered. Elastic scattering 

means that the scattered photon has the same energy (frequency) as the 

incident photon whereas there is a difference in energy for inelastic scattering. 

Elastic scattering, also called Rayleigh scattering, is filtered out or ignored and 
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the inelastic scattering, or Raman scattering, is used for analysis. Photons are 

inelastically scattered when they interact and exchange energy with the material 

they fall onto. Energy exchange is possible through the coupling between the 

incident light and vibrational, rotational and electronic energy levels of the 

target molecules. Raman spectroscopy measurements use monochromatic light 

to irradiate a sample and the frequency shift after scattering is measured. The 

frequency can shift to lower (Stokes shifted scattering) or higher (Anti-Stokes 

shifted scattering) energy depending on the vibrational state before excitation. 

At room temperature, most vibrational states are in the ground state resulting in 

Stokes shifted scattering. At elevated temperatures, there are more excited 

vibrational states that scatter incoming light, contributing to Anti-Stokes shift. 

Since Stokes shifted peaks are more intense than Anti-Stokes shifted peaks, 

most Raman studies focus on the Stokes shifted scattering. 

The frequency shift corresponds to certain excitation modes of the investigated 

material. These excitations are dependent on the atoms that constitute a 

molecule, the bonds between them and the symmetry of the molecule. Only 

certain excitations are Raman active and contribute to the Raman spectrum. 

Other complementary techniques, like infrared spectroscopy, can be used to 

investigate excitations that are not Raman active 180,181. Elaborate symmetry-

based selection rules exist to determine if a certain vibration is Raman active 

and/or infrared active. As this is beyond the scope of this text, one can also 

state the selection rules as follows: to be infrared (Raman) active, a vibration 

must change the dipole moment (polarizability) of the molecule. Raman spectra 

are presented as frequency shifts in wavenumber (cm-1) with their 

corresponding intensities. The wavenumber is determined by the following 

equation: 

 1 71 1( ) ( ).10
( ) ( )ex scat

cm
nm nm

ν
λ λ

− = −  (2.1) 

Most carbon structures, including graphene, have a distinct Raman signature 

and Raman spectroscopy is one of the most suitable techniques to determine the 

number of layers in thin stacks of graphene. Raman spectroscopy can rather 

clearly differentiate between single layer and bilayer graphene. The most 

important Raman peaks associated with graphene are the so called G peak (at 
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~1580 cm-1) and 2D peak or band (at ~ 2700 cm-1 for λex= 514 nm and at ~ 

2650 cm-1 for λex= 633 nm). The G peak is linked to the doubly degenerate zone 

center E2g mode, which is the stretching of the strong intralayer bonds, see 

Figure 2-2. The 2D band is the second order of zone-boundary phonons. 

Graphene edges and defective graphene also possess a D peak (at ~ 1350 cm-1) 

linked to disorder-induced first order scattering. The G peak can show a 

shoulder, called the D’ peak (at ~ 1600 cm-1), related to the D-band and linked 

to finite size effects and lattice defects 182-186. 

 

Figure 2-2. G vibration mode with E2g symmetry. Adapted from 187. 

The Raman spectra for graphene and graphite are shown in Figure 2-3 (A). The 

G peak and 2D band are clearly shown and a first difference between the spectra 

of graphene and graphite can be seen in the intensity ratio (I(G)/I(2D)) of both 

peaks. This intensity ratio is smaller than 1 for graphene and larger than 1 for 

graphite. 

A closer look at the G peak (see Figure 2-3 (B)) shows a shift in Raman 

frequency with each added layer up to a stack of 5 layers. The difference in 

Raman shift between graphene and a stack of 5 layers is about 5.5 cm-1. The 2D 

band also shifts upwards with increasing number of layers. Furthermore, the 2D 

band broadens and changes shape with increasing thickness, see Figure 2-3 (C). 
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Figure 2-3. (A) Raman spectra of graphene and graphite. (B) Evolution of the G peak in 

function of the number of layers, indicated on the left. The G peak shifts by about 5.5 cm-1 

when the thickness changes from single layer to 5 layers. (C) Evolution of the 2D peak in 

function of number of layers. All spectra are taken at λex = 514 nm. Image is adapted from 
184,185. 

 

The Raman measurements presented in this work (Chapter 4) were performed 

at IMEC by Dr. Mirco Cantoro. Micro-Raman spectra were collected with a 

LabRAM HR Jobin-Yvon spectrometer (1.5 cm-1 spectral resolution), coupled with 

a 633 nm laser excitation and 100x microscope objective (~ 1 µm2 spot size). A 

laser power of ~ 1 mW (corresponding to < 105 W/cm2 power density) was 

employed to minimize laser heating effects and other detrimental effects on 

graphene. The spot size is small enough to focus selectively on the graphene 

surface without illumination of the substrate. 

2.3 Atomic force microscopy 

Atomic force microscopy (AFM) is a scanning probe microscopy method. An AFM 

tip scans over a sample surface to generate a topography image of the sample. 

The tip is conical and very sharp (± 10 nm radius) to yield high lateral resolution 

profiles.  This tip is attached to a cantilever which is usually made of Si or silicon 
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nitride and fixated at one end. The free end of the cantilever can move up and 

down as the cantilever is flexible with a certain spring constant (in the order of 

0.1 N/m and 40 N/m for contact and non-contact mode, respectively). An AFM 

setup is further composed of a piezoelectric stage that can move in three 

dimensions, a laser and a laser detector with four quadrants. The sample is 

mounted on the stage, which moves in the XY direction to scan the area of 

interest. While scanning, a laser beam is reflected off the back of the cantilever, 

with the tip beneath it, and captured at the position sensitive detector. If the 

laser spot deviates from the center of the detector a feedback-loop moves the 

stage to adjust it back to the ‘blind spot” in the center of the detector. The 

magnitude of the z-displacement is saved in a computer and a profile of the 

sample is formed. A schematic of the working principle is given in Figure 2-4. 

The origin of the displacement or deflection of the tip and cantilever are the 

atomic interactions between the tip and the sample surface. These interactions 

can be van der Waals interactions, electrostatic forces, capillary forces,…. 

Special tips can be used to map specific properties of the surface like magnetic 

tips and conducting tips to probe magnetic and conductive properties, 

respectively. 

 

Figure 2-4. (A) illustration of the AFM working principle and setup. (B) Force-distance 

curve that forms the basis for the AFM operation. In contact mode there is a repulsive 

force between tip and sample. In non-contact mode there is attraction. 188 
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An AFM can work in three different modes, depending on the distance between 

the tip and sample. If the tip touches the sample, it is called contact mode and 

the forces are in the repulsive regime, see Figure 2-4 (B). This mode is the 

simplest one and has the highest resolution. Two submodes are possible where 

the feedback loop keeps either the force or the height constant.  A disadvantage 

of the contact mode, however, is the possibility of damaging soft samples due to 

high frictional forces as the tip slides over the surface. Therefore, this mode is 

not suitable for biological samples or other soft materials. 

The AFM can also be operated in a mode where the tip is oscillating above the 

sample without touching the sample. This mode is called the non-contact mode 

and depends on attractive forces between tip and sample. The cantilever 

oscillates with a certain frequency and amplitude about 10 nm above the 

sample. Interactions between the tip and sample surface influence the 

oscillation. Again two different feedbacks are possible, one to keep the 

frequency constant and one to keep the amplitude constant. The frequency 

modulation allows to generate a phase image, showing the phase difference 

between the measured and the applied oscillation. This phase difference 

depends on the type of surface material and therefore gives additional 

information on top of the topographical info. This mode has a lower resolution 

but is better suited for soft samples. 

A third mode, called tapping mode, is a combination of the two previous modes. 

The cantilever is again driven to oscillate above the surface but now with an 

increased amplitude. Each time the tip reaches its lowest point in the oscillation 

cycle, it taps the surface. This mode has an improved resolution compared to 

non-contact mode and does not damage fragile samples. 

AFM is a straightforward technique to determine the thickness of graphene-like 

materials. However, it is not always easy to pinpoint the exact number of layers 

in thin stacks of graphene, despite the known single layer graphene thickness of 

0.335 nm. Experimental errors and adsorbates on the surface can complicate 

the analysis. An example of an AFM image of graphene is presented in Figure 

2-5 (A). 

It is also noteworthy that graphite is often used as substrate material to image 

adsorbed biomolecules with AFM. Graphite has an atomically flat surface due its 



39 
 

crystalline layered structure, enabling the characterization of large molecules, 

like DNA and antibodies, adsorbed on the surface. Figure 2-5 (B) shows an AFM 

image of IgG antibodies adsorbed on a HOPG surface. 

 

Figure 2-5. (A) AFM height image of a graphene flake. The upper right insert shows a 

magnification of the indicated area and the lower right insert shows the height profile 

along the black line, indicated in the upper right insert. The vertical distance between the 

red arrows is 0.416 nm, corresponding to single layer graphene. (B) AFM height image of 

IgG antibodies adsorbed on a HOPG surface. Both images were recorded in tapping mode. 

AFM measurements in this work were performed with a Veeco Multimode 

microscope combined with a Nanoscope IIIa controller from Veeco Digital 

Instruments. Images were recorded in tapping mode. Measurements were 

performed by Dr. Hong Yin. Figure 2-5 (B) was recorded by the author. 

2.4 Scanning electron microscopy 

Another method to obtain topographical and compositional sample images is 

scanning electron microscopy (SEM). This method has a significantly improved 

spatial resolution compared to light microscopy due to the use of electrons, 

which have smaller wavelengths, instead of larger wavelength photons. Another 
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advantage of SEM over light microscopy is its higher depth of focus, making it 

especially suitable for studying surfaces with high roughness. 

A scanning electron microscope produces an electron beam via thermionic 

emission or field emission in an electron gun, usually made of tungsten or 

lanthanum hexaboride. The electron beam is accelerated by a voltage difference, 

focused by a set of electromagnetic lenses and scanned across the surface 

through scan coils. When the electron beam hits the sample, it is scattered 

elastically and inelastically, producing a variety of detectable signals. 

 

Figure 2-6. (A) Schematic of scanning electron microscope. 189 (B) Detectable electron-

sample interactions. 

Figure 2-6 (B) gives an overview of the signals that are produced by an 

incoming beam of electrons. Each signal requires a specific detector and gives 

different but complementary information about the sample. The most commonly 

used signals are the secondary electrons and the backscattered electrons. 

Secondary electrons are generated by the collision of incoming electrons and 

loosely bound outer electrons of sample atoms, followed by the ionization of the 

sample atoms. These electrons give topographical information as only electrons 

generated in the top layers are able to escape from the surface. These 

secondary electrons are detected with an Everhart-Thornley detector (ETD). 

Backscattered electrons are the incoming electrons that are elastically scattered 

and escape from the surface. These electrons have a high energy and give 

topographical information and compositional information of deeper sample 

layers. They are detected with a solid-state detector (SSD). The amount of 
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electrons that reaches the detector depends on the local height and curvature of 

the sample surface. Regions that are oriented towards the detector will allow 

more electrons to reach the detector and will appear bright on the screen. The 

same holds for higher lying regions as compared to lower lying regions, resulting 

in a 3D-like impression of the surface. 

Incident electrons can also generate X-rays, Auger electrons and 

cathodoluminescence, but these are less commonly used. X-rays and Auger 

electrons give compositional information of lower and top sample layers, 

respectively. X-rays are analyzed in energy-dispersive X-ray spectroscopy 

(EDX). Cathodoluminescence yields information about the electronic band 

structure of the target material. 

A different, but related apparatus can be used for transmission electron 

microscopy (TEM) which detects electrons that are transmitted through the 

sample and are captured on the back side. Only very thin samples can be 

measured this way since thick samples do not allow the transmission of 

electrons. The spatial resolution of TEM microscopes (~ 0.1 nm) is about an 

order of magnitude better than SEM microscopes (~ 1 nm). 

SEM microscopes are also used in electron beam lithography. E-beam 

lithography is a method whereby an electron beam is used to write patterns in 

an electron sensitive resist. By developing the exposed sample, written areas 

are selectively removed or preserved, depending on the type of resist and 

developer. This way, people were able to make patterns with a line width of only 

~ 10 nm. 

SEM was used to generally visualize and investigate samples. Although SEM 

images show no difference between single layer graphene and few-layer 

graphene, they are very useful to investigate overall morphology and lateral 

aspects. The e-beam lithography module was used to write electrical contact 

lines onto ultrathin graphite flakes. 

The SEM microscope, a Quanta 200F (FEI Europe, Eindhoven, The Netherlands), 

with field emission source, was operated by Dr. Jan D’Haen and Bart Ruttens. It 

is equipped with an ETD, SSD, EDX module and an electrostatic beam blanker to 

perform e-beam lithography. The e-beam lithography module is a Nanometer 
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Pattern Generation System (NPGS) from JC Nabity Lithography systems 

(Bozeman, MT, USA). 

2.5 Contact angle measurements 

Because SEM is not suited for investigation of material surface terminations like 

oxidation and hydrogenation, which are important parameters for chemical 

functionalization routes, other methods are required for these purposes. 

The hydrophilic or hydrophobic properties of sample surfaces can be probed with 

contact angle measurements. A small droplet of test fluid, like water, is 

deposited on the sample surface and the angle between the tangent, at the 

bottom of the droplet, and the sample surface is measured. Small water contact 

angles (0° - 90°) correspond to hydrophilic surfaces and large contact angles 

(90° - 180°) correspond to hydrophobic surfaces. The method is illustrated in 

Figure 2-7. In practice, a small droplet (e.g. 1 µl) is placed on the sample with a 

needle attached to a movable arm. The droplet is filmed by a camera while lit 

from behind to maximize optical contrast. Dedicated software models the shape 

of the droplet and determines the contact angle. 

 

Figure 2-7. Contact angle principle. 

The contact angle, and related hydrophilicity, are determined by the polarity of 

the surface material and the roughness of the surface. Although it is possible to 

calculate also interfacial energies, the contact angles as such are used in this 

work as they already give interesting information about surface properties. 
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This method was used to investigate substrate surfaces before and after 

functionalization with fatty acid molecules. Measurements were performed on an 

OCA 15 plus Contact angle system from Dataphysics (Filderstadt, Germany) 

combined with SCA20 software. 

2.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a (semi)quantitative, surface 

sensitive, technique that provides information about elemental composition, 

chemical state and electronic state. XPS is based on the photoelectric effect; 

meaning that electrons are emitted from the surface by incident X-ray photons. 

The photoelectrons that are able to escape from the surface pass through a 

collector lens into the electron energy analyzer and eventually reach an electron 

detector. This way, the kinetic energy of the escaped electrons is measured. 

Since the energy of the incoming X-rays is known, it is possible to determine the 

binding energy of the detected photoelectrons via the following formula: 

 ( )B X ray KE E E φ−= − +  (2.2) 

with EB the binding energy, EX-ray the energy of the incoming X-rays, EK the 

measured kinetic energy of the photoelectrons and Φ the work function of the 

spectrometer. The latter is determined by calibration of the spectrometer. A 

schematic representation of the XPS principle is given in Figure 2-8, where a 

core 1s electron is ejected by an X-ray photon. XPS measurements require ultra-

high vacuum conditions as the detector is usually placed at a rather large 

distance from the sample (~ 1 m). Although X-rays have a large penetration 

dept, the photoelectrons can only escape into the vacuum from the top 1 – 10 

atomic layers. 
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Figure 2-8. Schematic representation of the XPS principle. 

The high energy X-rays eject core level electrons which have specific binding 

energies depending on the type of chemical element and chemical state of the 

atom. The amount of detected electrons is counted for each specific energy 

value of the measured spectrum. This number is plotted against the binding 

energy in a typical XPS spectrum. 

In addition to core level electrons, there is also emission of Auger electrons 

(1000 – 1200 eV) and low energy valence level electrons (0 – 20 eV). Auger 

electrons are emitted as a relaxation mechanism. After emission of the core 

electron, the core level vacancy is filled with an electron from higher energy 

levels, accompanied by the formation of excess energy. This excess energy is 

emitted as X-ray fluorescence or is transferred to another electron that 

subsequently escapes from the surface, known as an Auger electron. These 

Auger electrons are specifically analyzed in a technique called Auger electron 

spectroscopy (AES). Furthermore, a related technique exists that is dedicated to 

the study of valence level electrons. This technique is called ultra-violet 

photoelectron spectroscopy (UPS), as it uses UV photons with lower energy as 

compared to X-ray photons. 

XPS contributed to this work by the characterization of samples after the 

functionalization procedures were performed. XPS was used to search for the 

presence of molecules linked to HOPG and flakes deposited on Si. XPS was also 

applied in the general sample characterization with respect to impurities. 
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XPS measurements were performed by Prof. Dr. Hans-Gerd Boyen. The 

measuring device was a 5600 LS electron spectrometer from Physical Electronics 

(Chanhassen, MN, USA). X-rays were monochromatic (1486.6 eV), and 

produced by an AlKα source. 

2.7 Fluorescence-based techniques 

2.7.1 Fluorescence theory 

Fluorescence is a process of relaxation of an excited molecular state through the 

emission of a photon. The absorption and relaxation processes taking place 

between molecular energy levels are given in a so called Jablonski diagram, see  

Figure 2-9. If a fluorescently active molecule absorbs a photon with a specific 

energy, it is excited from the singlet electronic ground state (S0) to an excited 

electronic state, e.g. S1, and a certain vibrational substate. This excited state is 

unstable and the molecule relaxes back to the ground state via radiative and 

nonradiative processes. Fluorescence is the process with the following 

transitions: first, energy is lowered by the nonradiative vibrational relaxation 

within the same electronic level, accompanied by heat dissipation. This is 

followed by the transition from the excited electronic state to a certain 

vibrational level of the electronic ground state, accompanied by photon 

emission. This photon emission is the actual fluorescence. The emitted photon 

has a longer wavelength (smaller energy) than the absorbed photon, due to the 

previous vibrational relaxation. The red shift between absorbed light and emitted 

light frequency is called the Stokes shift. Another possible way of relaxation is 

intersystem crossing where the electron undergoes a spin conversion into the 

forbidden excited triplet state (T1), followed by the delayed emission of a 

photon. This photon emission process is called phosphorescence. 

Phosphorescence and fluorescence take place in different time scales, namely 

10-3 – 102 s for phosphorescence and 10-9 – 10-7 s for fluorescence. 
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Figure 2-9. Jablonski energy diagram 190 

The transition to the electronic ground state is also possible through non-

radiative relaxation, like heat loss. Fluorescence quenching is another way of 

relaxation, where excess energy is absorbed by another molecule. The latter is 

also called Förster resonance energy transfer. 

Fluorescing molecules contain delocalized electrons that readily switch between 

the molecular energy states. Therefore, they are most often aromatic or 

conjugated molecules. Some molecules are autofluorescent and can be used as 

such in fluorescence-based techniques while others are labeled with a 

fluorescent dye in order to be able to detect them. The Stokes shift is a very 

convenient property of fluorescence because it allows fluorescence-based 

techniques to differentiate between excitation light and emission light. 

Fluorescent dyes preferably contain a large Stokes shift. Other important 

characteristics of fluorophores, fluorescing groups, are the fluorescence quantum 

yield, Φf, and molar extinction coefficient, εmax. Fluorescence quantum yield 

gives the efficiency of the fluorescence process and can be defined by the 

following equations: 
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Nem and Nabs in equation (2.3) correspond to the number of emitted fluorescence 

photons and the number of absorbed photons, respectively. The symbols kf and 

ki in equation (2.4) denote the rate constant of fluorescence emission and the 

rate constants of all other relaxation mechanisms, respectively. The molar 

extinction coefficient is a measure of the ability of fluorophores to absorb 

photons with a wavelength equal to the absorption maximum. 

Fluorescence-based techniques were used within this thesis to detect the 

presence of functionalizing molecules and to visualize their spatial distribution on 

sample surfaces. The different employed fluorescence-based techniques are 

conventional fluorescence microscopy, confocal laser-scanning fluorescence 

microscopy and fluorescence spectroscopy. 

2.7.2 Fluorescence microscopy 

Fluorescence microscopy is an imaging technique much like conventional light 

microscopy. Instead of absorption and reflection of light by the sample, it utilizes 

fluorescence light coming from the sample. Usually, a narrow spectrum lamp, 

like a xenon arc lamp or a mercury-vapor lamp, is used as illumination source. 

Excitation light passes through a filter to obtain monochromatic light, followed 

by the focusing on the sample. Emitted photons pass through an objective and 

an emission filter that only allows wavelengths coming from the desired 

fluorescence signal. 

Fluorescence microscopy was used to investigate the hybridization and 

denaturation of fluorescently labeled DNA strands on carbon nanowall samples 

as discussed within chapter 3. DNA strands were labeled with the Alexa Fluor 

488 fluorophore. The chemical structure and absorption/emission spectra of 

Alexa Fluor 488 are presented in Figure 2-10. 
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Figure 2-10. Chemical structure (A) and absorbance- and emission spectrum (B) of Alexa 

Fluor 488 label. The maximum absorption and emission are located at a wavelength of 495 

nm and 519 nm, respectively. This means that there is a Stokes shift of 24 nm. 

A Nikon eclipse 80i, equipped with a mercury lamp, was used. The microscope 

belongs to the group of Prof. dr. Luc Michiels. An appropriate filter set was used 

consisting of the following components: Excitation bandpass filter (482/35 nm), 

a dichroic mirror (506 nm) and an emission bandpass filter (536/40 nm). A 20x 

objective was used with 400 ms exposure time to excite the fluorescence labels. 

The gain was set to 4x to enhance the signal. Measurements were performed in 

phosphate buffered saline (PBS) at room temperature. PBS is an important 

buffer solution with isotonic salt concentrations that is used to preserve the 

natural conformation of biomolecules. If biomolecules, like DNA, are not in their 

natural conformation, they lose their biological activity and DNA strands would 

not be able to hybridize for example. 

2.7.3 Confocal laser-scanning fluorescence 

microscopy 

Instead of using a lamp to illuminate the sample as a whole, a focused laser 

beam is used in confocal laser-scanning fluorescence microscopy to scan the 

sample surface line by line. This method will further be referred to as confocal 

fluorescence microscopy. A detector measures the emitted fluorescence photons 

at each point of each line and builds up a fluorescence image of the investigated 
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sample. Furthermore, this technique can selectively detect photons coming from 

a specific narrow depth. This process, also called optical sectioning, is possible 

through the use of two pinholes or small apertures, one before the laser hits the 

sample and one before emission light falls on the detector. The smaller the 

pinhole, the smaller the depth of focus or optical coupe. This implies that 

confocal fluorescence microscopy can achieve higher resolutions than 

conventional fluorescence microscopy as background light coming from out-of-

focus planes is eliminated. 

This method was used in all chapters of this thesis dealing with the 

functionalization of carbon structures. In addition to the previously described 

Alexa Fluor 488 label, another fluorescent label, attached to DNA strands, was 

used. This was a 6-FAM (6-carboxyfluorescein) label with similar absorption and 

emission spectra to the Alexa Fluor 488 label. The 6-FAM chemical structure is 

given in Figure 2-11. 

 

Figure 2-11. Chemical structure of the 6-FAM label. 

The characterization was performed with an inverted microscope, type LSM 510 

META from ZEISS in combination with the 488 nm line of an Ar-ion laser. The 

microscope belongs to the group of Prof. dr. Marcel Ameloot. The laser intensity 

was set to 10 %, corresponding to 33 µW at the sample position. The 

microscope configuration that was used is shown in Figure 2-12. Excitation light 

from the laser passes through a pinhole and is reflected by the HFT 488 dichroic 

mirror and passes through the objective before it excites the sample surface. 

Emitted light coming from the sample passes through the objective, the HFT 488 

dichroic mirror, the NFT 490 dichroic mirror, the LP 505 emission filter, a pinhole 

and finally reaches the detector. The HFT 488 dichroic mirror reflects all 



50 
 

wavelengths under 488 nm and allows higher wavelengths to pass. The NFT 490 

beamsplitter reflects all wavelengths under 490 nm and allows higher 

wavelengths to pass. The light that is reflected by the NFT 490 beamsplitter can 

be used for detection with a second detector but this option was not utilized in 

case of this work. The LP 505 emission filter blocks all wavelengths below 505 

nm. 

 

Figure 2-12. Confocal fluorescence microscope configuration. 

Unless stated otherwise, the pinhole was set to 150 µm and the gain to 1000. 

Measurements were performed at room temperature in PBS. The confocal 

fluorescence microscope allows to bleach the fluorescent labels in a selected 

region of the sample, meaning that the labels are destroyed by prolonged 

intense laser light. For bleaching experiments, laser intensity was set to 100 % 

and selected regions were illuminated for a prolonged time at slow scan rates. 

Bleaching allows distinguishing actual fluorescence from background signals like 

reflection. Only actual fluorescence is bleachable whereas reflection is not. 
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2.7.4 Fluorescence spectroscopy 

Fluorescence spectroscopy is used to measure the excitation and emission 

spectra of fluorescently active molecules. Also, it can be used to confirm the 

presence of fluorescent molecules and quantify their concentration if a 

calibration curve has been measured. Diffraction grating monochromators are 

used to select the desired excitation and emission wavelengths. Emission 

spectra are taken by illuminating the sample at a fixed wavelength (preferably 

at an absorption maximum) and measuring the emitted light, wavelength by 

wavelength, over the range of interest. Excitation spectra are taken the other 

way around. The spectrofluorometer has a T-shape setup (like the confocal 

fluorescence microscope) so that the detector is not placed in the line of 

excitation light. 

Fluorescence spectroscopy was used to detect the presence of the fluorescently 

active linker molecule 1-pyrenedecanoicacid (PDA) in the section concerning the 

non-covalent functionalization of graphene-like flakes. The emission spectrum of 

PDA, taken at λEX = 340 nm, is presented in Figure 2-13. Fluorescently labeled 

DNA molecules were also detected by fluorescence spectroscopy. 

 

Figure 2-13. Emission spectrum of PDA in methanol, taken at λEX = 340 nm. Three 

emission peaks can be seen at 376 nm, 396 nm, 415 nm and a shoulder at 440 nm. 
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Spectra were taken with a QuantaMaster NIR fluorescence spectrophotometer 

from Photon Technology International (Seefeld, Germany) combined with a 

xenon light source. Fluids were measured in quartz cuvettes and solids were 

measured with a sample holder at an angle of 30° with the incident light. In 

addition, a FL3-22TAU spectrometer from HoribaJobin-Yvon, equipped with a 

450 W Xenon lamp, was used. 
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Chapter  3  

Functionalization of carbon nanowalls 

3.1 Introduction 

The combination of non-biological carbon and biological molecules is currently 

being studied intensively. Since the discovery that two-dimensional graphene 

layers do not only exist in theory but also in nature, special interest went to 

graphene and graphene-like structures. Their use in sensing devices is growing  

and some promising results were obtained for graphene-based gas sensors for 

example. Experimental sensors were able to detect NH3 5,168, CO 5, H2O 5,168, 

dinitrotoluene (a simulant for the explosive TNT) 166,168 and stimulants for 

chemical warfare agents like mustard gas and sarin 166.  Regarding their use in 

biosensing devices only very little work has been done so far. Graphene-based 

transistor structures were developed to detect bacteria 169, DNA 169, proteins 170 

and antigens 4. Also, DNA sensors were developed that are based on the 

quenching of fluorescently labeled DNA and the subsequent fluorescence 

recovery after hybridization 151,171. 

This chapter focuses on the functionalization of graphene-like structures with 

single stranded (ss) DNA fragments. The aim of this functionalization is to 

investigate the possibilities to use graphene and graphene-like structures as a 

platform for biosensors. These biosensors should be able to detect single 

mismatch DNA mutations without the need to amplify the sample DNA by means 

of a polymerase chain reaction (PCR). 

The development of biosensors requires a material with a high surface area that 

can be functionalized with receptor molecules. Carbon nanowalls (CNWs) are 

ideally suited for such purposes as they are a graphene-based material that can 

be readily functionalized at the edges. They are grown by means of microwave 

plasma-enhanced chemical vapor deposition (MW PECVD), yielding FLG with a 

morphology that is comparable to lettuce, see Figure 3-1. The upstanding 

structure of this material results in many exposed edges that are well suited for 
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biological functionalization. The edges contain hydrogen terminated bonds 

because they were grown in CH4/H2 plasma.  These hydrogen terminated bonds 

are much more easy to functionalize than the basal planes of graphene. The 

latter, which are much more difficult to chemically functionalize, will be 

addressed in Chapter 4. Furthermore, the growth of CNWs via MW PECVD is 

highly reproducible and more easy to control as compared to other graphene 

production methods. 

 

Figure 3-1. Cross-section SEM image of CNW morphology 191 

3.2 CNW structure 

CNW are a network of upstanding wall-shaped structures with each wall 

consisting of a stack of four to six atomic graphene layers, oriented 

perpendicular to the substrate surface. The nanowalls have micrometer-wide 

lateral dimensions and a thickness of a few nanometer 191,192. Their morphology 

is shown in Figure 3-1 and Figure 3-3. The CNW were grown and qualitatively 

characterized at the “Vlaamse Instelling voor Technologisch Onderzoek” (VITO) 

in Mol (Belgium) 191. 

Thorough structural analysis by TEM at EMAT (Antwerp University, Belgium) 

revealed that these structures were highly crystalline few layer graphene stacks. 
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The morphology and flake thickness are shown in the scanning and transmission 

electron microscopy (SEM and TEM) images of Figure 3-3. The TEM analysis 

demonstrates the almost planar shape of the resulting structures with an 

average flake thickness of 4 to 6 atomic layers and an interlayer distance of 

0.32 nm, corresponding to graphene stacks. 

 

Figure 3-2. (A) Top view SEM image of CNW showing the overall morphology. (B) TEM 

image 191 revealing the almost planar shape and thickness of the CNW. Flakes consist of 4-

6 atomic layers. 

Raman spectroscopy confirms the high crystalline order of the flakes. Figure 3-3 

shows a weak D-band (1350 cm-1), caused by phonon scattering at defect sites 

and impurities.  There is a strong G-band (1580 cm-1), linked to phonon 

vibrations in sp2 carbon. The intensity ratio of these two bands gives the R-

value, which is an indicator for the crystal quality. The lower this number, the 

higher the quality. An R-value of zero indicates perfect quality of HOPG or 

graphene. The CNW have an R-value between 0.2 and 0.3 and therefore show 

good crystallinity. The absence of a typical graphite shoulder at 2680 cm-1 in the 

2D-band (2700 cm-1) is proof that the structures are few layer graphene rather 

than graphite. The 2D-band is the second order of zone-boundary phonons 
184,191. 
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Figure 3-3. Raman spectrum 191 of CNW with D-band (1350 cm-1), G-band (1580 cm-1) and 

2D-band (2700 cm-1). Here, the R-ratio lies between 0.2 and 0.3. 

It is interesting to note that boron nitride (BN) structures with similar 

morphology can also be grown 193,194. BN can exist in sp2 and sp3 hybridized 

forms like carbon. The sp2 hexagonal BN (hBN) has exactly the same structure 

as graphene and graphite. It is also a layered material with a comparable 

interlayer spacing. In contrast to the semimetallic behavior of graphite, it is a 

semiconductor with a wide band gap of around 6 eV. Just like CNW, they can be 

grown by MW PECVD, but with a gas mixture of BF3, N2 and H2. 

3.3 Synthesis by MW PECVD 

The CNW were grown on supporting substrate surfaces by microwave plasma 

enhanced chemical vapor deposition (MW PECVD), without the need for a metal 

catalyst. All substrates that can withstand temperatures up to 700 °C can be 

used and in this study silicon substrates were employed. These form a thin SiC 

layer, which provides a good attachment between the CNW and the Si substrate. 

First, a heating step was applied to the substrates, in which they were heated to 

700 °C in a H2 plasma. Immediately after the heating step, a gas mixture of CH4 

and H2, with a ratio of 1/8, was injected into the growth chamber. The gas 

mixture had a total flow rate of 200 sccm and growth times varied from 5 min to 
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40 min. Plasma power and pressure are kept at 2 kW and 53.33 hPa, 

respectively. 191 

3.4 Functionalization with DNA strands 

Materials 

The probe ssDNA oligonucleotides had the sequence: 5’- NH2 – C6H12 – AAA-

AAA-ACC-CCT-GCA-GCC-CAT-GTA-TAC-CCC-CGA-ACC – 3’ (36 bases) and were 

modified at the 5’ end with an amino (NH2) group. Hybridization and 

denaturation experiments were performed with complementary and single base 

mismatch target ssDNA oligonucleotides, both labeled with a fluorescent Alexa 

488 label at the 5’ end. The nucleotide sequence of the complementary strands 

was 5’- Alexa 488 – GGT-TCG-GGG-GTA-TAC-ATG-GGC-TGC-AGG-GG - 3’ (29 

bases) in comparison with the single mismatch sequence 5’ – Alexa 488 – GGT-

TCG-GGG-GTA-TAC-ATG-GGC-TCC-AGG-GG - 3’ (29 bases). All these were 

purchased from Invitrogen (Merelbeke, Belgium). We also used probe ssDNA 

oligonucleotides with the amino group and the Alexa 488 label on the same 

strand allowing to directly investigate the probe DNA attachment to the CNW. 

These were purchased from Eurogentec (Seraing, Belgium) and had the 

following sequence: 5’ – NH2 – C6H12 – CCC-CTG-CA – Alexa 488 – 3’.  

MicroHyb hybridization buffer was purchased from Invitrogen (Merelbeke, 

Belgium). Sodium dodecyl sulfate (SDS), saline sodium citrate (SSC) buffer dry 

blend and acetic acid (CH3COOH) were obtained from Sigma-Aldrich (Bornem, 

Belgium). 10-Undecenoic acid was purchased from Acros Organics (Geel, 

Belgium). 2-[N-morpholino]-ethanesulphonic acid (MES) buffer and 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide (EDC) were acquired from Pierce 

(Rockford, USA). Sodium hydroxide was bought from UCB (Brussels, Belgium). 

Phosphate buffered saline (PBS) was homemade (1.29 M NaCl, 0.05 M 

Na2HPO4·2H2O, 0.015 M KH2PO4, pH 7.4). 
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3.4.1 Attachment of probe DNA 

Since the CNWs are grown under methane and hydrogen atmosphere, we can 

assume that the edges of the flakes are hydrogen-terminated. Owing to this, the 

CNWs can be functionalized without breaking up the graphene-like structures. 

Graphene in itself is highly inert to chemical reactions and thus impossible to 

functionalize covalently without destroying its structure. Only the edges of 

graphene flakes are chemically active, because these can be seen as crystal 

defects. Defects in the basal planes of the structures are also potential sites for 

chemical reactions. The contribution of these defects will probably be small since 

Raman spectroscopy demonstrates good crystallinity with an R-value of 0.2 - 

0.3, as stated above.  Given the hydrogen-terminated edges of the CNWs, our 

functionalization method was based on a scheme for the attachment of 

biomolecules to hydrogen-terminated diamond. Different methods exist to 

functionalize diamond, see the review articles 195,196. One attachment scheme is 

based on photochemical attachment of a linker molecule 197. This route was 

simplified by the UHasselt group 198,199 and optimized for the binding of DNA 

molecules to nanocrystalline diamond 200.  

Method 

In order to attach DNA molecules to the CNW, an unsaturated fatty acid linker 

molecule, 10-undecenoic acid, is covalently bound to the CNW edges. This is 

achieved by UV illumination of a liquid 10-undecenoic acid film, on top of the 

CNW substrate, at 254 nm under protective N2 atmosphere, for 20 h  by a TUV 

G4T4 4W lamp (Philips) at 1 cm from samples, as depicted in Figure 3-4 (A). 

The carboxyl group from the fatty acid was used in an EDC-mediated reaction to 

bind amino (NH2)-modified DNA strands to this carboxyl group through a 

peptide bond. This is shown in Figure 3-4 (B). 
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Figure 3-4. (A) Photochemical reaction to bind an unsaturated fatty acid (10-undecenoic 

acid) to the CNW edges. (B) EDC-mediated reaction to bind amino-modified probe DNA to 

the fatty acid carboxyl group. 

A washing step with acetic acid was carried out before DNA molecules were 

added and thus after the UV attachment of the linker molecule. This was done to 

remove all excess fatty acid molecules. 

Next, 20 µl solution of NH2-modified DNA (15 pmol/µl, = 300 pmol per sample) 

and MES buffer was added. This was incubated at room temperature for 30 min. 

EDC powder was dissolved in cold MES buffer to a concentration of 50 mg/ml, 

immediately followed by the addition of 15 µl of this solution to each sample. 

The samples with a mixture of DNA, MES and EDC were then incubated for 4 

hours at 4 °C. 

The added DNA was either 8 bases long with fluorescent Alexa 488 label or 29 

bases long without fluorescent label. The latter was used to perform 

hybridization and denaturation experiments. In this case, the target DNA 
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strands, that are hybridized to the bound probe DNA, possess the fluorescent 

Alexa 488 label. 

Reference samples were made by not adding EDC to these samples; MES buffer 

was added to these EDC-negative samples instead of EDC. Except for this, the 

EDC-negative samples underwent the same protocol as the EDC-positive 

samples including the exposure to DNA. A second type of reference samples was 

made by omitting the fatty acid molecules. Except for this, these samples also 

underwent the normal protocol including UV illumination. 

The excess of DNA was removed after the 4 h incubation step. The removal was 

done by means of several rinsing steps with 2× SSC buffer + 0.5 % SDS, 2× SSC 

buffer + 1% SDS, 0.2× SSC, PBS and samples were finally stored in PBS. 

Results on DNA binding 

DNA binding was investigated by means of conventional and confocal 

fluorescence microscopy, both under wet conditions to avoid fluorescence 

quenching by the CNW. The wet conditions prevent the DNA from sticking to the 

CNW surface. The probe DNA strands that are covalently linked to the CNW 

surface were fluorescently labeled to examine the covalent binding directly or, 

alternatively, the target DNA, used to hybridize to the bound probe DNA, was 

fluorescently labeled to check hybridization. Figure 3-5 shows confocal 

fluorescence images of CNW samples with single stranded probe DNA of 8 bases. 
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3-6. Hybridization was done by adding 30 µl solution of target DNA in MicroHyb 

hybridization buffer so that a total quantity of 900 pmol per sample was added, 

which is three times the quantity of added probe DNA. Samples were incubated 

for 2 h in the oven. The hybridization temperatures varied between 30 °C and 

70 °C. Two kinds of target DNA were compared: fully complementary strands to 

the probe DNA and strands with a single base mismatch from a total of 29 

bases. The samples were rinsed again after DNA hybridization. This was done by 

immersing them in PBS, 0.2× SSC (at 5 °C below the hybridization temperature) 

and 2× SSC with 1% SDS (room temp). Finally, they were stored in PBS. 

Denaturation was executed in NaOH (0.1 M) in the oven at 50 °C for 0.5 h. 

Afterwards, the samples were rinsed with PBS. 

 

Figure 3-6. Hybridization of fluorescently labeled target DNA to bound probe DNA. DNA 

molecules are not drawn to scale. 

Results on hybridization 

The next step consisted of hybridization of the complementary DNA strands to 

the covalently bound probe DNA, see Figure 3-7. The left image shows a 

hybridized sample, the middle image is the same sample after denaturation of 

the double stranded DNA with NaOH. The right image is again an EDC-negative 

reference sample, so there was no covalently attached DNA present on the 

surface to hybridize with. Nevertheless, the right image has a very weak green 

shine due to a small quantity of adsorbed target DNA. 
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Figure 3-7. Conventional fluorescence microscopy images of hybridized CNW samples. (a) 

Fluorescently labeled target DNA hybridized to covalently bound probe DNA. (b) Same 

sample after denaturation. (c) EDC-negative reference sample with minimal amount of 

adsorbed target DNA. The same intensity scale was used for all images. 

After denaturation of the double stranded DNA, target DNA strands can be 

rehybridized to the fully complementary probe DNA and this cycle could be 

successfully repeated at least 10 times, as illustrated in Figure 3-8. Fluorescence 

intensity was quantified by Image J software, which calculates the mean 

fluorescence intensity for a specified region in the fluorescence image. Per 

image, two regions of each 245 µm x 245 µm were analyzed and their average 

is given. 
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Figure 3-8. Graph showing fluorescence intensity after successive hybridization and 

denaturation steps for two different hybridization temperatures (green triangles: 40°C, 

blue circles: 60°C). The graph also displays an EDC-negative reference sample (red stars). 

Odd and even numbers on the x-axis represent hybridization and denaturation runs, 

respectively. 

The graph starts with the first hybridization and the minima correspond to 

denaturation steps. The successive hybridization peaks are not always equally 

high, but there is an obvious difference between EDC-positive and EDC-negative 

samples and between hybridization and denaturation intensities. The curve 

belonging to the EDC-negative sample remains flat, meaning that there is no 

difference between the hybridized and denatured state in this case. 

Also, different hybridization temperatures were investigated to seek for the 

optimal temperature where there is a high fluorescence signal and a clear 

distinction between fully complementary DNA (COM) and DNA with a single 

mismatch (MM). 
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Figure 3-9. Influence of the temperature on hybridization with complementary (COM) and 

single mismatch (MM) DNA strands. 40 °C and 50 °C give the highest intensities. The 

relative difference between complementary and single mismatch DNA increases with 

temperature, see ratio COM/MM. Error bars show standard errors averaged over n=7 

independent measurements. 

As can be seen in Figure 3-9, the hybridization temperatures around 40 °C - 50 

°C give the highest fluorescence signals. Figure 3-9 also nicely demonstrates the 

high selectivity of the system. The relative difference in fluorescence intensity 

between complementary and mismatched DNA increases with rising 

hybridization temperature. This is shown by the ratio curve. (At higher 

temperatures the ratio could be expected to decrease again, as the melting 

temperature of the dsDNA is approached, but we have not tested temperatures 

higher than 70 °C.) Above a hybridization temperature of 30 °C there is a 

substantial difference in fluorescence signal, and consequently DNA 

hybridization. This difference becomes marked from a hybridization temperature 

of 60 °C onwards, as standard error bars no more overlap. Therefore, one can 

conclude that for the considered mismatch, the optimal hybridization 

temperature is 60 °C since this temperature yields a significant difference 
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between COM and MM DNA and in addition gives a fluorescence intensity that is 

still sufficiently high. 

3.4.3 Substrate investigation 

The Si substrates that were used in the previous experiments are not 

homogeneously covered with CNW. The area in the centre of the sample has no 

CNW. The centre zone is girded by a transition zone with significantly lower 

density of CNW than the outer regions of the substrate with high density 

coverage. Furthermore, the CNW in the transition zone are much smaller as 

compared to outer regions of the substrate. This is shown in Figure 3-10. This 

difference results from the fact that the plasma is more concentrated at the 

corners and edges of the sample during the growth of the CNW. Therefore, there 

is a higher concentration of carbon radicals at these areas, resulting in faster 

growth. The centre area is possibly covered with a thin layer of amorphous 

carbon and graphitic carbon, oriented parallel to the substrate. 

 

Figure 3-10. (A) Si substrate with CNW and SEM images of the regions indicated in (A). 

These regions are (B) Uncovered centre zone, (C) Low density transition zone and (D) 

Outer area with high density CNW. The scale is the same for all SEM images. 

Contact angle measurements were performed on the uncovered centre zone and 

the high coverage zone and this before and after fatty acid attachment. The 

contact angle was measured using water droplets. A droplet was deposited on 
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the right spot and measurements were started after 10 seconds. One 

measurement per second was taken for 20s. 

 

Figure 3-11. Contact angle measurements of sample area with high coverage (outer zone) 

and area with no coverage of CNW (centre zone). Measurements were taken before and 

after fatty acid attachment. 

Figure 3-11 shows that the contact angle is lower for the uncovered area. The 

CNW are highly hydrophobic as demonstrated by the high contact angle of the 

densely covered outer zone. The centre area without CNW also has a relatively 

high contact angle, probably due to some amorphous and graphitic carbon 

covering the surface. Attachment of fatty acids lowers the contact angle 

significantly. Although the alkyl chain has a high hydrophobicity, the carboxyl 

group is hydrophilic. The upward orientation of the carboxyl group seems to 

dominate the contact angle. The contact angle is lowered for both the covered 

and uncovered area after fatty acid attachment, meaning that the fatty acid 

does not bind specifically to the CNW but also to the amorphous carbon in the 

centre. It should be noted that the hybridization/denaturation experiments, 

described in the previous section, were performed on the high coverage outer 

zone of the samples. 

Other substrate materials, like quartz and platinum were also tested in addition 

to Si. These substrates had a weaker attachment of the CNW. As a consequence 

the CNW film forms bubbles and easily detach from the substrate in liquid 
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environments. For these reasons, these substrates were found to be less useful 

for functionalization purposes. CNW grown on Si substrates have a stronger 

attachment to the substrate, due to an intermediate layer of SiC that improves 

the adhesion. The growth process of the CNW on Si consists of different steps. 

First a SiC layer is formed, followed by a layer of amorphous carbon. On quartz 

and platinum there is no carbide layer, providing strong adhesion 191. Shows 

confocal microscopy images of CNW grown on quartz and platinum, 

functionalized with fluorescently labeled DNA. 

 

Figure 3-12. Confocal fluorescence images of functionalized CNW grown on quartz (A) and 

platinum (B). The dark areas are spots where the CNW came off from the substrate. (B) 

contains a bleached bar, marked by the red rectangle, to confirm that the signal is coming 

from fluorescent labels.  

 

3.5 Conclusion 

MW PECVD grown CNWs were successfully functionalized with DNA strands. 

Single stranded DNA molecules were covalently bound to the CNW edges. First, 

a fatty acid linker molecule was attached to the surface through a photochemical 

reaction and second, an EDC-mediated reaction coupled the DNA molecule to 

this linker. Conventional and confocal fluorescence microscopy proved that DNA 

was covalently bound to the CNWs since fatty acid- and EDC-negative reference 

samples showed almost no fluorescence. The bound DNA maintained its 

biological activity as it was possible to hybridize the bound DNA with 
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complementary DNA strands. At least 10 denaturation-rehybridization cycles 

were feasible. The optimal hybridization temperature was found to be around 60 

°C. The functionalized CNWs exhibit a high selectivity which is essential in the 

development of biosensors. The selectivity was proven by a clear difference in 

hybridization between fully complementary DNA strands and DNA strands with 

only one base pair mismatch. Although the DNA covering percentage is below 

maximum density, it proved to be plentiful for fluorescence detection and 

presumably also for impedimetric detection, as demonstrated by related work on 

diamond-based electrodes 201. Finally, CNW are relatively large and robust 

structures that allow thorough rinsing steps, which are essential in 

differentiating single mismatch sequences from complementary ones. This ability 

to properly rinse is an advantage over functionalization of individual graphene 

flakes where this is not so obvious, as discussed in Chapter 4. 
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Chapter  4  

Functionalization of ultrathin graphite 

flakes and graphene 

4.1 Introduction 

The previous chapter dealt with the functionalization of CNW. In the case of 

these CNW, functionalization takes place on the edges of the nanosheets. 

Furthermore, they exist in the form of an inhomogeneous film of interconnected 

nanowalls. This hampers the use and characterization of individual nanosheets. 

For these reasons this chapter will deal with the functionalization of loose flakes 

of ultrathin graphite and graphene. The aim is to functionalize the basal plane of 

the flakes instead of the edges. This is done as a first step in the development of 

biosensors based on individual graphene flakes. The functionalization of the 

basal plane of the flake should increase the detection response of the envisioned 

biosensor. 

Two possible functionalization methods were tested: a covalent one and a non-

covalent one. The goal was to compare the effect of covalent and non-covalent 

functionalization on the electronic properties and the sensing capabilities of the 

flakes. It can be expected that the effect on the electronic properties of both 

functionalization methods will be different since the covalent method breaks up 

the sp2 hybridized structure whereas the non-covalent method should leave the 

sp2 structure unaffected. Unfortunately, investigating the effect of 

functionalization on electronic properties could not be realized within the time 

frame of this work. 

This chapter deals with graphene, FLG and ultrathin graphite flakes. Some 

characterization methods, like fluorescence microscopy and XPS, were applied 

on surfaces covered with a bunch of individual flakes, meaning that the flakes do 

not form a closed film on the substrate. Characterization by Raman spectroscopy 

enabled to focus on individual flakes. Flakes were deposited on substrates, 
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oriented parallel to the substrate surface, or they were manipulated as fluid 

suspensions. Flakes possessed a wide variety of lateral dimensions as well as 

thicknesses, as the methods used to produce them did not allow for dimension 

control. However, single layer graphene sheets could be selected for Raman 

spectroscopy measurements. 

4.2 Production of flakes 

4.2.1 The Geim method 

Flakes were produced via the Geim method. Thin layers of graphite were peeled 

off from graphite crystals with tape. The top layers were removed in order to 

clean the material. The tape was folded and unfolded about 5 to 15 times, more 

folding produces more and smaller flakes whereas less folding produces less but 

bigger flakes. Subsequently, the tape with thin flakes was gently pressed on a Si 

substrate. Contact was improved by softly rubbing over the tape. The tape was 

slowly pulled away leaving ultrathin graphene-like flakes on the substrate. Most 

samples were annealed in the vacuum oven  before further processing. 

Annealing was performed at pressures of ≈ 10-8 hPa for 2 hours. Samples for 

covalent functionalization were annealed at 150 °C and samples intended for 

non-covalent functionalization were annealed at 250 – 300 °C. 

Samples for Raman measurements were made from graphite ore and taped on 

lightly n-doped Si with 300 nm of SiO2. The substrates had preformed alignment 

markers. These markers were either etched 1 µm deep or they were made from 

tantalum nitride (TaN). The graphite ore, tape and wafers for substrates were all 

received from the “Nano Applications and Materials Engineering” group of IMEC 

Leuven (Belgium). Furthermore, our production technique was refined at IMEC. 

Other samples were made from HOPG crystals (SPI-2, SPI Supplies, West 

Chester, USA). The used tape was VD 8 ELEP holder wafer dicing tape (Nitto 

Denko, Osaka, Japan). Substrates were Si doped with arsenic and covered with 

300 nm SiO2 (WaferNet Inc. San Jose, USA). 
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4.2.2 Liquid-phase exfoliation 

The other method that was used to produce flakes was liquid-phase exfoliation. 

Small pieces of HOPG (SPI-2) were scraped off and put in methanol (MeOH). 

The MeOH with HOPG chunks was subjected to sonication with an ultrasonic 

horn (UP400S, Hielscher Ultrasound technology) for 3 hours at an amplitude of 

80 % and a pulse cycle of 0.5. Small volumes (3 ml) were used in long small 

tubes to maximize the exfoliation efficiency. Flake suspensions could be used as 

such for reactions in fluid or the suspensions were dropcasted on Si substrates 

for surface chemical reactions. Dropcasting was done on a hotplate at 70 °C to 

speed up evaporation of the MeOH and prevent contraction of evaporating fluid. 

4.3 Non-covalent functionalization 

Non-covalent functionalization of graphene-like flakes is very interesting since 

this provides a possibility to functionalize the flake surface without disrupting the 

sp2 hybridized structure. None of the σ- or π-bonds of the graphene lattice are 

broken meaning that the excellent electrical conductivity is maintained after 

functionalization. It should be noted however that there can be doping effects 

from the decorating groups on the graphene for example by charge transfer. 

The non-covalent functionalization of graphene is based on the observation of a 

strong interaction of aromatic molecules on graphite 145,202 and was used to 

decorate CNT 203 before it was applied on graphene. Non-covalent 

functionalization of graphene is mostly employed to improve the solubility and 

handling abilities of graphene without loss of electrical properties. It is a popular 

tool in the development of graphene-based electrodes for photovoltaic devices 
146,147,162. 

4.3.1 Method 

The molecule 1-pyrenedecanoic acid (PDA) was chosen because the non-

covalently interacting group is similar to 1-pyrenebutanoic acid succinimidyl 

ester, which is known from literature. The decanoic acid chain was chosen 
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because it is similar to the previously used 10-undecenoic acid (fatty acid) 

molecule. The PDA structure is given in Figure 4-1. The goal was to bind DNA by 

using the same EDC-coupling described in the chapter on the functionalization of 

CNW. 

PDA powder was dissolved in MeOH and chloroform (CHCl3) to a concentration of 

5 mM and 3 mM, respectively. A variety of reaction setups was tested. The 

solution was dropcasted on Si substrates covered with flakes or on HOPG 

samples. Alternatively, samples were completely submerged in PDA solution. 

Samples were incubated for 1 h at room temperature. The samples were rinsed 

by submerging them in MeOH or CHCl3 for 30 min. 

Other experiments involved the addition of PDA solution to suspensions of 

flakes. These suspensions could be dropcasted on Si substrates after incubation 

or they could be washed by centrifugation steps (12000 rpm for 20 min, pellet 

was kept to work with and supernatant was removed). 

The EDC coupling reaction was also performed in a variety of setups. After the 

PDA reaction, the EDC coupling was carried out on dropcasted flakes or on 

suspensions of flakes. Furthermore, tests were done where DNA was coupled to 

PDA via EDC before this mixture was added to the graphene-like flakes.  

 

Figure 4-1. 1-Pyrenedecanoic acid structure and π-stacking to graphene. 

Pyrene-1-boronic acid (PBA) was used in addition to PDA to facilitate coupling 

detection with XPS. The presence of the boron element should unambiguously 

prove the presence of PBA. PBA was dissolved in CHCl3 to a concentration of 2.5 
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mM. Incubation and rinsing was similar to PDA. PDA and PBA were bought from 

Sigma-Aldrich (Bornem, Belgium). The structure of PBA is given in Figure 4-2. 

 

Figure 4-2. Pyrene-1-boronic acid 

4.3.2 Results on non-covalent functionalization 

Binding results were investigated with confocal fluorescence microscopy (CFM), 

fluorescence spectroscopy and XPS. 

An example of results obtained with CFM is presented in Figure 4-3. The 

matching samples were made by coupling DNA to PDA in MeOH solution, 

followed by the addition of this mixture to a substrate with dropcasted flakes. 

The black coloured areas in the images correspond to the flakes, as these are 

absent in the reference sample without flakes (Figure 4-3 D). The flakes in these 

CFM images show no fluorescence, although there is some fluorescence on the 

substrates coming from adsorbed DNA. No difference can be observed between 

the sample that should be functionalized (Figure 4-3 A) and the reference 

samples where no EDC (Figure 4-3 B) or PDA (Figure 4-3 D) was added. The 

background signal on the bare substrates is coming from adsorbed DNA as this 

fluorescence can be bleached, see Figure 4-3 E. 
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Figure 4-3. CFM images of (A) flakes functionalized with PDA and DNA, (B) EDC-negative 

reference, (C) PDA-negative reference, (D) Flake-negative reference. (E) shows a higher 

magnification of the EDC-negative sample with bleached bar. The scale bars correspond to 

100 µm. 

These results indicate that there was no DNA coupling on the flakes or that the 

fluorescence is not detectable. It is known that fluorescence can be quenched by 

the aromatic structure of graphite and graphene-like materials 151,171,204. 

The possibility of fluorescence quenching by the flakes was further investigated 

by fluorescence spectroscopy. Furthermore, investigation focused on the basic 

step in the reaction scheme, which is the non-covalent coupling of PDA to 

graphene-like materials. The fluorescing properties of the PDA molecule itself 

are used to investigate possible quenching by graphene. PDA has an excitation 

wavelength of 340 nm and emission peaks at 376 nm, 396 nm, 415 nm and 440 

nm in MeOH. Emission spectra were measured at different times after the 

mixing of PDA and flakes in MeOH. The results are given in Figure 4-4. 
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Figure 4-4. (A) Emission spectra of PDA taken at different times after the addition of 

flakes. Excitation wavelength 340 nm. (B) Fluorescence intensity of selected wavelengths 

plotted against time. 

The emission spectra nicely show the emission peaks of PDA and fluorescence is 

still high after 80 min. The fluorescence intensities at selected wavelengths, like 

the emission peak wavelengths, are plotted as a function of time to facilitate the 

interpretation, see Figure 4-4 B. There is a small decrease in fluorescence 

intensity after 80 min compared to the intensity at time zero. This decrease has 

a maximum of 10 % at 375 nm. It should be noted however that the 

measurement was hampered by the sinking of the flakes to the bottom of the 

cuvette. This sinking interferes with the fluorescence intensity as flakes reflect 

and scatter incoming and outgoing light. It was tried to keep the concentration 

of flakes constant by shaking the cuvette immediately before each 

measurement. Furthermore, the first spectrum was only taken after 2 min. It is 

possible that there was a larger quenching effect during the first seconds and 

minutes. The fact that at least 90 % of the fluorescence maintains after 80 min 

of incubation might be due to saturation of the flakes with PDA molecules. So it 

is possible that the flakes reached their maximum PDA binding capacity in a time 

scale of 2 minutes, before the first spectrum was taken. 

Another fluorescence based experiment was set up to investigate the non-

covalent functionalization of flakes with PDA and DNA. Three solutions were 

prepared: one with all reagents (flakes, PDA, EDC and DNA), one without PDA 

and one without EDC. The latter two serve as reference samples. Each solution 

contained an equal mass of carbon flakes coming from the same ultrasonicated 
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suspension. The EDC-reaction was carried out first (in H2O:MeOH 3:7, at 35 °C), 

followed by the addition of flakes to the solution. After incubation, the three 

samples were centrifuged 15 times in different washing fluids (MeOH, 2x SSC + 

0.5 % SDS, PBS and H2O). The supernatant of each centrifugation step was kept 

to analyze with the fluorescence spectrometer. This enabled the indirect 

detection of PDA and DNA coupling to graphene-like flakes by analyzing the 

washed unbound material. The supernatants of the three different samples were 

compared. The results are presented in Figure 4-5. 

The left spectra from Figure 4-5 show the emission peaks of PDA and the right 

spectra show the emission of the Alexa 488 label that is attached to DNA 

strands. The spectra in A and B are taken from supernatants of specific washing 

steps of the sample with all reagents (positive sample). It is clear that most PDA 

is rinsed off in MeOH and most DNA in the SDS mixture. This demonstrates that 

washing is strongly depending on the combination of the material-to-rinse and 

the rinsing fluid. The black curve in A and B represents the spectrum of the 

reaction mixture after the first centrifugation. This is not yet a washing step but 

it is the actual reaction fluid without the flakes, as the latter are concentrated in 

the pellet. This mixture was diluted 4 times to avoid saturation of the 

spectrometer. 

Spectra C and D compare the supernatant of the positive sample with the 

reference samples after the first washing step, which was in MeOH. The 

fluorescence intensity of the positive sample is lower than the references 

suggesting that less material is washed off and more material is bonded. This 

difference between the positive and reference samples is neutralized however by 

the first rinsing step in SDS (third rinsing step in total), as shown in spectra F. 
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Figure 4-5. Fluorescence emission spectra of centrifugation supernatants. Spectra in the 

left column were taken at PDA signature wavelengths (λEX = 340 nm). The right column 

shows spectra taken at the Alexa fluor label signature wavelengths (λEX = 488 nm). (A, B) 

show spectra taken after different washing steps of the positive sample. (C, D) spectra 

compare the supernatants of the first washing step (in MeOH) of the positive sample with 

the references. (E, F) spectra are taken after the third rinsing step (in SDS). 

It can be estimated how much PDA and DNA were rinsed off in total for each 

sample. These estimated values are shown in Figure 4-6. Estimations are made 
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by taking the fluorescence intensity at a certain wavelength (527 nm and 376 

nm for DNA and PDA, respectively) for each sample after each washing step and 

multiplying it by the supernatant volume of that washing step. This gives a value 

that is analogous to an amount of material. The values of all the washing steps 

are added up for each sample. This is the value that is given in Figure 4-6. 

 

Figure 4-6. Comparison of the total amount of material that was rinsed off from the 

different samples. The amount of material that was added in the beginning of the reaction 

is also given. The y-axis respresent an arbitrary scale derived from multiplying the 

fluorescence intensity and volume of the supernatant. 

If one compares the amount of material that was rinsed off and the amount that 

was added to perform the reaction, only about half of the starting material is 

rinsed off. This could indicate that the other half is bonded to the flakes. 

However, these results also point to the EDC-negative sample as the one with 

the lowest amount of rinsed off DNA and therefore the highest amount of 

bonded DNA. This does not seem logical as the EDC is required to couple DNA to 

PDA. The PDA negative sample has the same ratio of rinsed off to start DNA as 

the positive sample. These results are contradicting each other and the origin of 

these odd results is not clear. 

A final attempt to prove the non-covalent coupling of pyrene-like molecules to 

the basal plane of graphene-like materials was taken by investigating the 

coupling by XPS. PDA, dissolved in both MeOH and CHCl3, was incubated on 
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freshly cleaved HOPG samples and Si substrates with flakes. Samples were 

rinsed with the solvent in which PDA was dissolved (MeOH or CHCl3). XPS 

analysis could not prove the presence of the PDA molecule on the rinsed 

samples. In order to enhance coupling detection, HOPG samples were incubated 

with the similar molecule PBA, which contains boron. PBA was dissolved in 

CHCl3, followed by a short rinsing step. The results are presented in Figure 4-7. 

Again, no coupling can be observed as the B1s peak does not rise above 

contamination levels. The present contaminants (Na, Zn, Cu, Sn, S and Cl) are 

probably originating from anhydrides present in the PBA powder. 

 

Figure 4-7. XPS spectrum of HOPG incubated with pyrene-1-boronic acid. Inset shows a 

magnification of the area indicated by the dotted square. The B 1s peak is indicated by the 

arrow. The boron level does not rise above the contamination level. 

4.3.3 Conclusion on non-covalent 

functionalization 

Efforts were made to functionalize the basal plane of graphene-like flakes in a 

non-covalent way. The pyrene moiety of PDA and PBA was used for π-stacking 

interactions on the sp2-hybridized structure. The goal was to use these pyrene-
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based molecules as linkers for the attachment of DNA strands. Confocal 

fluorescence microscopy was applied to detect and visualize the presence of 

fluorescently labeled DNA. This method did not show any sign of DNA attached 

to the flakes. As graphene-based materials are able to quench fluorescence 

coming from nearby sources, other detection methods were tested. Fluorescence 

spectroscopy was used to investigate potential quenching effects and to analyze 

binding in an indirect way. The indirect detection involved the characterization of 

unbound PDA and DNA in washing fluids. These fluorescence spectroscopy based 

experiments could also not give clear indications that PDA and DNA were 

coupled to the graphene-like flakes. Finally, XPS characterization made it clear 

that there was (almost) no PDA or PBA present on “functionalized” samples after 

gentle rinsing. This indicates that the non-covalent π-π interaction between 

small aromatic molecules and graphene is not strong enough to withstand even 

delicate rinsing. 

Non-covalent functionalizations of graphene-like materials described in literature 

did not perform rinsing steps to remove excess material. Most publications 

employ non-covalent functionalization as a means of dispersing or solubilizing 

graphene flakes 146,147,162. They were not interested in the presence of the 

decorating material after rinsing steps or device fabrication. One publication on 

non-covalent functionalization on CNT demonstrated the presence of the 

decorating molecule after washing 203. The curvature of the CNT might render 

them more susceptible for non-covalent functionalization compared to flat 

graphene. This chapter suggests that non-covalent interactions are not suited 

for attachment of biological receptor molecules that are meant to stay attached 

during handling and later use in sensing experiments. 

 

4.4 Covalent functionalization 

The development of robust reusable DNA sensors requires the strong binding of 

probe DNA strands to the graphene surface. Therefore it is attempted to 

covalently bind DNA strands to the basal plane of graphene-like materials. 
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Almost all in-plane covalent functionalizations use graphene oxide as starting 

material. As graphene oxide is an insulator and reduction of oxidized graphene 

does not fully restore the conducting properties of graphene, these are not really 

suited for the development of electrical response sensors. The only covalent 

functionalization of pristine graphene that is known from literature is with 

diazonium salts. Although the covalent functionalization of the basal plane 

always damages the conducting sp2 hybridized structure, damage will be limited 

compared to fully oxidized graphene. Each introduction of a defect also means a 

desired functionality. There are no excess defects introduced that are not used 

in a later stadium. Of course, the fact that there is no need to oxidize the 

graphene first and reduce it later is a big advantage in itself. 

Like many functionalizations of graphene, this method was first used on CNT 
137,205-211. There are two approaches to this method. One approach is to let 

preformed diazonium react with the CNT 137,205,206 and the other approach is the 

in situ generation of the diazonium compound from its precursors followed by 

immediate reaction with CNT 137,207-209. The approach with the premade 

diazonium was used in the case of graphene-like flakes 97,102,134-136,138 and this 

was also the approach used in this thesis. 

It was already mentioned in the introduction that there is a debate regarding the 

nature of the bond between diazonium and graphene. Farmer and coworkers 

suggested that the bond is not covalent as they found that attachment of 

diazonium did not suppress the conductance of graphene. But they also state 

that the bond is stronger than regular van der Waals adsorption, based on 

spectroscopic results 138. Koehler and coworkers proposed a two-step reaction 

mechanism for diazonium coupling. The first step involves the adsorption of the 

diazonium molecule on the graphene sheet, resulting in an intermediate 

complex. The actual covalent binding to the graphene sheet happens in a second 

step. They state that this second step takes place quickly (few minutes) on 

single layer graphene, especially at the edges, and slowly on bilayer graphene 

and thicker flakes. The second step might even not occur at all on bilayer and 

multilayer graphene. Therefore, the diazonium coupling should be selective for 

single layer graphene 134. Other results based on Raman spectroscopy clearly 

indicate a regular covalent bonding 136. 
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4.4.1 Diazonium salts 

Diazonium salts are a group of organic molecules that contain a reactive group 

with the following composition: R-N2
+ X-. R can be an alkyl chain or an aryl, X is 

an organic or inorganic anion. Diazonium molecules that are used in this work, 

and in most publications on graphene functionalization, are of the aryl type, 

meaning that they contain an aromatic ring. The general structure of an aryl 

diazonium salt is shown in Figure 4-8.  

 

Figure 4-8. Structure of an aryl diazonium salt. X is an (in)organic anion. 

The diazonium molecules are actually used as linker molecules to attach DNA to 

the graphene. Diazonium compounds with different para-substituted functional 

groups were used. The goal is to use the previously described EDC-coupling 

method to bind amino or carboxyl-labeled DNA strands to the functional groups 

of the linker molecules. Therefore, diazonium coupling should provide a 

carboxylic acid group or an amino group as anchor point to attach DNA. 

4.4.2 4-nitrobenzene diazonium tetrafluoroborate 

The first diazonium compound that was tested was 4-nitrobenzene diazonium 

tetrafluoroborate (Sigma-Aldrich, Bornem, Belgium). Attachment of this 

diazonium molecule to graphene sheets results in nitro groups. These nitro 

groups need to be converted into amino groups in order to use the EDC-binding 

protocol, see Figure 4-9 and Figure 4-10. 

Binding method 

Methanol was purged with N2 gas, followed by the addition of 4-nitrobenzene-

diazonium tetrafluoroborate powder to a final concentration of 5 mM. When all 
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the powder was dissolved, the solution was added to a three-neck flask. Si 

samples with graphene flakes, deposited via the Geim method or dropcasting, 

were also added and the flask was kept under N2 atmosphere. The reaction was 

incubated for 1 hour at room temperature under constant stirring. The reaction 

scheme is shown in Figure 4-9. The diazonium compound reacts with graphene 

and N2 splits off and escapes as gas from the reaction. After the reaction, the 

samples were rinsed shortly with water (3 x 5 min), IPA and N2 blow dried. 

 

Figure 4-9. Illustration of 4-nitrobenzene diazonium tetrafluoroborate coupling to 

graphene. The byproducts N2 and BF4
- escape as gas and are rinsed off, respectively. 

Conversion of the nitro group to an amino group 

The nitro group of the nitrophenyl linker has to be converted into an amino 

group in order to bind DNA strands. This conversion was done via a Bechamp 

reduction. This reaction specifically reduces aromatic nitro compounds into 

aromatic amino compounds (anilines) and it involves the reduction with iron (Fe) 

in acidic environment, see Figure 4-10. 

Iron in the form of powder (Sigma-Aldrich, Bornem, Belgium) was used as 

reducing agent. The reaction was done in the following way: a glass beaker was 

filled with 20 ml of water, 5 g of Fe powder and 3 ml of HCl (37%). Immediately 

after the addition of HCl, the mixture starts to fizz and the sample was added 

after a few seconds. The mixture was incubated for 2h at 50 °C. 
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Figure 4-10. Bechamp reduction to convert the nitro group into an amino group. 

The samples were thoroughly rinsed with water after the reaction. However, it 

was found that the Fe could not be totally removed with water. As a result, the 

sample was contaminated with Fe after this step, which was revealed by XPS 

measurements (not shown in the thesis). 

Results 

Raman spectra, taken on selected single layer graphene flakes, are presented in 

Figure 4-11. The Raman spectra were collected on pristine graphene 

(Reference), after the diazonium coupling (Nitrobenzene diazonium) and after 

the conversion reaction to reduce nitro groups into amino groups (Reduced 1 

and Reduced 2). Two spectra of the reduced form are shown because of their 

different appearance. Figure 4-11 (A) shows the whole spectral range of interest 

with the characteristic graphene peaks, namely a G peak and 2D peak around 

1585 cm-1 and 2640 cm-1, respectively. The 2D peak has a full width at half 

maximum (FWHM) of about 30 cm-1 and no shoulders can be observed. 

Together with the absence of a D peak in the reference sample, all these 

signatures point to good quality single layer graphene. 

After the functionalization reaction, some peaks, linked to the nitrobenzene 

diazonium, appear in the 1050 cm-1 – 1550 cm-1 region (shown in Figure 4-11 

(B)). Furthermore, the G peak (Figure 4-11 (C)) shifts towards 1590 cm-1, 

indicating a doping effect, and a shoulder becomes visible at 1597 cm-1. This 

shoulder is called the D’ peak and points to lattice defects. It is not clear 

whether a D peak, the main defect related peak, is present. Its potential 



86 
 

presence is masked by the diazonium related peaks. Figure 4-11 (D) shows that 

the FWHM of the 2D peak is unchanged but its position shifts to 2648 cm-1, 

corresponding to p-doping. 

The conversion reaction to the reduced form results in the disappearing of the 

diazonium related peaks in the 1050 cm-1 – 1550 cm-1 region. A D peak 

becomes visible at 1325 cm-1. Depending on the flake that was measured, this D 

peak is very small (Reduced 1) or relatively high (Reduced 2). The G peak and 

2D peak remain unchanged after the conversion step. 

 

Figure 4-11. Raman spectra of graphene flakes before and after functionalization with 

nitrobenzene diazonium and subsequent reduction of the nitro group to an amino group. 

(A) shows an overview of the spectrum. (B, C and D) give an enlarged view of the D peak, 

G peak and 2D peak, respectively. 

The conversion reaction seems to remove (some of) the diazonium, as the 

diazonium related peaks disappear in the Raman spectra. Therefore, it is not 
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clear whether the diazonium is really bonded or merely physisorbed. The 

appearance of a D peak however, is a clear sign of lattice defects. These lattice 

defects are probably the result of covalent functionalization, whereby sp2 bonds 

are converted into sp3 bonds. Alternatively, the D peaks could be a result of the 

conversion reaction itself. In this case, the acidic conditions would damage the 

graphene structure. This alternative explanation for the D peak is unlikely, 

considering the good chemical stability of graphene. A plausible explanation 

would be that part of the diazonium is covalently coupled and part of it is 

physisorbed to graphene. 

In addition, HOPG samples, functionalized with nitrobenzene diazonium, were 

also characterized with XPS before and after the conversion reaction. The XPS N 

1s core peak spectral region is shown in Figure 4-12. The dark curve, taken 

before the conversion reaction, shows two different peaks. The peak at 405.8 eV 

corresponds to the oxidized nitrogen of the nitrogroup. The assignment of the 

other peaks is more difficult. It is assumed that the peak at 400 eV (dark curve) 

corresponds to the nitrogen of the diazo (-N+≡N ) functionality. The presence of 

this diazo functionality means that part of the diazonium is physisorbed on the 

HOPG, since covalent coupling is accompanied by the removal of this N2 group. 

A comparison of the areas under the curve for both peaks ( 5100 and 4000 for 

peaks at 405.8 eV and 400 eV, respectively) results in a fraction of ~ 40 % of 

the present molecules that is adsorbed and ~ 60 % that is covalently bonded, 

keeping in mind that for each molecule there are two N atoms contributing to 

the peak at 400 eV. 

The grey curve in Figure 4-12 represents the spectrum taken after the 

conversion reaction to the reduced form. It is clear that the peak related to the 

nitro group has almost completely disappeared, in agreement with the chemical 

reduction of this nitro group. The peak around 400 eV is shifted to lower binding 

energies by ~ 0.7 eV. This is also consistent with the chemical reduction of 

nitrogen species. However, the actual assignment of this peak to specific 

oxidation states of nitrogen is difficult. The peak could be linked to a slightly 

reduced form of the diazo functionality, to nitrogen from amino groups or to a 

combination of these possible explanations. It should be noted that XPS 

characterization of freshly cleaved HOPG did not show any nitrogen peaks, 
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meaning that the peaks observed here do really originate from the diazonium 

species. 

 

Figure 4-12. N 1s XPS spectra of HOPG functionalized with diazonium. Spectra were 

recorded before and after the conversion reaction of NO2 to NH2. 

4.4.3 4-Benzoic acid diazonium tetrafluoroborate 

As the nitrobenzene diazonium required an additional reduction reaction to yield 

amino groups, a second type of diazonium was tested in order to avoid this 

extra reaction step. 4-Benzoic acid diazonium tetrafluoroborate was used 

because the coupling of this species results in carboxylic acid groups that can be 

used in EDC-mediated DNA coupling without further modifications. The chemical 

structure of this diazonium species is shown in Figure 4-13. 

 

Figure 4-13. 4-Benzoic acid diazonium tetrafluoroborate. 
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Diazonium preparation 

The 4-benzoic acid diazonium tetrafluoroborate was homemade, following two 

different synthesis routes. 

The first route was done by following the synthesis described in references 
212,213, this route will be called the isoamyl nitrite route. 

 First, 0.4 g (2.92 mmol) of 4-aminobenzoic acid was dissolved in 1 ml ethanol, 

followed by the addition of 0.65 ml aqueous tetrafluoroboric acid solution (48 

%). The mixture was cooled on ice and 0.46 ml (3.4 mmol) of isoamyl nitrite 

was added dropwise. The mixture was incubated for 1 hour under stirring and 

cooling in the ice bath. After the incubation, diethyl ether was added until 

precipitation was observed. The solution with precipitate was filtered over a 

cellulose filter (Grade 1, particle retention: 11 µm, Whatman, ‘s Hertogenbosch, 

the Netherlands). The precipitate was dissolved in acetone and reprecipitated in 

diethyl ether to purify the powder. Finally, a second filtration yielded a light 

red/brown powder. The synthesized powder was stored in the fridge. 4-

Aminobenzoic acid, aqueous tetrafluoroboric acid, isoamyl nitrite and ethanol 

were purchased from Sigma-Aldrich (Bornem, Belgium). Diethyl ether and 

acetone were technical grade and purchased from VWR (Haasrode, Belgium). 

The second route was performed according to references 214,215 and this route 

will be called the sodium nitrite route. 

First, 2.74 g (0.02 mol) of 4-aminobenzoic acid was dissolved in 28 ml of warm 

water, followed by the addition of 4.5 ml of HCl (37 %). The mixture was cooled 

to below 0 °C and 1.52 g (0.022 mol) of sodium nitrite, dissolved in 8 ml of cold 

water, was added dropwise. The solution was filtered over a cellulose filter. 

Sodium tetrafluoroborate (2.41 g or 0.022 mol), dissolved in 8 ml of cold water, 

was added to the filtrate. After cooling to below 0 °C, the mixture was filtered 

again, resulting in a white powder. The powder was washed with cold water and 

ether. Chemicals were purchased from Sigma-Aldrich (Bornem, Belgium). 

The diazonium powder was characterized with infrared spectroscopy using a 

Tensor 27 from Bruker (Evere, Belgium). The spectrum, shown in Figure 4-14, 

contains the diazonium-functionality related peak at 2307 cm-1 and 2290 cm-1, 

respectively 216. The peak at 1045 cm-1 is related to the tetrafluoroborate. Some 
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peaks (~3300 cm-1 and 1700 cm-1) related to the carboxylic acid group are also 

indicated on the spectrum. The fact that the two spectra are not identical 

probably results from different purity levels. 

 

Figure 4-14. Infrared spectra of the 4-benzoic acid diazonium tetrafluoroborate, prepared 

by two different methods. 

Binding method 

The diazonium coupling reaction was carried out similar to the nitrobenzene 

diazonium coupling. In addition to similar reaction conditions, a higher 

concentration and longer incubation time were tested. Furthermore, the coupling 

reaction was also performed with cooled MeOH and later heated to 45 °C. The 

higher concentration was 8.7 mM with an incubation time of 2.5 hours (starting 

with a solution of ~4 °C, after 1 hour, the reaction mixture was heated to 45 

°C). However, this higher concentration and longer incubation time did not 

improve binding results. The samples were rinsed in MeOH (5 min), water (2 x 

10 min), isopropyl alcohol (IPA) (1 min) and finally blown dry before further use 

in EDC coupling. 
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EDC-mediated DNA coupling 

The carboxylic acid group of the diazonium molecule, actually a benzoic acid 

after attachment to the graphene, is used in an EDC-mediated reaction to couple 

amino-labeled DNA strands. This EDC mediated coupling was already described 

in Chapter 3 on functionalization of CNW. The DNA used in combination with 

diazonium prepared by the isoamyl nitrite route was single stranded DNA, 8 

nucleotides long, with amino-modification and fluorescent 6-FAM label at the 5’ 

end and 3’ end, respectively. Diazonium salt prepared by the sodium nitrite 

route was combined with single stranded DNA, 36 nucleotides long, with amino-

modification at the 5’ end. Rinsing steps are described in detail in the following 

section on results. 

Results 

The samples functionalized with 4-benzoic acid diazonium and DNA were also 

investigated with Raman spectroscopy. Figure 4-15 shows the spectra of 

samples functionalized with diazonium salt prepared by the isoamyl nitrite route. 

Spectra from a pristine reference flake (Reference), a flake coupled with 

diazonium (Diazonium), a flake coupled with diazonium and DNA (EDC-POS) and 

an EDC-negative reference (EDC-NEG) are shown. This EDC-negative sample 

was coupled with diazonium but the DNA binding reaction was carried out 

without the EDC mediator. The EDC-negative flake is likely to be bilayer 

graphene as deduced from the broad 2D band. 

The Raman spectrum of the diazonium coupled sample shows features that are 

similar to the nitrobenzene diazonium coupling. The G peak and 2D peak are 

slightly red shifted, due to doping, and the region between 1100 cm-1 and 1550 

cm-1 contains a number of diazonium related peaks. Some of these benzoic acid 

diazonium related peaks are identical to the peaks from nitrobenzene diazonium 

while others are different. This is in agreement with the resembling chemical 

structures of the two diazonium species. 
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Figure 4-15. Raman spectra of graphene flakes functionalized with benzoic acid diazonium 

(method 1) and DNA. Inset: enlargement of the 1000 – 1600 cm-1 region with the spectra 

rescaled to the G peak intensity. 

The binding of DNA strands results in the appearance of new peaks in the 1050 

cm-1 – 1550 cm-1 region, as shown in the inset of Figure 4-15. The spectra in the 

inset are rescaled to a uniform G peak intensity in order to compare the DNA 

related peaks of the EDC-pos and EDC-neg sample. By comparing these two 

samples, it can be seen that the DNA related peaks (~ 1100 cm-1, ~ 1340 cm-1 

and ~ 1380 cm-1) are much higher for the EDC-pos sample. The EDC-neg 

sample shows the same main features but in much lower intensities. It should 

be noted however, that it is tricky to compare the EDC-pos and EDC-neg sample 

in this case as they are single layer and bilayer, respectively. Single layers and 

bilayers could show different chemical reactivities. 

Raman spectra that were collected in between the flakes, on the Si substrate, 

did not contain any peaks apart from the Si-related ones. This means that the 

diazonium and DNA selectively bind (or adsorb) to the carbon flakes. 

The samples shown in Figure 4-15 were rinsed, after DNA coupling, in PBS, SSC, 

water and IPA. There were 8 rinsing steps in PBS for a total of 28 hours, mostly 

at 60 °C – 70 °C. Two rinsing steps in 2x SSC were performed, each 15 min. 
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Three rinsing steps were done in water for a total of 18 hours. This means that 

the samples were rinsed 13 times in total and for a total time of 46 hours. 

Another batch of samples was made, functionalized with diazonium and DNA and 

rinsed 7 times in PBS (49 hours) and 4 times in water (62 hours). This second 

batch of samples, which was rinsed 111 hours in total, only showed very small 

diazonium and DNA related peaks in Raman spectra. However, some samples 

contained a rather large D peak, while others did not. These results support the 

statement that part of the diazonium is physisorbed and can be rinsed off (albeit 

with very long rinsing steps) while another part is covalently bonded, causing 

the D peak. These results also rule out the acidic conditions, used in the 

previous section, as the cause of the D peak. 

Samples that were functionalized with benzoic acid diazonium prepared by the 

sodium nitrite route, were rinsed only three times in PBS (30 min each) and 4 

times in water (total 3.5 hours of which 2 hours at 60 °C). These samples only 

had a total rinsing time of 5 hours, compared to the 46 hours for the isoamyl 

nitrite route. Despite this shortened rinsing time, almost no diazonium or DNA 

related peaks can be observed in the Raman spectra, shown in Figure 4-16. 

 

Figure 4-16. Raman spectra of graphene flakes functionalized with benzoic acid diazonium 

(Sodium nitrite route) and DNA. Spectra are rescaled to G peak intensity. 
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Although no real diazonium or DNA peaks can be observed, the spectra show 

clear D peaks, for the EDC-neg sample even higher than the G peak. This is 

again a proof for the covalent attachment of the diazonium. It is assumed that 

DNA is also present, covalently bonded to the diazonium linker, but stays 

undetected by the Raman spectroscopy measurements. This assumption is 

based on experiments where diamond (not shown in this thesis) and amorphous 

carbon (Chapter 5) samples were functionalized with the homemade diazonium, 

followed by EDC-mediated coupling of DNA. Confocal fluorescence microscopy 

confirmed the presence of bonded fluorescently labeled DNA strands on both 

types of samples. As the attachment of DNA to the diazonium linker is the same 

in all sample types, it is assumed that this reaction also worked on graphene 

samples. Strong reflection and potential fluorescence quenching made it 

impossible to detect fluorescently labeled DNA on graphene flakes using confocal 

fluorescence microscopy. 

4.4.4 Conclusion on covalent functionalization 

Single layer graphene flakes, prepared by the Geim method, were functionalized 

with diazonium salts. The aim was to use this diazonium as a linker molecule to 

attach DNA strands covalently to the graphene surface. First, a commercially 

available diazonium salt was used. As this diazonium required an extra step to 

chemically reduce the nitro group to an amino group in order to perform EDC 

coupling, efforts were shifted to a different diazonium type. The latter was 

homemade and resulted in carboxylic acid groups that could be used directly in 

an EDC coupling reaction. Raman spectroscopy indicated that at least a part of 

the diazonium was covalently bonded to the graphene surface, based on the D 

peak formation. It was also observed that part of the diazonium was 

physisorbed on the surface, resulting in a few Raman peaks in the 1100 cm-1 – 

1550 cm-1 spectral region. These peaks disappeared after rinsing, indicating the 

removal of the physisorbed diazonium species. The amount of rinsing, required 

to remove the physisorbed species, was dependent on the diazonium 

preparation method. Physisorbed diazonium prepared by the isoamyl nitrite 

route required much more rinsing compared to diazonium prepared by the 

sodium nitrite route. 
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The presence of covalently bonded DNA could not be confirmed. One batch of 

samples showed some Raman peaks introduced by the DNA but it is not clear 

whether this DNA was covalently bonded or physisorbed. Other sample batches 

did not show clear DNA peaks. However, based on experiments on diamond and 

amorphous carbon, it is very much possible that covalently bonded DNA is 

present but stays undetected by the used characterization methods. 
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Chapter  5  

Functionalization of amorphous 

carbon microstructures 

Functionalization methods were not only performed on sp2 carbon materials but 

also on amorphous carbon. Amorphous carbon lacks long-range crystalline order 

but shows some short-range order and can be considered as a poly- or 

nanocrystalline material. It is a mix of sp2 and sp3 carbon although with 

deviating bond distances and angles 20,217. Despite the fact that amorphous 

carbon does not possess the exceptional physical properties of graphene-like 

carbon, it is a very interesting and useful material. Its good electrochemical 

properties make it a widely used electrode material in sensing applications 218-223 

and fuel cells 224,225. Also, it is often used in medical implants, like artificial heart 

valves and dental implants, due to its robustness and biocompatibility 219,226-229. 

It can withstand high temperatures and has a high thermal conductivity 230. An 

especially interesting property for this work is the high amount of dangling 

bonds, which facilitate functionalization with DNA strands. 

The amorphous carbon structures that were used in this work have yet an 

additional huge advantage in functionalization purposes: the structures are 

made out of newly developed micro-nano hybrids. The overall dimensions of the 

structures are in the micrometer range while the surface layer of the structures 

consists of nanowires. These nanowires result in a huge surface area, ideal for 

biofunctionalization. The backbones of these structures are made of solid non-

porous carbon, providing mechanical strength and electrical conductivity. 

Furthermore, the microstructures can be made in a variety of 3D shapes which 

allows for their integration in electrical circuits. A provisional DNA sensor was 

developed by functionalizing bridge structures with DNA strands and measuring 

the resulting change in bridge resistance. 
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5.1 Fabrication of amorphous carbon 

microstructures 

The amorphous carbon microstructures were prepared by Dr. Michael De Volder 

at IMEC (Leuven, Belgium). As the fabrication process is still confidential at the 

time of writing, only a very concise description can be given here. The structures 

were made by patterning layers of a carbon containing photoresist. This was 

followed by pyrolysis in a nitrogen atmosphere. In addition to the micro-nano 

hybrid structures, bulk microstructures were produced with the same overall 

shape and dimensions but lacking the nanostructured coating layer. These bulk 

microstructures serve as a reference for the micro-nano hybrid structures. 

5.2 Morphology of the microstructures 

As mentioned above, the structures consist of a solid backbone and a porous 

nanostructured surface. Figure 5-1 presents a SEM image of the material with a 

cross-sectional view, clearly showing the solid core (about 5 µm thick) and 

nanostructured surface (about 3 µm thick). 

 

Figure 5-1. Close-up of an amorphous carbon pillar with cross-sectional view showing the 

solid backbone and nanostructured surface. The cross-section is indicated by the white 

dashed line. Images were recorded at IMEC. 

To confirm that the structures are made out of pure amorphous carbon, the 

following characterization techniques were applied at IMEC: XPS, Raman and 
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TEM measurements. XPS characterization revealed carbon as major constituting 

material with only low levels of oxygen. Raman spectra show a G band and D 

band characteristic for amorphous carbon 187,231. The meaning of these Raman 

bands is given in Chapter 2. TEM measurements did not reveal any long range 

crystalline order. The characterization results are summarized in Figure 5-2. 

 

Figure 5-2. (A) XPS spectrum showing the C 1s peak. Only low levels of C-O, C=O and 

O=C-OH bonds are present. (B) Raman spectra of bulk and nanostructured material, 

showing D and G peaks.  

The overall dimensions of the structures vary from a few tens of micrometers to 

a few hundred of micrometers. A broad variety of 3D shapes could be made. In 

addition to the two-leg bridge structures, shown in Figure 5-3, structures with 6, 

12 or 180 legs for example could also be produced. The bulk structure, also 

shown in Figure 5-3, is made from the same material and can be made in the 

same shapes as the nanostructured ones. Structures that were used in this 

work, for DNA sensing, are composed of two pillars that touch each other at the 

top, forming a bridge between two electrodes. Two different examples of the 

used structures are given in Figure 5-3. The structures are placed on top of 

electrode arrays made from titanium nitride (TiN) or amorphous carbon. The 

electrically measured structures are produced in mini-arrays, such as the one 

showed in Figure 5-3 (C). 
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Figure 5-3. SEM micrographs of amorphous carbon microstructures. (A) and (B) show 

micro-nano hybrid bridge structures with collapsed-like and arch-like shape, respectively. 

(C) shows a typical array of electrodes with bridge structures on top. (D) portraits a bulk 

amorphous carbon microstructure . 

5.3 Functionalization method 

The structures were functionalized with single stranded DNA according to two 

different methods previously described in this thesis. One method involves the 

photochemical coupling of a fatty acid linker molecule, analogous to the 

functionalization of carbon nanowalls (Chapter 3). The other method is based on 

diazonium coupling analogous to the functionalization of graphene-like flakes 

(Chapter 4). After attachment of these linker molecules, EDC-based chemistry 

was applied to couple the amino-modified DNA strands. The EDC-mediated DNA 

coupling was the same for the two linking procedures. The specifics of the 

reactions will be shortly described here. It should be mentioned that special care 
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was taken to avoid mechanical agitation during handling of the microstructures 

because they could detach from the surface upon mechanical disturbance. 

Fatty acid coupling 

Samples were covered with a liquid film of 10-undecenoic acid and illuminated 

for 20 h with UV light (254 nm). After binding, excess fatty acid was removed by 

rinsing with acetic acid (30 min at 95 °C) and Milli-Q water (2 x 30 min at 95 °C 

+ 5 min at room temperature). The samples were dried in air (oven) at 60 °C 

for 30 min. 

Diazonium coupling 

4-benzoic acid diazonium tetrafluoroborate was prepared according to the 

isoamyl nitrite route described in Chapter 4. The homemade powder was 

dissolved in methanol to a concentration of 5 mM after the methanol was purged 

with N2 gas. The dissolved diazonium was added to the samples in a three-neck-

flask and the reaction was incubated for 75 min under N2-atmosphere and gentle 

stirring. The reaction was performed at room temperature. Afterwards, the 

samples were rinsed in Milli-Q water (1 h at 95 °C and 2x 1 h at room 

temperature). Samples were dried in the oven at 60 °C for 30 minutes. 

EDC-mediated DNA coupling 

The samples with attached linker molecules (fatty acid or benzoic acid) were 

incubated with a solution of DNA in MES buffer for 15 min before EDC, also 

dissolved in MES buffer, was added to the reaction. The single stranded DNA 

was 8 nucleotides long, with an amino-modification at the 5’ terminus and a 

fluorescent 6-FAM label (see Chapter 2) at the 3’ terminus. Final concentrations 

of DNA and EDC were 6 µM and 130 mM, respectively. The MES buffer had a 

concentration of 25 mM and a pH of 6. Samples were incubated in the fridge (± 

4 °C) for a minimum of 4 h. 

After binding, the samples were rinsed several times (4-6) in 2 x SSC + 0.5 % 

SDS at 60 °C to remove unbound DNA, followed by 3 rinsing steps in Milli-Q 
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water at 60 °C to remove salt ions from the washing fluid. Samples were again 

dried in the oven at 60 °C before resistance measurements were performed. 

After the resistance measurements, the samples were put in PBS buffer to 

characterize them with the confocal fluorescence microscope. 

5.4 Functionalization results 

Confocal fluorescence microscopy (CFM) was used to investigate the results of 

the functionalization procedures. Therefore, fluorescently labeled DNA strands 

were used. Functionalized samples, called positive samples, were compared to 

EDC-negative reference samples. Furthermore, nanostructured samples are 

compared to bulk microstructure samples. 

Fatty acid route 

The results for the fatty acid route are given in Figure 5-4. From this figure it is 

clear that the nanostructured samples are highly functionalized. The carbon 

material exhibits a high fluorescence with a mean pixel intensity 249 a.u.. 

Furthermore, bleaching tests confirmed that the signal is actual fluorescence 

instead of reflection or background signal. This is also proven by the EDC-

negative reference sample where there is no fluorescence signal coming from 

the carbon. The bulk microstructures, without nanostructured surface, show only 

little fluorescence signal. Although a bit difficult to see, there is some 

fluorescence signal present because a faintly visible bleach bar can be observed 

(inside the red box in the figure). If compared to the bulk EDC-negative 

reference sample, one can see that the functionalized carbon material shows 

slightly more fluorescence. It should be noted that the substrate surface is 

visible as background signal in the images of the bulk samples and the EDC-

negative samples. Because no fluorescence signal could be detected at other 

focus heights, it was chosen to focus on the substrate surface. Images from the 

functionalized nanostructured samples are taken at an elevated focus height, at 

the top of the carbon structure. 



102 
 

 

Figure 5-4. CFM images of functionalized carbon microstructures. Left side shows micro-

nano hybrids while the right side shows bulk structures without the nanostructured outer 

layer. Top and middle row images are positive samples with bonded DNA. Bottom row 

images are EDC-negative reference samples. The middle row shows higher magnification 

images with an area where the fluorescent labels were bleached. 

In order to rule out surface chemistry effects as the source of the difference 

between the nanostructured and bulk samples, both types of samples were 
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treated with an H2 plasma before functionalizaton. This plasma treatment should 

result in surfaces with the same chemical functionalities (C-H bonds), if this 

should not have already been so. Figure 5-5 presents the results of 

functionalization after this plasma treatment. The nanostructured sample (shown 

in A) still exhibits a fluorescence intensity that is much higher than in the bulk 

sample (shown in B). These results indicate that the greatly increased 

functionalization of nanostructured samples, compared to bulk samples, is a 

result of the huge increase in surface area of the nanostructured samples. 

 

Figure 5-5. CFM images of H2-plasma treated amorphous carbon samples functionalized 

with fluorescently labeled DNA. (A) Nanostructured sample, (B) bulk sample. 

Diazonium route 

The samples were also successfully functionalized with the diazonium route, see 

Figure 5-6. The positive sample shows a distinct fluorescence signal coming from 

the functionalized carbon. This fluorescence signal can be bleached clearly as 

shown in Figure 5-6 (B). The EDC-negative reference sample on the other hand 

exhibits no fluorescence signal at all. The carbon structures are shown as black 

dots against a green background, resulting from reflected laser light. This 

background signal could not be bleached. 
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Figure 5-6. CFM images of nanostructured samples functionalized with DNA via the 

diazonium route. (A) Positive sample, (B) higher magnification of positive sample with 

bleached bar and (C) EDC-negative reference sample showing the carbon structures as 

dark spots on a reflecting substrate. 

A comparison of the two routes indicates a higher functionalization degree for 

the fatty acid route than the diazonium route. Samples originating from the 

same wafer were functionalized via the fatty acid and the diazonium route. The 

EDC-mediated step was similar for both types and CFM measurements on both 

types were performed in one run. The results, presented in Figure 5-7, show 

that the fatty acid route is much more effective than the diazonium route. Image 

J software was used to quantify the pixel intensity of a selected region on the 

carbon structures. The mean pixel intensity was calculated and illustrated on the 

right of the figure. Mean pixel intensities for the diazonium and the fatty acid 

route are 36 a.u. and 249 a.u.,respectively. 

The rather large difference in functionalization yield between the two routes 

could be due to the fact that the fatty acid route is an optimized route using 

commercial products whereas the diazonium coupling is a novel functionalization 

route about which little was known yet. Furthermore, the diazonium powder was 

homemade and its production still needs optimization to increase efficiency. 
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Figure 5-7. Comparison of the fatty acid route and the diazonium route. CFM images of 

samples functionalized via the diazonium route (A) and the fatty acid route (B). The mean 

pixel intensity for both routes is given on the right. 

5.5 Resistance measurements on bridge 

structures 

5.5.1 Measurement method 

First steps were taken to investigate the potential of the amorphous carbon 

microstructures as DNA sensors. The bridge resistance was measured on the 

pristine microstructures, after attachment of the linker molecule and after 

attachment of single stranded DNA. Furthermore, nanostructured bridges were 

compared to bridges made of bulk amorphous carbon. 

The resistance was measured over bridge structures spanning two in-plane 

electrodes. The bridge is formed by two amorphous carbon pillars that touch 

each other at the upper half, like the structures shown in Figure 5-3 A and B. It 

was found that the collapsed-like structures were more rigid than the arch-like 

structures. For this reason, the collapsed-like structures were preferred and 

results shown here are measured on this type of bridge. 

Resistance measurements were performed in a four probe setup with a PA 200 

probe system from SUSS MicroTec (Sacka, Germany). A current of 0.5 – 1 mA 

was applied over two probes and the resulting voltage was measured over the 

other two probes. So both ends of the bridges had two electrical connections. 
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The resistance was calculated according to Ohm’s law. A scheme of the 

measurement setup is given in Figure 5-8. A Keithley 2400 SourceMeter, in 4-

wire setting, was used to apply the current and measure the voltage. 

Measurements were performed under ambient conditions. 

 

Figure 5-8. Illustration of the resistance measurement setup. 

5.5.2 Results on resistance measurements 

The I-V characteristics of the carbon microstructures were investigated first to 

assure good contact quality. The I-V curve shows linear behavior, confirming a 

good quality Ohmic contact. The I-V curve is plotted in Figure 5-9. 

 

Figure 5-9. I-V curve of typical amorphous carbon bridge structure with a 20 Ω resistance. 



107 
 

The measured resistance values for two fatty acid route samples, with each a 

mini-array of bridge structures, are presented in Figure 5-10. One sample 

contained nanostructured carbon bridges and the other contained bulk carbon 

bridges. The overall shape of the two carbon types was very similar. After fatty 

acid attachment, each sample was broken in two pieces in order to prepare a 

positive sample and an EDC-negative reference sample for both sample types 

(nanostructured and bulk). The EDC-negative reference samples are denoted as 

reference in the figure. 

Figure 5-10 (A) shows that the resistance increases after functionalization. The 

resistance of the nanostructured reference sample increases significantly more 

than the nanostructured positive sample. The resistance increase for both bulk 

samples lies somewhere in between the increase of the nanostructured samples. 

A possible explanation for the resistance increase is a damaging effect of the 

handling and reaction procedures. Especially the carbon-electrode attachment is 

prone to damage as it was observed that some carbon structures detached from 

the electrode surface. 

 

Figure 5-10. (A) Measured resistance values for the pristine bridge structures, bridges with 

fatty acid and bridges with DNA. Nanostructured bridges and bulk bridges were measured, 

both for a positive and an EDC-negative sample. (B) Graph showing the normalized 

change in resistance from pristine to DNA functionalized bridges. The resistance change of 

the reference samples was set to 1. Error bars indicate standard deviation (n=5 for the 

nanostructured Ref and n=4 for all other). 

The change in resistance for each sample was determined in terms of 

percentage according to the following formula: 
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The average of the resistance change was determined for each sample type and 

the values were normalized by setting the resistance change of the reference 

samples to 1. These normalized resistance changes are shown in Figure 5-10 

(B). For the nanostructured samples, one can see that DNA binding results in a 

40 % lower change in resistance compared to the reference sample. For the bulk 

samples there is no difference between the positive and reference sample. 

These results are in agreement with the fluorescence images which showed that 

bulk samples contained only very little DNA. It appears that DNA binding 

counteracts the resistance-increasing damage effects. Some possible 

explanations for this resistance-lowering effect could be the shortcutting of the 

amorphous carbon nanowires by conducting DNA strands and/or charge transfer 

effects. Binding of DNA molecules, which are negatively charged, may also 

induce the injection of holes or electrons into the amorphous carbon structure.  

 

Figure 5-11. (A) Measured resistance values for the pristine bridge structures, bridges with 

diazonium and bridges with DNA. Nanostructured bridges were measured for a positive 

and an EDC-negative sample. (B) Graph showing the normalized change in resistance from 

pristine to DNA functionalized bridges. The resistance change of the reference samples was 

set to 1. Error bars indicate the standard deviation (n=6). 

The resistance values and their changes after functionalization were also 

measured on the samples functionalized by the diazonium route. For this route, 

only nanostructured samples were functionalized and measured. Again, a 
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positive sample is compared to an EDC-negative reference. The results are given 

in Figure 5-11. 

Nanostructured samples functionalized via the diazonium route show the same 

trend as the fatty acid samples but the effect is less pronounced. The resistance 

also increases after functionalization, albeit not as much as for the fatty acid 

samples. The positive sample shows a lower increase in resistance compared to 

the EDC-negative reference, similar to the fatty acid route. However, the 

difference between positive and reference sample is only about 12 % compared 

to the 40 % for the fatty acid route. Looking at the standard deviations of the 

normalized changes, the 12 % difference is not enough to exceed the error bars  

and trust this “sensor” result. The smaller effect is consistent with the lower 

functionalization degree of the diazonium route as compared to the fatty acid 

route. The effect could possibly be increased by optimizing the diazonium 

functionalization. 

5.6 Conclusions 

Amorphous carbon microstructures were made with architectural and 

nanostructural tunability. These structures were functionalized with single 

stranded DNA via two different linking routes. The fatty acid route resulted in 

very high amounts of DNA bonded to the nanostructured surface of micro-nano 

hybrid structures. Bulk microstructures on the other hand, could only bind low 

amounts of DNA. The difference in DNA binding capacity can be explained by the 

huge difference in surface area between bulk and nanostructured samples. The 

second functionalization route, through diazonium coupling, was also successful 

in the biofunctionalization of nanostructured surfaces. Although the latter 

method turned out to be less effective, further optimization of this method may 

improve its efficiency. This method was only introduced in the last months of 

this thesis. 

The potential of these amorphous microstructures as biosensors was 

investigated by measuring the resistance change after the DNA binding event. 

Although the resistance increased for all samples, it was found that the micro-
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nano hybrid structures show great potential as DNA sensors since a 40 % 

difference in resistance change was observed between samples with DNA and 

samples without DNA. Samples functionalized via the diazonium route only 

showed a 12 % difference and bulk samples did not show any difference 

between positive and reference samples. These results indicate that the 

nanostructured samples are very well suited for functionalization purposes due 

to their high surface area. They show a good potential as microstructured 

biosensors but their mechanical stability has to be improved to give univocal 

sensing responses. Furthermore, future work should investigate DNA 

hybridization and denaturation sensing with complementary or mismatched 

target DNA. 
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Chapter  6  

Electronic characterization of ultrathin 

graphite flakes 

Carbon-based materials with sp2 bonding such as graphene, carbon nanowalls, 

and carbon nanotubes receive since years considerable scientific interest due to 

their extraordinary electronic transport properties. The unique features of 

graphene include the fact that the charge carriers behave like massless Dirac 

Fermions and the conductivity is not vanishing in the limit of vanishing carrier 

density 44, the sign of the carriers can be inverted by electric field effects 1, and 

the quantum Hall effect is observed 54. Especially interesting with respect to 

sensor applications are the tunability of the carrier type and concentration as 

well as the ballistic charge transport with mean free path lengths of several 

micron. In combination with the extreme surface-to-volume ratio, the electronic 

band structure and transport properties respond with high sensitivity to various 

adsorbates (physisorbed gas molecules) as shown in recent work 232,233. The 

mechanism is based on charge transfer between the adsorbates and the 

graphene sheets and is expected to fade out in graphite samples with ten or 

more stacked graphene layers.  

In this chapter, we focus on the electronic properties of graphene stacks (i.e. 

ultrathin graphite layers) for sensing applications. First, the magnetoresistance 

effect is investigated. Results described in literature indicate a resistance 

increase by about 15 % at 270 K in a field of just 1 Tesla and the effect 

becomes even much more pronounced when increasing the magnetic field and 

lowering the temperature 234. The positive magnetoresistance in pure metals is 

typically below 5 % in fields of 10 Tesla at liquid-helium temperature and this 

has no technological relevance for field-sensing applications or the readout of 

magnetically stored data. Instead, magnetic readheads are nowadays based on 

the giant negative magnetoresistance (GMR) achieved with metallic 

magnetic/non-magnetic multilayers 235,236. The colossal negative 

magnetoresistance effect (CMR) in mixed-valency manganese perovskites offers 
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even more substantial resistivity changes (orders of magnitude), but the effect 

requires fields much higher than those of technical relevance 237,238. Also, 

materials with a strongly pronounced positive magnetoresistance ‘PMR’ such as 

Cr/Ag/Cr trilayers 239 and synthetic, boron-doped nano-crystalline diamond 240 

show their giant PMR only in fields of several Tesla and at temperatures below 

100 K. Therefore, graphite as a non-engineered, natural, and inexpensive 

material deserves a closer consideration for field-sensing purposes. Due to a 

wide variability of the material parameters documented in literature (presumably 

related to impurities and structural defects), we include also Hall-effect 

measurements in this study to obtain reliable information on the density and 

mobility of the charge carriers. 

6.1 Sample preparation 

6.1.1 Flake deposition 

Ultrathin graphite flakes were produced by mechanical exfoliation of highly 

oriented pyrolytic graphite (HOPG) according to the method described by Geim 

and Novoselov [14]. HOPG crystals, grade SPI-2, from SPI Supplies (West 

Chester, USA) were used together with VD 8 ELEP Holder dicing tape from Nitto 

Denko (Osaka, Japan). Ultrathin graphite flakes were transferred to a Si 

substrate with a 300 nm thick, insulating oxide layer (WaferNet Inc. San Jose, 

USA). These flakes stick rather tightly to the surface due to van der Waals forces 
1. Next, Au alignment markers were deposited on the Si substrate with standard 

photolithography, followed by thermal evaporation of gold, and lift off. The 

alignment markers serve to identify the position of flakes on the substrate. 

Suitable flakes with a rectangular shape and typical lateral dimensions of 5 μm 

were selected by optical microscopy.  

6.1.2 Electrical contact preparation 

Before further processing, the samples were annealed in high vacuum of 10-7 

hPa at 150 °C during 2 hours to remove adsorbates and tape residues. The 
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actual electrical contact lines and contact pads for wirebonding were written with 

e-beam lithography. Therefore, a double layer of e-beam resist was spincoated 

on top of the sample. The resist concentrations and spinning parameters, see 

Table 6-1, were chosen to yield bottom- and top-resist layers with approximate 

thicknesses of 300 nm and 100 nm, respectively. The bottom layer consisted of 

MMA(8.5)MAA and the top layer of PMMA (MicroChem, Newton, USA). 

 Bottom layer Top layer 

Resist MMA(8.5)MAA 950 PMMA 

Concentration 8.6 % in ethyllactate 2 % in chlorobenzene 

Spincoat speed 4000 rpm 4000 rpm 

Spincoat time 45 s 45 s 

Bake temp/time 150°C / 90 s 180 °C / 90 s 

Table 6-1. E-beam resist parameters 

The contact pattern with four leads in van der Pauw geometry was designed on 

basis of earlier taken SEM images of the flake. Subsequently, the pattern was 

written and positioned using the alignment markers. An electron current dose of 

270 µC/cm2 was used for writing. In order to develop the exposed resist, MIBK 

developer (MicroChem, Newton) was used in a 1:3 dilution with isopropyl alcohol 

for 120 s. Titanium / aluminum contacts were prepared by sputtering a 5 nm 

thin layer of Ti followed by thermal evaporation of 70 nm of Al. Finally, a lift-off 

step was performed in boiling acetone to remove superfluous metal and e-beam 

resist. A schematic of the metal deposition process is given in Figure 6-1. 

To minimize mechanical strain at the metal-graphite contacts and to remove 

adsorbates from the resists and developers, a second thermal annealing was 

done with the same parameters as specified above. Relying on current-voltage 

characteristics we have verified that these contacts have ohmic behavior. A 

graphite sample, prepared and contacted with the described procedures, is 

shown in Figure 6-1. 
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Figure 6-1. Left: Schematic of electrical contact deposition. (1) Writing the pattern in the 

e-beam resist and developing. (2) Metal deposition. (3) Lift off. Right: Microscopy image of 

a flake with four metal contacts (white structures). The orange structure on the left is an 

alignment marker. 

6.2 Cryostat setup 

The electronic transport properties were studied for two specific samples using 

the van der Pauw method [15]: Sample # G1 had lateral dimensions of 9.5 by 5 

μm2 with a thickness of 50 nm, corresponding to a stack of 150 graphene layers. 

From the viewpoint of the electronic band structure this sample should therefore 

reflect the properties of graphite rather than the features of graphene [4,5]. 

Unless stated otherwise, all data discussed within this chapter refer to # G1. For 

comparison, a second sample, # G2, was analyzed with lateral dimensions of 8.5 

by 9 μm2 and a thickness of 25 nm, corresponding to 75 graphene layers. The 

sample thicknesses were determined by atomic force microscopy after 

performing the transport measurements. The contacted samples were fixed on a 

holder on the cold finger of a flow cryostat (MicroStat, Oxford Instruments, UK) 

with a maximum temperature range from 4.2 K to 400 K. Electrical connections 

were obtained by wirebonds between the sample and the holder, and with 

triaxial cables between the cryostat and all external devices. The current source, 
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Keithley 6221, was operated at a level of 50 μA while voltages were measured 

with a Keithley 2400 source meter. To allow for interchanging the current- and 

the voltage probes according to the van der Pauw method, we employed a 

grounded and shielded, manually operated switchbox, taking care that the 

current source was set to zero during the switching steps. 

Magnetic fields, oriented parallel to the c-axis of the graphite samples, were 

generated with an electromagnet, type Bruker B-E 15 v. The relationship 

between the coil current and the resulting field at the sample position was 

calibrated with a Hall sensor, LakeShore HGT-2010, revealing field strengths up 

to a maximum of 2.07 Tesla. In the geometry with B parallel to the c-axis of the 

graphite flakes, we measured resistivities (transverse magnetoresistance) and 

Hall voltages for temperatures between 77 K and 300 K (# G1), and between 

4.2 K and 400 K (# G2). Furthermore, magnetotransport studies were 

performed with several angles θ between the B field and the c-axis to evaluate 

whether there is also a noticeable longitudinal contribution to the 

magnetoresistance.  

6.3 Results 

6.3.1 Colossal positive magnetoresistance 

As shown in Figure 6-2, the in-plane room temperature resistivity of the 

graphite flake is 40 μΩcm. This is by a factor of 20 smaller than literature values 

for bulk samples of graphite. Therefore, the resistivity of these small-volume 

samples appears to be intrinsic and not dominated by grain-boundary 

contributions. Although the temperature dependence of the zero-field resistivity 

(insert of Figure 6-2) is apparently thermally activated, it cannot be easily 

described by an Arrhenius law or hopping models in two or three dimensions. 

Refinements, taking into account temperature-dependent pre-factors, do also 

not allow bringing the experimental data in agreement with theoretical models. 

However, an empirical expression, which will further be addressed in the section 

about the Hall effect, is in very good agreement with the data: 
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Figure 6-2. Magnetoresistance behavior of sample # G1 at selected temperatures between 

77 K and 300 K. The magnetic field is oriented parallel to the c axis. The zero field 

resistivity is given in the insert with the solid line corresponding to the fit function 

described in the text. 

For the fit parameters, we obtain the numerical values ρ (T→0) = 66.8 μΩcm 

and α = 2.42 ∙ 10-3 K-1 with R2 = 0.98 (R2 is the coefficient of determination). 

Applying the same function to sample # G2 gave ρ (T→0) = 93.1 μΩcm and α = 

1.98 ∙ 10-3 K-1 with R2 = 0.91. The magnetoresistance behavior of sample # G2 

is plotted in Figure 6-3 along with the temperature dependence of its zero field 

resistivity, insert of Figure 6-3. 
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Figure 6-3. Magnetoresistance behavior of sample # G2 at selected temperatures between 

5 K and 400 K. The zero field resistivity is given in the insert. 

The positive magnetoresistance (PMR) becomes very pronounced already at 

room temperature and in moderate fields. For a quantitative description we 

define a PMR ratio as follows: 
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In a field of 2 Tesla, the PMR of sample # G1 exceeds 100 % at 300 K and 200 

% at 77 K and the magnitude of the effect as such is in good agreement with 

the work by Barzola-Quiquia et al. 234. A comparison of the most important 

magnetoresistance data for samples # G1 and G2 is given in Table 6-2. Note 

that in comparison to pure metals, the PMR is substantial and easily measurable, 

it occurs already at room temperature, and the magnetic-field scale is moderate 

albeit not yet sufficiently low for applications related to the readout of 

magnetically stored data. 
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Sample G1 G2 

Thickness (nm) 50 25 

ρ0 (300 K) Ωm 4.01 x 10-7  5.70 x 10-7  

PMR (300 K, 2.06 T) % 130 83 

ρ0 (77 K) Ωm 5.67 x 10-7  8.43 x 10-7  

PMR (77 K, 2.06 T) % 235 108 

Table 6-2. Summary of most important magnetoresistance results for sample # G1 and G2 

Next, we analyzed the field dependence of the PMR magnitude for the different 

temperatures under study. Metallic-like conductors fulfill the classical Kohler rule 
241, stating that the relative resistivity increase is a universal function of the ratio 

between the magnetic field B and the zero-field resistivity, equation (6.3). This 

originates from the fact that, under the influence of a magnetic field, the charge 

carriers will move on fragments of Landau circles rather than along straight 

lines. In turn, this reduces their effective mean free path. 

In non-magnetic, clean metals and small magnetic fields, the function f is strictly 

quadratic in B, resulting in a more specific representation of Kohler’s rule 

(equation (6.4)): 
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A scaling in the sense of equation (6.4) should collapse all ρ(B,T) data on one 

single curve. Representing the data given in Figure 6-2 according to equation 

(6.4) results in the magnetoresistance traces shown in Figure 6-4: Noteworthy, 

this scaling deviates from 2B∝Δρ  , which holds in nonmagnetic, metallic 

conductors, and follows rather a power law relationship βρ B∝Δ with a weakly 

temperature dependent exponent β, ranging from 1.51 (77 K) to 1.72 (300 K). 
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The reliability coefficients for all these temperatures are above R2 = 0.99. Also, 

there is a systematic displacement along the ∆ρ∙ρ0 axis, which can be 

understood if the density of the charge carriers itself is temperature dependent. 

This aspect will be further addressed in the section below that deals with the 

Hall-effect measurements. Certain deviations from Kohler’s rule have actually 

been reported for many metal-like materials, including layered organic metals 
242 and cuprate superconductors in their normal state 243. 

 

Figure 6-4. Magnetoresistance behavior of sample # G1 plotted according to Kohler’s rule 

for metals. There is a systematic, temperature-dependent displacement along the Y-axis 

and the fitted slopes (ranging from 1.5 to 1.7) are smaller than the expected B2 

dependence. 

The fact that β < 2 may possibly be interpreted in terms of the presence of 

correlated magnetic impurities or other local magnetic moments. At least in the 

ferromagnetic CMR materials, the magnetoresistance is known to be linear in the 

magnetic field (β = 1) as long as the magnetization is below the saturation limit 
238. In our case, the impurity concentration of the HOPG samples is below 10 

ppm, according to the supplier, which sets a maximum on the concentration of 

(magnetic) atoms or ions. A careful analysis by x-ray photoemission 
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spectroscopy gave a negative result with respect to the presence of iron or other 

magnetic impurities. Although the concentration of 10 ppm is low in absolute 

terms, the average distance between these dopants or impurities would 

correspond to 200 nm, meaning that scattering centers cannot be ignored. 

Irrespective of whether there are magnetic ions in the graphite lattice (e.g. in an 

intercalated way) ferromagnetic moments have also been reported in nominally 

iron-free HOPG samples and were attributed to topological defects or electron-

electron correlations 244. The recently discovered ferromagnetism of hydrogen 

vacancies in graphane, see ref. 245, should be negligible in our samples due to 

the almost bulk character of the graphite flakes as compared to few-layer 

graphene. SQUID (Superconducting Quantum Interference Device) 

measurements, performed at K.U.Leuven (Belgium), have shown that the HOPG 

crystals do contain magnetic moments, albeit in very low concentrations. After 

correction for diamagnetic background, the magnetization curves, presented in 

Figure 6-5, show a small hysteresis, hinting to the presence of ferromagnetic 

moments. 

 

Figure 6-5. SQUID measurements on HOPG sample. Magnetization was measured parallel 

(left) and perpendicular (right) to the graphite sheets. Data were corrected for 

diamagnetism. 

In order to check whether there is also a longitudinal magnetoresistive effect 

(field oriented in plane with the graphene sheets), we studied the 

magnetoresistance for several angles θ between the field direction and the c-

axis of the graphite flakes. These measurements, illustrated in Figure 6-6, were 

performed at 300 K in the maximum available field of 2.07 Tesla. There is no 
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measurable effect of the in-plane components of the magnetic field and the PMR 

is maximal when B is parallel to the c-axis of the flakes. This behavior is similar 

to other quasi two-dimensional materials such as the high-temperature 

superconductors 246. The relevant field component is the component parallel to 

the c-axis of the graphene sheets, which can be expressed by the following 

scaling relation between the PMR amplitude and the angle θ: 

 ( , ) ( 0) ( ) cosB B B βρ θ ρ ρ θ= = + Δ ⋅  (6.5) 

Note that the curves presented in Figure 6-6 have no free fitting parameters, the 

only input data are ρ (2.07 T, θ = 90°) ≈ ρ (0 T) = 40.2 μΩcm and ρ (2.07 T, θ 

= 0°) = 83.6 μΩcm. The dashed line, obtained with β = 2 (non-magnetic 

materials) is already in good agreement with the data. An improved 

correspondence is obtained with β = 1.7, consistent with the results in Figure 

6-4. 

 

Figure 6-6. Magnetoresistance behavior of sample # G1 plotted at a fixed temperature and 

magnetic field for various angles between the field direction and the graphene sheets. The 

fit curves show that the perpendicular field component is responsible for the PMR effect. 
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6.3.2 Hall effect- and mobility study 

Based on the van der Pauw measurements, we extracted also the temperature 

and field dependence of the Hall voltage, which is used as an input parameter 

for the determination of charge-carrier concentrations and mobilities. Since the 

van der Pauw scheme is more susceptible to potential geometrical and electronic 

errors than a Hall-bar configuration, we first verified the linearity of the Hall 

signal with respect to the magnetic field and the current at 300 K. As shown in 

Figure 6-7, both linearities are fulfilled, giving confidence in the reliability of the 

consecutively performed low-temperature measurements.  From the sign of the 

Hall voltage UH, we conclude that the dominant charge carriers are p-type. 

 

Figure 6-7. The Hall voltage at 300 K increases strictly linearly with the applied magnetic 

field and varies proportional to the measuring current. 

The relationship between the Hall coefficient RH, the Hall voltage UH, the current 

I, and the sample thickness d and carrier concentration n is given by: 
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 (6.6) 



123 
 

Here, we assume a one-band model with p-type carriers only and e represents a 

positive elemental charge. For a field B = 2.0 T, the given sample thickness d = 

50 nm, and the three different currents (10 μA, 30 μA, and 50 μA), we obtain RH 

= 3.5 (± 0.2) ∙ 10-8 m3/C. This corresponds to a carrier density n = 1.7 (± 0.1) ∙ 

1026 holes per m3. The concentration of carbon atoms in single-crystalline 

graphite is 1.13 ∙ 1029 per m3 and therefore we have an approximate ratio of 1 

mobile charge carrier per 660 carbon atoms. According to the semi metallic 

behavior of graphite, a more refined analysis can be based on a two-band model 

with p- and n-type carriers 45. However, this is less straightforward because it 

requires the mobility ratio between p- and n-type carriers as an additional, 

unknown parameter. 

In the following, we studied the field dependence of the Hall voltage also for 

selected temperatures between 77 K and 300 K, see Figure 6-8. The current in 

these measurements was always set to 50 μA. Above 1 Tesla, there is a clear 

downward bend of the UH (B) curves, which cannot be explained within the one-

band model. Moreover, this is in contrast to earlier Hall studies on graphite by 

Kopelevich et al., where an upward bent of the Hall-voltage traces was observed 

and explained by a field-induced exciton-pairing mechanism 247. A control 

experiment on sample # G2 has confirmed the downward bent: the initial slope 

of the UH (B) traces at 300 K was also positive, but UH even became zero around 

1.5 T and turned out to have a negative sign for higher fields, see Figure 6-9. 
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Figure 6-8. Hall voltage versus magnetic field of sample # G1 for selected temperatures 

between 77 K and 300 K. For fields above 1 T there is a deviation from linear behavior, 

suggesting the presence of anomalous contributions. 

 

Figure 6-9. Hall voltage versus magnetic field of sample # G2 for selected temperatures 

between 77 K and 400 K. The Hall voltage is positive at lower fields but changes to 

negative values for higher fields. The magnetic field linked to this change is temperature 

dependent. 
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There are three possible explanations, but the given data set with its limited 

field- and temperature range does not yet allow to come to a clear conclusion: i) 

Signatures of the quantum-Hall effect are one possibility, but quantum 

oscillations in graphite and few-layer graphene have until now only been 

observed for temperatures below 50 K and 2 Tesla is an unusually low field scale 
107,248,249. ii) One may also infer a compensated Hall effect with a contribution by 

electron-type carriers: the nonlinear behavior could then indeed be caused by a 

field-dependent ratio between the hole- and electron mobilities. Compensation 

effects can therefore bring about apparent changes from hole- to electron type 

carriers 250. iii) Finally, there is an anomalous Hall effect in magnetic metals and 

oxides with a superposition of the ordinary Hall effect and scattering 

mechanisms related to the magnetic moments of the samples, see e.g. 251 and 

references therein. As mentioned above, HOPG graphite is known to contain 

magnetic moments 244 which was also confirmed by the SQUID measurements. 

However, their concentration is by orders of magnitude lower than for example 

in iron or in manganese based perovskites. Therefore, also the validity of this 

explanation is unclear and further studies are required to pinpoint the precise 

origin of the non-linear UH (B) behavior in higher magnetic fields. 

To evaluate the temperature dependence of the charge-carrier density and 

mobility (of sample G1), we limit the data analysis to the low-field regime and 

calculated n based on the initial slopes of the UH (B) traces presented in Figure 

6-8. The carrier concentrations are given in Figure 6-10 and reveal a sublinear 

increase with temperature, in agreement with the half-metallic character of 

graphite. The existence of a bandgap cannot be excluded, but the characteristic 

energy scale, if any, cannot be extracted from these data. At most, we can 

conclude that the temperature dependence of n follows approximately a scaling 

proportional to the square root of temperature. From the zero-field resistivities 

ρ0 and the carrier densities, we finally derived the carrier mobilities by using the 

formula: 
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The mobility values μ are also given in Figure 6-10 and μ should be independent 

of the absolute carrier concentrations. The carrier concentration and mobility for 
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both samples are listed in Table 6-3. In a material such as graphite with a low 

absolute charge-carrier concentration, possible interactions between charge 

carriers can in good approximation be neglected. 

Sample G1 G2 

Thickness (nm) 50 25 

n (300 K) cm-3 1.75 x 1020  6.03 x 1020  

µ (300 K) cm2/Vs 891  180  

n (77 K) cm-3 8.28 x1019  3.06 x1020  

µ (77 K) cm2/Vs 1329  239  

Table 6-3. Comparison of carrier density and mobility in samples #G1 and G2 

Since μ is related to the charge, effective mass m, and scattering time τ, one 

can derive a temperature dependence based on Matthiessen’s rule for 

superimposed scattering mechanisms. 

The scattering due to impurities and grain boundaries has a temperature 

independent value τ0 and scattering due to phonons follows a scaling according 

to τ1 ~ T-1. The effective scattering time follows the relationship 1/τ = 1/τ0 + 

1/τ1. Using this relationship and equation (6.7), the mobility can be described as 

follows: 

 1

1

0
1

e
m

τμ τ
τ

= ⋅
+

 (6.8). 

If we define the temperature dependence of τ1 as τ1 = A/T, with A an unknown 

constant, equation (6.8) can be rewritten as: 
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Multiplication of equation (6.9) with τ0 gives: 
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With 0( 0) eµ T m τ→ = ⋅ and 0
A

τ γ= , the temperature dependence of the 

mobility should be given by the expression: 
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 (6.11) 

With the parameters μ(T → 0) = 1566 cm2/Vs (± 96 cm2/Vs) and γ = 2.8 ∙ 10-3 

K-1 (± 0.6 ∙10-3 K-1) we obtain indeed a nice correspondence with the 

experimental data, as illustrated in Figure 6-10. The R2 value of the calculated 

curve is 0.93. The absolute mobility values, at room temperature as well as in 

the low-temperature limit, are high when compared to metals and similar to 

electronic grade silicon. For comparison, in few-layer graphene sheets with a 

suitable gate voltage, values up to 6∙104 cm2/Vs have been reported at a 

temperature of 4 K 1. The current record value is 2∙105 cm2/Vs at 5 K in gated 

single-layer graphene sheets, which were suspended to exclude any disturbing 

influence from an underlying material 47. 
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Figure 6-10. Temperature dependence of the charge-carrier density n (triangles, left scale) 

and the charge-carrier mobility μ (squares, right scale), derived in the limit of low 

magnetic fields B → 0.  The solid line for the mobility scaling was calculated using equation 

(6.7). 

Although the value  μ(T → 0) ≈ 1566 cm2/Vs is reduced with respect to gated 

few- or single-layer graphene, the mean free path is in the order of 100 nm to 1 

μm, which suggests a ballistic charge transport. Here, we have assumed that the 

carrier mass is in the order of the free-electron mass and that the carrier speed 

is in the range 105 – 106 m/s. The mean free path of 200 nm, estimated on the 

basis of the maximum impurity concentration in section 6.3.1, fits excellently 

within the margins obtained from the mobility analysis. The temperature 

dependence of the mobility, given by equation (6.11), suggests that the 

resistivity increases with increasing temperature. This is obviously not the case 

(see insert of Figure 6-2) because the temperature-induced rise of the charge-

carrier density overcompensates the diminishing mobility. An improved 

description of the experimentally observed resistivity decrease with increasing 

temperature requires therefore mainly an in-depth understanding of the 

temperature dependence of the charge-carrier density. 

As we have determined the charge carrier concentration, it is possible to plot 

Kohler’s rule taking into account the temperature-dependent carrier 
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concentration. First we will deduce the relation between magnetoresistance and 

carrier concentration. Magnetoresistance can be expressed as: 

 2 21
24 c

ρ τ ω
ρ
Δ

=  (6.12) 

with τ, the scattering time, and ωc, the cyclotron frequency, given by 
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If we plug equations (6.13) and (6.14) into equation (6.12), we get 
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This means that the presentation of the Kohler rule in equation (6.4) can be 

rewritten as 

 2 2
0 n Bρ ρΔ ⋅ ⋅ ∝  (6.16) 

If we now plot the data from Figure 6-2 according to equation (6.16), we see 

that the magnetoresistance traces ρ(B,T) collapse to one single line as expected, 

see Figure 6-11. 



130 
 

 

Figure 6-11. Magnetoresistance behavior from sample #G1 plotted according to Kohler’s 

rule taking into account the temperature dependence of n. The temperature-dependent 

displacement of Figure 6-4 is canceled out. 

6.4 Conclusion 

We have analyzed the resistivity and Hall effect of ultrathin stacks of graphite 

and found that the resistivity increases markedly at fields below the 1 Tesla 

range. The resistance has a non-linear (close to quadratic, β ≈ 1.6 ± 0.1) 

response with respect to the applied field. In order to obtain linearized field-

response characteristics, for example to develop magnetic-field sensors, it 

appears recommendable to induce intentionally ferromagnetic dopants or other 

ferromagnetic correlations associated with specific adsorbates or topological 

defects. The creation of carbon vacancies by irradiation with high-energetic ions 

is therefore a promising route to create magnetic moments with a controlled 

concentration 252,253.  

We have found that the positive magnetoresistance (PMR) in ultrathin graphite 

flakes follows Kohler’s rule with the side condition that the charge-carrier density 

is temperature dependent. The surprisingly strong PMR amplitude is related to 
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the fact that the mean free path, in the order of 100 nm or more, is in the same 

range as the radius of Landau circles. The temperature dependence of the 

charge-carrier mobility can be understood in terms of scattering at impurities 

and thermal excitations. In order to determine the charge carrier density, we 

focused on the low-field limit, where there is a linear relationship between the 

applied field and the resulting Hall voltage. At higher field, the Hall effect shows 

anomalous features, which can possibly originate from compensation effects 

(superposition of hole- and electron carriers) or localized magnetic moments. 
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Chapter  7  

Conclusion and outlook 

In order to investigate the potential of graphene-based materials and 

amorphous carbon as DNA sensor platforms, functionalization experiments were 

carried out on different types of material. Each functionalization route tested 

here, aimed to bind DNA strands to a specific target. First steps were taken to 

investigate another aspect of DNA sensors namely the readout of a sensing 

event. Ultrathin graphite flakes were electronically characterized to improve the 

understanding and development of future sensors with electronic readout. 

Furthermore, a provisional DNA sensor, based on amorphous carbon structures, 

was developed. 

All the functionalization routes that were tested here, made use of EDC coupling 

as it is an efficient and relatively easy way to covalently bind amino-modified 

DNA to the carboxylic acid group of specific linker molecules. However, each 

functionalization target requires a suited linker molecule and the key point of the 

functionalization work in this thesis was the attachment of specific linker 

molecules that allowed the EDC-mediated coupling. 

CNW, consisting of vertically oriented stacks of 4-6 graphene sheets, show great 

potential as selective and reusable binding platforms for DNA. They were 

functionalized with DNA via a fatty acid linker molecule, which was 

photochemically attached. This method acted upon the hydrogen-terminated 

edges of the CNW as well as defect sites. Fluorescence microscopy proved that 

the functionalization was successful and that is was possible to differentiate, in 

hybridization experiments, between fully complementary and single mismatched 

target DNA. As it concerned one mismatch in a total of 29 nucleotides, one can 

conclude that the system shows a high selectivity. Reusability of the system was 

demonstrated by repeating 10 denaturation-rehybridization cycles. 

Another aim was to functionalize the basal plane of graphene and thin graphite 

flakes with DNA strands. This allows to work with individual flakes and should 

increase the amount of bonded DNA per mass of graphene-based material. First, 
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a non-covalent binding method was tested with the goal to functionalize 

graphene without losing its excellent conducting properties. For this purpose, 

pyrene-like linker molecules were allowed to interact with flake surfaces through 

π-π stacking. However, after the necessary washing steps, no clear evidence for 

the presence of the linker nor DNA could be found by fluorescence microscopy, 

fluorescence spectroscopy or XPS. Although literature exists where this method 

was successfully used on CNT and graphene, results obtained in this thesis 

indicate that this method is not suited for the non-covalent attachment of DNA 

to the basal plane of graphene and graphite. It is thought that the non-covalent 

coupling is not strong enough to withstand even mild washing steps. Non-

covalent binding on graphene surfaces described in literature only served to 

improve the solubility of the graphene. The presence of the non-covalently 

attached species after rinsing was not detected nor required in experiments 

described in literature. 

Since the non-covalent binding method failed, efforts were made to covalently 

functionalize the basal plane of graphene and graphite surfaces. For this 

purpose, diazonium salts were used as linker molecules. Functionalized samples 

were characterized with Raman spectroscopy, as this method allows the 

investigation of individual preselected flakes. Furthermore, this method is 

sensitive to changes in the graphene structure meaning that covalent coupling, 

accompanied by the conversion of sp2 carbon into sp3 carbon, can be detected 

as such. The Raman results indicated that at least a part of the diazonium linker 

was covalently bonded because a defect related D peak appeared in most 

functionalized samples. Another part was merely physisorbed, giving rise to a 

range Raman peaks that disappeared after thorough rinsing of the samples. 

Unfortunately, the presence of bonded DNA could not be unambiguously 

detected since there was no real difference in Raman spectra of positive and 

EDC-negative reference samples. However, based upon functionalization 

experiments with diazonium and DNA on diamond and amorphous carbon 

samples, it is believed that DNA is present, possibly in very low amounts, but 

stays undetected by the Raman spectroscopy. It can be concluded that the 

diazonium route works on graphene surfaces but its efficiency still needs 

improvement and it is also highly desirable to prove the presence of bonded 
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DNA strands on the graphene surface.  A suggestion for the future would be to 

use DNA strands modified with a label that is easily detectable by Raman 

spectroscopy. Another idea would be to use surface enhanced Raman 

spectroscopy (SERS) to improve sensitivity. The use of other characterization 

techniques like AFM and XPS should also help in understanding the reaction. 

Furthermore, the synthesis of the homemade diazonium salt should also be 

optimized for future work as this is not the case at the time of writing. 

The functionalization routes were also successfully applied to amorphous carbon 

structures and a provisional DNA sensor was developed. The structures were 

composed of a solid core and a nanostructured outer layer, resulting in a huge 

surface area available for functionalization. Confocal fluorescence microscopy 

has demonstrated that the amorphous carbon structures were successfully 

functionalized with DNA strands via both the fatty acid and the diazonium route. 

The potential use in DNA sensors was further investigated by measuring the 

electrical resistance over the structures before and after DNA binding. Their 

potential as DNA sensor platforms was shown by a 40 % difference in resistance 

change after DNA binding between EDC-positive samples and EDC-negative 

references. A comparison with bulk structures, lacking the nanostructured outer 

layer, emphasized the importance of the nanostructured layer as the bulk 

structures did not show a difference in resistance change. A drawback of the 

system is the fact that the resistance increased for all sample types, including 

EDC-negative samples where no DNA is bonded. The amount of the increase in 

resistance however, is dependent on DNA binding. Elimination of this basic 

increase should improve sensor capabilities and facilitate the understanding of 

the sensing processes. Therefore, future work should investigate the origin of 

the resistance increase and try to eliminate it. A possible explanation for the 

resistance increase is the damaging of the carbon-substrate contact. If this turns 

out to be the case, the development of more robust structures could improve 

this shortcoming. Future work should also explore the effect of DNA 

hybridization and denaturation events on the electrical resistance. If the 

structures prove to be sensitive for these events, it becomes possible to perform 

selectivity and reusability tests. 
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As the development of graphene/graphite based DNA sensors with electrical 

readout require insight into the electronic properties of these materials, first 

steps were taken in this direction by the electronic characterization of ultrathin 

graphite flakes. This electronic characterization was achieved by depositing 

electrical contacts, in a van der Pauw configuration, on individual flakes using e-

beam lithography. Resistivity was inversely related to temperature and the 

samples showed a sheet resistivity of only 40 – 55 µΩcm at room temperature. 

A giant positive magnetoresistance behavior was found in magnetic fields as low 

as 2.06 T. At 300 K, a magnetoresistance effect of 130 % was observed. 

Furthermore, investigation of the field dependence of the Hall voltage showed an 

initial linear increase followed by a downward bent as the magnetic field 

increased. This downward bent in the Hall voltage field dependence could be 

explained by a combination of the presence of magnetic moments in the 

samples and a field-dependent ratio of hole and electron carrier mobilities. The 

charge carrier density and mobility were also determined. Although lower than 

for true graphene, charge carrier mobilities found in this thesis were still very 

high (1329 cm2/Vs at 77 K and n= 8.28 x1019 cm-3). These results 

contribute to the comprehension of the electronic properties of graphene-based 

materials and confirm the statements about the exceptional nature of graphene 

and related materials. Suggestions for the future continuation of this aspect of 

the thesis would be to study the electronic properties of these flakes in the 

presence of gate voltages. Finally, the ultimate goal for the future should be the 

combination of functionalization and electronic measurements on graphene 

layers. Investigation of the effect of DNA binding and DNA hybridization on the 

electronic properties of graphene would be a huge step forward in the 

development of graphene-based DNA sensors.  
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