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Title: Outstanding properties of epitaxial graphene grown from 

silicon carbide substrate  
 
Abstract 
 
 In this thesis a study of outstanding properties of epitaxial graphene on SiC were 

carried out involving Raman spectroscopy, AFM, UFM, XPS, Photoelectric effect and 

electrical resistivity. 

 
 Epitaxial graphene was grown from a semi-insulating on-axis 6H (000-1) or 4H-SiC 

(000-1) substrate. Epitaxial growth is based on Si atoms sublimation from the SiC substrate 

bulk. We used the basics of epitaxial graphene growth; however small details were changed. 

This allowed the growth of various layers, new features and new properties.  

 
 X-ray photoelectron spectroscopy ‘‘XPS’’ was used to identify the different 

components forming within the graphene – substrate system. The graphene layer number is 

evidenced by XPS. Atoms percentages in the grown graphene layer were determined. 

Furthermore, the oxidation of the graphene layers was clearly distinguished. 

 
 Atomic force microscopy “AFM” was carried out to study the topography response of 

the graphene sample. This distinguishes any morphological changes of the graphene layer. 

The size, orientation and regularity of the layers terraces were determined. For the first time, 

new features such as: island, bubbles and domes of graphene layers were identified. The 

nature of these features was determined using ultra force microscopy “UFM”.  

 
 High-resolution micro-Raman (Jobin Yvon HR LabRAM) was employed to illustrate 

all the revealed properties. Nonetheless, it illustrates the doping, defects, disorder, number of 

layers and phonon-plasmon coupling of epitaxial graphene. These properties were carefully 

demonstrated based on local Raman mapping. 

 

 The findings of these investigations indicate the formation of various types of epitaxial 

graphene layers. These latest could have various forms with new electrical properties. This 

was illustrated using a comparative study to mechanical properties of epitaxial graphene 

island. In fact, new charge distribution was found across these features. These findings also 

differs from other electrical properties found in flat graphene layers. These latest shows 
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electroneutrality of charge distribution between graphene – SiC substrate. Here, Phonons- 

plasmons coupling in epitaxial graphene – SiC substrate system were illustrated. On other 

hand, epitaxial graphene properties were not limited to the graphene layers flatness. In fact, 

new photoresponse of epitaxial graphene under violet light was revealed. Here, photo 

resistance increase during to epitaxial graphene morphology. 
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Introduction 
 

 Nano materials are captivating from the fundamental point of view. Particularly, 

graphene ranks highly as a promising material. Graphene has exceptional electron transport 

properties such as the "pseudo-relativistic" nature of quasi-particles near the Fermi level. Its 

quantum effects or those related to the object surface may dominate the system behavior. This 

affects its physical, optical, electrical and mechanical properties. Graphene appears as a 

material of choice for future electronic and optic applications, including conventional 

components such as high frequency analogue devices, and devices in emerging fields such as 

spintronics, terahertz oscillators, and single-molecule gas sensors [1].  

 In this frame comes our research. From theoretical point of view graphene was already 

known since 1947 via PR Wallace studies [1]. However, its growth dates from 2004. This was 

based mainly on two methods: graphite exfoliation and graphitization of silicon carbide 

crystal (SiC). A third method, Chemical vapor deposition (CVD), was developed later in 2007. 

These approaches have revealed the fundamental aspects of this material. Our work, 

beginning immediately after the first experimental achievements, had a goal of probing 

epitaxial graphene properties changes under specific conditions. This is based on a 

comparative study to ideal graphene properties and ordinary epitaxial graphene. This may 

open door for future applications.  

  The present manuscript consists of five chapters. The first is a general introduction to 

epitaxial graphene. We present the different physical properties of epitaxial graphene. We 

also recalled the polarity effect on the grown epitaxial graphene from silicon carbide substrate.  

 In the second chapter, we will detail the main surface characterization techniques used 

in this thesis. These characterization techniques are mainly: conventional optical microscopy, 

Raman spectroscopy, Atomic Force Microscopy "AFM", Ultrasonic Force Microscopy 

"UFM". On other hands, we present photo-effect.  Through some theoretical background, we 

will see their relevance, and highlight their potency and limitations in relation to the 

magnitude of the layer of graphene (≈ A °, which is of the order of the size of a carbon atom). 

Indeed, the information provided to the carbon planes of the characterization in terms of 

numbers, shapes and dimensions. 

 For the third chapter, we will be interested in Raman spectroscopy. Indeed, Raman 

spectroscopy remains a powerful tool for rapid and non-destructive characterization of 

different materials such as silicon carbide. In particular, this characterization technique 

ensured the analysis of the different properties of graphene as: defects, the number of layers, 
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the stress effect. Particularly, we will show the relevance of this technique in distinguishing 

epitaxial graphene properties. Indeed, based on Raman mappings, we located for the first time 

epitaxial graphene layers. We identified the change of mechanical or electrical properties 

associated to localisation of epitaxial graphene.  

 In the fourth chapter, we recall the basic concepts of plasma physics in the solid state 

and explain their role in the creation of capacity effect to graphene - substrate interface. We 

present some characteristics of plasma in the solid state such as the plasma frequency and the 

dielectric constant. Principally, we studied the inelastic scattering of light by plasmas in 

semiconductors. We investigate phonon - plasmon coupling in graphene - silicon carbide 

"SiC" substrate interface. Indeed, we revealed a new non destructive technique in determining 

the density of charge. 

 In the fifth chapter, for the first time, we discussed new photo responses in epitaxial 

graphene grown on 6H-SiC face terminated carbon (6H-SiC (000-1)). We have examined 

epitaxial graphene photoresistance light illumination. We specify the particular wavelength 

inducing new photoresponse such as; photovoltage and photo resistance. We argue the 

localised new photoresponse using a wide range of measurement techniques were used: X-ray 

photoelectron spectrometry, atomic force microscopy, Raman spectroscopy, and magneto-

photoresistance decay analyses. Also, we investigated magnetic effect to demonstrate our 

found. 
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I. Introduction  
 
 Carbon "C" is a chemical element with atomic number Z (Z = 6). In the ground state, 

the electronic configuration of its electrons is written C = 1s2 2s2 2p2. The electrons of an 

atom are distributed in different orbital according to an increasing energy order, first filling 

the low energy orbital. The valence electrons of carbon are located around a nucleus on two 

quantum levels (n = 2). The two electrons of the 1s state are formed with the nucleus of the 

carbon atom. The electronic structure of the last energy level of the carbon atom comprises 

two electrons paired on the 2s level and two single electrons on the 2p level. The electron of 

the orbital p may have different orientations, in all directions of space. The orbital p can take 

three different directions correspond respectively to m = -1, 0, +1, where we denote the axis 

of these three orientations in the space Px, Py, Pz. 

 In the presence of numerous carbon atoms, the initial wave functions combine linearly 

and form hybrid orbital. These orbital differ from those of an isolated carbon atom. Indeed, 

the four valence electrons form four covalent bonds one bond σ and three bonds Π with the 

nearest carbon atoms [1]. This provides the carbon atoms structures of different dimensions 

having various physical and chemical properties. This gives rise to three types of 

hybridization defining a large family of crystals defined from the mixture of the wave 

functions of these four. These hybridizations are respectively sp1, sp2, sp3, defined by: 

 sp1: the 2s orbital mixes with one of a single 2p orbital (2px, 2py, 2pz). 

 sp2: the 2s orbital mixes with two 2p orbital (2px 2py, 2px 2pz, 2py 2pz). 

 sp3: the 2s orbital mixes with three 2p orbital. 

For graphene it is sp2 hybridization, where the orbital of the two atoms form four new sp2 

orbital [2]. Three of these orbital are arranged in trigonal way in the plane px, py forming in 

between an angle of 120 °. While the fourth link is oriented in the pz direction perpendicular 

to the plane px, py (Figure 1).  
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Figure 1: Illustration of sp2 hybridization in graphene involving an s orbital with Px and Py 

orbital [2]. 

 In this chapter, we describe the structural, optical and electrical properties of epitaxial 

graphene as well as its applications. 

 
II- Fundamental properties of graphene 

 
 Graphene is the latest allotropes of the carbon family "C" [3]. It is a single graphite 

plane, where the carbon atoms are arranged in a honeycomb latices (Figure 2). Graphene is 

characterized with specific structural and electronic properties. It presnts the only two-

dimensional form of carbon allotropes. In fact, the existence of two-dimensional crystals 

contradicts with the harmonic approximation defined at a temperature '' T '' greater than 

absolute zero given the destruction of order at great distances by thermal fluctuations. Thus, 

all two-dimensional system is thermodynamically unstable. This assumption verified by 

Landau and Peirls shows that ideal graphene can not exist [4, 5]. Actually, the existence of a 

two-dimensional system requires a three-dimensional space. This last could exist based on the 

undulation of the graphene layer as well as the substrates underneath which both provide a 

stability to the structural. This condition is experimentally verified by graphene which 

justifies its existence.  

 
Figure 2: Graphene layer structure [3].  

 II-1- Crystal structure  

 The graphene Bravais lattice is hexagonal. The carbon atoms occupy the top of regular 

hexagons. This network is formed by both A and B carbon atoms per unit cell. This could be 

considered as a combination of two hexagonal sub arrays A and B forming a crystal 
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honeycomb structure (Figure 3-a). The unit cell vectors are given by Equation (1.1). The 

distance separating two successive carbon atoms "a" is in the range of 1.42A ° (a≈1.42A °). 

Graphene lattice parameter equals. The vectors connecting an A atom with its three nearest 

neighbor atoms B are given by equation (1.2). 
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2 21 
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Unit cell vectors of the reciprocal network and can be determined by the relations: 
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Thus, the reciprocal lattice vectors are given by the following expressions: 
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                           (1.5) 

 
Vectors 1c


 and 2c


 define the first hexagonal Brillouin zone of reciprocal space. The two high 

symmetry points K and K’ have none equivalent wave vectors in the first Brillouin zone 

(Figure 3-b). 

 
 

Figure 3: a- The Bravais lattice, b- The first Brillouin zone of ideal graphene [6] . 

 
 II-2- Electronic Structure 

(a) 



 22 

 Carbon atoms forming graphene layer are sp2-hybridized. This ensures the cohesion of 

the graphene sheet in honeycomb structure. The orbitals are characterised with an angle of 

120 ° in the plane facing the first three nearest neighbors. They combined with those of 

neighboring sites to create the  σ (binding) and σ * (anti binding) bond respectively (see, 

figure 1). The fourth valence electron filled half  of pz orbital forming an angle of 90 ° with 

the graphene plane. The recovery of these pz orbitals form a Π and Π * bond which is weak 

comparing to σ bond (see, figure 2). These binding ‘’ Π and Π *’’ ensure the cohesion 

between the different sheets of graphene forming graphite and reflect the unique electronic 

properties of graphene. Although the Mermin-Wagner theorem shows the instability of two-

dimensional structures [7], stability of graphene is provided by medium corrugations of 1/2 

nanometers high by 5 nanometers in length. 

 One of the simple methods determining the band structure of graphene remains the 

tight-binding model. This approximation is based on the strong localization of the electron 

orbitals around atomic sites. The collection of electronic wave functions is adequate to correct 

to the representation of isolated atoms. However, this is still not enough to validate the atomic 

description. For graphene an accurate description could be determined using the field of 

energy. The Hamiltonian "H" of a total periodic crystal in the neighborhood of each node in 

the network is similar to that of a single atom "Hat". Thus, the bound levels of the atomic 

Hamiltonian are well located and the crystal of the Schrödinger equation is: 

 
)(   )()(   0 rkErH kkat                               (1.6) 

 

Taking in concern the orbital overlap corrections in the Hamiltonian expression, we obtain a 

new equation (1.7). These corrections affect the entire nuclear potential by checking the 

periodicity of the total potential of the crystal. Thus, the wave function " )(rk " must be small 

but non-zero [8] to check the Schrödinger equation of the atomic crystal given by: 

)(   )()(   rkErH kk                                       (1.7) 
 
To determine the electron dispersion relation in graphene, we need to take into account the 

contribution of the site atoms A as well as the site atoms B respectively. This neglecting 

recoveries between different orbitals and considering that atoms A and B atoms constituting 

graphene are similar (carbon atoms). Here, we limit our study to the first nearest neighbor. 

Thus, we neglect the contributions of the other terms defined from farest neighbor interaction. 

The jump parameter of carbon atom in site A (B) and its closest neighbors B (A) is equal to t 
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(R) = t = 2.8eV. However, the second and third nearest neighbors is t '=0.1ev and t"= 0.07ev 

respectively [9]. This define both of the bands of energy of the crystal expression given bellow: 

)
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3

cos()
2

cos(4)
2

(cos41)( 2
0 ak

a
k

a
ktEkE yxx 


                     (1.8) 

 

Wallace was the first to find this equation in 1947 as part of the study of the band structure of 

the graphite [10]. Figure 4 describe the band structure of graphene in the first Brilloiun area 

along the [Κ Κ' Γ M] directions. The particularity of graphene as given by equation (1.8) 

common in these bands Π and Π * that touch at K and K’, respectively, where a linear 

behavior of the dispersion equation was observed. This unique behavior makes graphene a 

semiconductor and semi-metal at the same time. Hence the name of zero-gap semiconductor 

was attributed to graphene [11-15].  

 
Figure 4: Graphene band structure.  

 

 Exceptional behaviour at the vicinity of K and K' 

For undoped graphene the Fermi level is located in the energy E = 0. The contact points 

between the Dirac cones are located on six points denoted K and K 'of the first Brillouin zone. 

All K points are physically equivalent since we can go from one point to another by a 

reciprocal lattice vector, which is also true for K ' [16]. Nevertheless, the only difference 

between these points K and K ' is the global term of phase which is involved in the 

)( kE
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Hamiltonian without changing the system properties. The bands of energy around these issues 

have a particular shape, where the points K and K' are appointed valleys due to the behavior 

of electrons around these points and that takes the name in English valleytronic. We define 

these two points K and K ' 
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The study of the system behavior near these points allows the determination of energy in the 

valleys. Due to the similarities of K and K’, we limit ourselves to the point K. Thus, the 

energy at this point is given by 
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The - (+) are assigned to the Π valence band (the conduction band Π *) assigned to the holes 

(electrons) band.  

 The pz orbital of graphene are half filled. These results in an energy band which can be 

completely empty or full. Thus, the Fermi surface becomes reducible by these two points in 

the first Brillouin zone. Here, the dispersion relation of electrons near the Fermi level can be 

given by a Taylor expansion of the first order and the energy is expressed in terms of the 

group velocity in the following form 

ta
p
EvF   

2
311







                                                                                         (1.12) 

Graphene is characterized by a different energy proportional p  to that of free electron 

which is proportional to p2 reflecting the peculiarity of graphene. This energy depends only on 

the norm of the vector ( k


( k


)). Thus, the Hamiltonian can be written 
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H                                (1.13) 

 
Here, a phase factor shift could be considered using pseudo-spin σ defined by σ = (σx, σy), 

where σx and σy are the Pauli matrices. We found correspondingly the Hamiltonian K of a 

massless Dirac fermions (which is also true for K‘) 

                                 )(  yyxxF kkhvH    ,                                (1.14) 
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                                 Where 
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The Hamiltonian expression is similar to that of relativistic massless fermions. Thus, the 

dispersion equation in the vicinity of K is 

kvkE F





  )(                                                     (1.15) 

Equation (1.15) shows spectra of linear energy around the points K and K’. This is very a 

unique behavior for graphene, where the relativistic kinetic energy is similar to a Dirac 

equation for mass less fermions. In fact, the expression of the relativistic kinetic energy is 

given by 42
0

22 cmcpE  , where E is the energy of a relativistic particle, particle mass m, p 

the momentum and c is the speed of light. For a massless particle the energy can be written E 

= ± pc, this equation is similar to (1.15). Thus, graphene quasi particle behaves as massless 

relativistic particle. The movement of electrons in graphene is described by the relativistic 

Dirac equation 

0   ),(  )( 2 

 trmcci
t

i                           (1.16) 

Where, the Fermi velocity of graphene is equal smcvF /10300/ 6 . This describes the 

spectrum of the quasi particles of graphene at the vicinity of the Fermi level in the Dirac cone. 

Hence, the electrons in graphene are characterized by different behavior from those in metals 

and semiconductors, where the energy spectrum is given by a parabolic dispersion relation 

(Figure 5). 
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Figure 5: Band structure of ideal graphene obtained by Tight-binding approximation: 

dispersion band of Π and Π * [6]. 

 Half-integer quantum Hall effect 

  
 Quantum Hall effect appears for two-dimensional electron gas under strong magnetic 

fields and low temperatures. Experimentally, it is the quantification of the Hall conductivity 

"σH" in integer multiple of the quantum of conductance. The bi-dimensional gas expression is 

given by equation (1.17), where e is the elementary charge and the degeneration of the system 

g (g = 2 to degeneration due to spin electrons). This effect arises from the Landau levels 

whose electron state density appears under the effect of a magnetic field applied 

perpendicularly to the gas of two-dimensional electrons. Generally, the energy spectrum of 

these levels is given by the equation (1.18), where c = e B = m pulse cyclotron. Here, B is the 

magnetic field, m corresponds to the electron mass m and n is an integer. 

h
genH

2
        (1.17) 

)
2
1(  nE cn   (1.18) 

 

For graphene the energy distribution of the Landau levels is different from that discussed 

previously (equation 1.19). We notice a variation in n and not in n for the energy of the 

Landau levels. This can induce a non-regular spacing of energy levels. Thanks to this 

peculiarity of the variation of the energy in n , there appears a linear dispersion in cone of 

Dirac. Moreover, we notice the appearance of a Landau level of zero energy (n = 0) signature 

of the electron chirality’s in graphene. These symmetry effects observed for the wave function 

induces the presence of a Berry phase. The latter, added to the accumulated phase on the 

cyclotron orbit of the electrons under the effect of a magnetic field. Thus, a half-shift in the 

distribution of the Landau levels takes place, inducing quantum Hall effect conductivity 

(equation 1.20). The graphene is characterized with a double degeneracy of the valleys 

respectively in K and K 'of the Fermi surface, such that g = 4, which is added to that of the 

electron spin. This shift in conductivity energy was experimentally illustrated by the teams of 

Manchester and Columbia, which called it the Hall integer hall effect [17-19]. This presents one 

of the important results of graphene. The experimental study of this phenomenon reveals 

various electronic properties of graphene. Indeed, exfoliated graphene measurements under 

high magnetic field validate the existence of such an abnormal quantum Hall effect [20, 21]. 
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neBvE Fn 2                      (1.19) 
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 II-3- Mechanical properties of graphene 

 
 Mono- and multilayer graphene have specific mechanical properties. However, to 

better understand these properties it is necessary to investigate the bulk material i. e. graphite. 

This latest represents infinity of graphene layers stoked along C axis. Mechanical properties 

of graphite were detailed by Kelly in 1981. It is characterized by strong C-C bond of 

dissociation energy equal to 348 kJ Mol-1. Graphite structure leads to unique mechanical 

properties, where the elastic constant in the direction perpendicular to the plane differs from 

the elastic constants along the basal plane. This was verified using the preliminary 

experimental studies conducted in 1960 and 1970. Similar mechanical properties were also 

found in other carbon allotropes such as graphene. Graphene seems to be one of the strongest 

materials ever tested. Measurements illustrate its tensile strength which is more than 100 

times greater than a steel film of the same thickness. On other hands, graphene elasticity 

modulus (stiffness) is about 1TPa (150 000 000 psi) [22].  

 

 II-4- Vibrational properties   

 
 Graphene band structure represents its dispersion curves along the high symmetry 

directions [Γ Μ Κ Γ] (Figure 6). These dispersions curves are theoretically and 

experimentally determined based on the inelastic scattering at different points in the first 

Brillouin zone and using infrared reflectivity. The vibration modes numbers is given 

by NrN t 3 . N corresponds to the number of cell in the crystal while r is assigned to the 

number of atoms per unit cell and 3r vibration branches. The primitive cell of the graphene is 

formed by two atoms A and B. Thus, the total number of branch is six where three are 

acoustic and the others are optical branches. These branches are separated into transversal and 

longitudinal depending on the orientation of the vibration that could be parallel (longitudinal) 

or perpendicular (transversal) to the direction of the atoms A and B. These vibration modes 

could be further divided according to the movement of the two sub-lattices.  
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Figure 6: Graphene dispersion relation curves showing the "LO, TO, TO, LA, TA and 

TA"[23]. 

The dispersion relation of phonon depends on the number of layers of graphene. The number 

of phonons branch is multiplied by increasing the number of layers. Indeed, theoretical studies 

have shown a doubling of branches for bilayer comparing to single layer graphene.  

 
 II-5- Photoeffect 

 
 Graphene’s high carrier mobility 24 and extensive optical absorption properties 23,25 

covering the wavelength regime from terahertz to ultraviolet are an advantage for nano-

electronics26, nonlinear optics, plasmonics 27,28 and resonators applications 29. Nevertheless, 

current optoelectronic graphene devices are orientated to considerate photocurrent mechanism 
30. Photocurrent enhanced due to hot carriers produced with an optical excitation to energy 

states far above the Fermi level. The excited hot carriers are significant due to their relaxation 

via acoustic phonons displaying a bottleneck effect, and through electron–electron scattering 

generating carrier multiplication which results in a strong decoupling between the electron 

and lattice temperature. Furthermore, photovoltaic response is also promising for upcoming 

applications.7 Photovoltaic effects may appear due to thermoelectric effect. These photo-

responses change under different factors such as the presence of a substrate, the sample 

geometry, the electrode materials and biasing. This reveals the main role of the present 

substrate “SiC and SiO2”, particularly for the ultra fast domain, i.e. terahertz and ultraviolet. 

Indeed, a delay appears between the collective behaviour and the photoelectric effect in the 

sited optical domains. Recently, suspended exfoliated graphene has ameliorated the 
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photoresponse ten-fold. However, no photo-responses have been reported so far not in ultra 

fast domain. Indeed, the main graphene photo-responses study has been estimated in the 

vicinity of the M point of energy 4.7 eV (λ ≈ 260 nm). To date this limitation has been 

counter-productive towards producing graphene photo-applications in the visible range. 

Nonetheless, light–matter interaction was widely investigated. Particularly, exfoliated, CVD 

graphene and practical applications require scalable approaches. Thus the majority of the 

interest was leaning to chemical vapor deposition (CVD) graphene for photo-detectors. 

Indeed, no previous examination addressed the use of epitaxial graphene. This is due to the 

mysterious photo-physics of epitaxial graphene. Mostly, the grain boundaries, random growth, 

impurities and the presence of the SiC substrate influence the mechanism of photo-responses 

and, photocurrent generation. This limits epitaxial graphene application for opto-photo-

electronic applications. On other hands, magnetic properties of epitaxial graphene are 

important. In combination with photo-effects, outstanding properties may appear. To date, 

there has been a lack of experimental work in this area. In fact, impurity-related lifetime 

degradation is investigated based on the correlation between photoresistance and the magnetic 

field. Thus, the associated electron recombination process may identify the local structural 

defects. We have investigated, for the first time, photo response of epitaxial graphene. This 

will be reported in detail in chapter 5. 

 
III- Epitaxial graphene 
 
 Since 1947, the preliminary theoretical studies of PR Wallace highlighted various 

properties of graphene. But, the discovery of the graphene growth method attracted more 

researchers to this material. The first prototypes were made by Geim team at Manchester 

University where they were able to isolate exfoliated graphene layer using micromechanical 

cleavage [31, 32]. Later in the same year, Walt Heer group in Atlanta succeed in developing 

epitaxial graphene, i. e thermally graphitization of silicon carbide SiC. In 2007, researchers 

began to use another method for the growth of CVD graphene. Thus, the three basic graphene 

approaches were defined. Following, we will limit our study to epitaxial graphene. We will 

detail is properties as well as that of SiC substrate. 

 
 III-1- Silicon carbide (SiC) substrate 

 
 Silicon carbide is a semiconductor composed of as equal number of silicon and carbon 

atoms. This semiconductor is rarely found in nature, it is only found in some meteorites or 
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rocks. Mainly, silicon carbide "SiC" found today is synthesized. In recent decades, this 

material has attracted the attention of the scientific community since it becames comparable to 

silicon. Its application extends to contain the field of microelectronics and optoelectronics. 

This material is characterized by different electronic properties such as: its broad band gap, 

high electronic mobility and chemical properties such as its inert, hardness, high stability[33] 

(table 1 ). 

 
 

Table 1: Variation of the band-gap and lattice parameters for the four most common 

polytypes of SiC. The ratio (c/na) shows the variation of (c/a) per layer in an n-layer polytype 
[33] 

  III-1-1- SiC structural properties  

 
 The atomic arrangement of the silicon carbide form sp3 hybrid orbitals which is 

similar to that of GaAs. Its crystal structure is based on the covalent bond of Si - C (88%  

covalent and 12% ionic). Carbon and silicon are characterized with similar electronic 

structure (Si = 3s2 3P2, C = 2s22p2). There crystalline structure looks similar to dimant in  the 

volume. The unit cell of the silicon carbide 'SiC' consists of a tetrahedron of carbon atoms in 

the center of which is placed Si (C respectively). This induces a first neighboring atoms of 

different chemical natures. 

 It exist over than 250 polytypes of SiC crystal structure. These polytypes differ by 

their stacking sequences along the C axis [0001] (Figure 7-a). The planes of C1 distant, 

separating the base plane of the tetrahedron and the central atom of this structure in bilayer, 

are well bond and form an SiC biplane. The distance C1 corresponds to the 3
1  of the C2 

distance separating the central atom and the vertex of the regular tetrahedron (Figure7-a). 

These polytypes consist of elementary silicon and carbon bilayers stacked differently. The 

three most repeated SiC symmetries are: 3C (cubic) or (β-SiC), H (hexagonal) and R 
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(rhombohedral) or (α-SiC) [34]. The 3C-SiC is characterized by a stacking done by keeping the 

same orientation from one biplane to another. Whereas the stacking sequences of the 

hexagonal symmetry (H) are done by a rotation of 180 ° about the C axis [0001]. The atoms 

forming hexagonal symmetry occupy positions A, B or C in the hexagonal cell (Figure 7-b). 

The hexagonal polytype are usually  denoted nH, atributed to Ramsdell notation. Here, n 

indicates the number of biplane in the unit cell along the [0001] axis followed by the initial 

Bravais lattice to which the hexagonal poly type belongs. Generally, epitaxial graphene is 

characterized with a bipolar behavior. Thus is assigned to the SiC biplane the termination 

where each termination C or Si specify the the polarity. This latter is denoted SiC (0001) for 

face terminated Silicon and SiC (000-1) for face terminated carbon. This bipolar aspect 

largely affects the properties of epitaxial graphene. Following, we will detail polarity effect by 

limiting our study to the hexagonal polytype. These characteristics remain the same for the 

different polytypes. 

 

 
 

Figure 7: a- 3C-SiC, 4H-SiC, 6H-SiC poly type [35], b- hexagonal mesh representing the 

different symmetries of the SiC volume. Vectors are unit vectors of the mesh[Ref 16]. The 

locations A, B and C are the places where pile SiC tetrahedra center. The orange dotted line is 

the plan [in 1120]. 

 
  III-1-2 Applications 

 
 SiC applications extend to reach numerous research areas such as: electronics, 

optoelectronics etc .... SiC was widely used in electronics following the discovery of 

(a) (b) 

C1 

C2 
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electroluminescence in a metal junction - SiC semiconductor by Round [36]. On other hands, it 

starts to be the basis of opto-electronic components of high frequency power, high 

temperature, or other materials do not work. Furthermore, the SiC substrate investigation 

extends to contain the production of epitaxial graphene.  

 
 III-2- Graphitization from SiC 

 
 Silicon carbide "SiC" shows high thermal relativity to  high temperatures (≥1000 ° 

C) [35, 37-38]. The graphitization on SiC starts from a well-determined temperature according to 

the polarity of the SiC. This induces different reconstruction evolution as a function of the 

temperature of Si-terminated SiC or terminated C [37, 39]. In fact, the graphitization would take 

place following the sublimation of the silicon atoms of the Si-C bilayers, although Si is more 

electronegative than carbon. Nevertheless, this effect comes from the sublimation temperature 

of Si which is lower (≈1000°C), compared to that of carbon. Following the sublimation of 

three Si planes, the remaining "C" carbon atoms rearrange to form a graphitic C plane on the 

surface. Indeed, the choice of sublimed Si plane number from the SiC substrate bilayers is 

related to the atomic density of carbon atoms "C" present in a graphene plane. This atomic 

density is practically equivalent to three SiC biplanes. 

 However, different atomic reconstructions are observed at the beginning of 

graphitization in a well-defined temperature range [34-40]. From an experimental point of view, 

the graphitization takes place under ultra-vacuum "UHV" in a pressure range of below 10-9 

mbar by heating the sample with electron bombardment or in an annealing furnace under a 

secondary vacuum (10- 5 mbar). Under UHV, the first graphene planes are observed at T = 

1350 ° C for face terminated Si and T = 1100 ° C for face terminated C [41, 42]. Last years, 

epitaxial graphitization was developed using a flux of Si. This ensures the improvement of the 

quality and the graphene layer dimension.  

 
  III-2-1 Graphene on SiC face terminated Si 

 Structural properties 

 Contrary to exfoliated graphene, other graphitization phase appears before the first 

graphene layer growth as a function of the annealing temperature. This phase is considered 

one of the fundamental steps during epitaxial graphitization process. It is observed at 1150 ° 

C for the finished face Si. This emerges clearly using Low Energy Electrons Diffraction 

“LEED” technique, as reported in Ref 49. Figure 8 shows a rich layer of C-atoms of a 
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diffraction pattern in 6√3x6√3R30 denoted 6R3-SiC. This phase is defined with respect to the 

unit cell (1x1) of the surface of the SiC (0001) [34, 38, 41]. It is characterized by a density of 

carbon atoms consistent with that of a graphene plane [39]. The cell of this graphitization phase 

is also called buffer layer, and the SiC (0001) are almost measurable for a common 6R3-SiC 

cell, which corresponds to 13x13 for graphene cell. This similarity is related to the lattice 

parameters of a graphene and the SiC (0001) surface. Despite the difference between SiC and 

graphene, wherein the lateral distance between the Si atom and the C atom on the (0001) 

plane is 0.166 nm, whereas the distance between two neighboring atoms in the graphene plane 

is about 0.142nm. 

 
Figure 8: Image from Ref [37]. LEED images obtained on a sample 6HSiC (0001) for an 

energy of 150eV. We distinguish the following reconstruction area different annealing 

temperature: A) obtained √3x√3R30 ° to 1050 ° C, B) obtained 6√3x6√3R30 ° to 

1150 ° C, C) 1X1 graphite obtained at 1400 ° C . 

 
 6R3-SiC phase properties 

 
 The cell parameters of this phase differs from one method to another which is a 

hampering for epitaxial graphene. STM measurments show surface reconstruction of 6 x 6-

SiC [43, 44]. However, "LEED" shows a crystal symmetry of 6R3-SiC. This difference is 

assigned to the poor quality of the obtained STM images. Indeed, this variation could be 

attributed to the slightly electronic structure disturbed of the graphene layer from the substrate 

placed on a non-reconstructed surface of the SiC (0001) [34, 37]. This illustrates the presence of 

the 6 x 6-reconstruction SiC. Indeed, 6R3-SiC phase is not due to surface reconstruction. But 

it comes from purely electronic effect type charge transfer between graphene and the substrate. 

LEED is a complex phenomenon associated with multiple scattering effect between this first 
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graphene plan and the SiC surface [37]. This explains the symmetry in 6 x 6-SiC observed in 

STM compatible with LEED experiments [44]. However, from another point of view the 

difference in the size of the formed phase size using these both techniques could be ascribed 

to the self-organization of atoms "C" during annealing [41]. This nano structuring leads to 

surface reconstruction between the latter plane and the SiC first graphene plane 

simultaneously, where there are few carbon atoms "C" bound to silicon atoms "Si" of the 

substrate in or linked to other atoms carbon "C" neighbors. 

 
 Epitaxial growth of carbon layers 

 
 For a temperature above 1350 ° C [39], the graphene layer is formed (Figure 8). The 

crystal lattice of the formed C planes are rotated with 30 ° in respect to the SiC (0001) under 

AB type stacking similar to graphite. Generally, epitaxial growth is defined as an oriented of 

two crystals with respect to each other which have a number of similar symmetry in their 

crystal lattices. Controlled variation of UHV annealing temperature allows graphene layer to 

grow one-to-one with respect to the substrate [42, 45]. This method allows the controlled 

synthesis of epitaxial graphene layers, where graphene planes follow the steps of the substrate. 

Indeed, the dimension is enlarged by this technique with respect to exfoliated graphene where 

the localized graphene sizes reach 100 nm [42, 46]. 

 
 Electronic structure 

 
 Rollings et al. revealed a band structure consistent with that predicted by the 

preliminary theoretical studies for graphene layers [47]. Indeed, carbon plan doped electrons is 

observed. Here, Dirac point is observed at 0. 27 eV below the Fermi level to a few layers of 

graphene. However, Bostwick et al. and Zhou et al. the band structure of graphene monolayer 

confirms the electronic structure "cone Dirac" [48] (Figure 9- a, b). A good agreement between 

the experimental results and the band structure of graphene is determined theoretically 

verified. Despite the presence of the substrate underneath graphene electronic structure "Dirac 

cone" is still preserved.  

This shows that the doping of the graphene is independent of the substrate [47]. While the 

electronic structure of low energy graphene varies from theoretical results for an ideal 

graphene. This difference can be attributed to a normalization (without gap opening) of the 

"Dirac cone" structure originating from the electron-electron, electron-plasmons interaction. 

This change extends to contain the concentration of electrons in layers forming a biplane of 
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graphene. Indeed, ARPES measurements performed by Ohta et al show a signature doping 

electrons (EF = ED + 0.4eV) with a doping difference between the plan, plans more doped 

than the other [49] (Figure 9-c). In fact, the electronic structure of a biplane AB stacking 

different from the monoplane (Figure 7). This non-equivalence of the two planes of graphene 

affects the electronic structure. In particular, a gap between the bands is displayed. This 

reveals the decay of the excess electron density map all away from the graphene - substrate 

interface. 

 
Figure 9: ARPES of graphene on 6H-SiC (0001) show the electronic structure of a graphene 

monolayer. Images from [45]: a- experimental band structure Γ-Γ MK. The band of graphene 

is very visible. EF is the Fermi energy and ED is the energy of the Dirac point. The black 

curve is the band structure of isolated graphene calculated by the method of strong bonds.      

b- Zoom at K point that reveals the structure "Dirac cone." Doping electron is 1.1 x 1013        

cm-2.c- Comparison between the band structure of the 6R3-SiC phase with that of graphene. 

 
 Transport properties 

 
 The first magneto-transport measurements were carried out in 2004 by the team of 

Walt de Heer in Atlanta for a system consisting of a few C plans (3 to 5 shots graphene) on 

the surface of SiC (0001) [50]. Their work revealed a pattern of behavior "two-dimensional 

electron gas", of 1100cm2 / V.s electron mobility. s corresponding to a charge carrier density 

of 1012 cm2. Unlike exfoliated graphene, the absence of SiO2 below the C planes prevents the 

use of a back gate to modulate the carrier density of the system. To solve this problem, one 

method was covering a part of the graphene planes with a thickness of 100 nm alumina 

(Al2O3). This layer provides a useful gate insulating means to type devices field effect 

transistor (source, drain and gate) [50]. We also note that the magneto-transport measurements 

have not demonstrated a quantum Hall effect for this system. On the other hand, through 

studies of Shubnikov de Haas oscillations, the existence of a Landau level the charge 

(c) 
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neutrality point was checked. This shows the chirality of quasiparticles of a graphene 

monolayer. 

  III-2-2- Graphene on SiC face terminated C: SiC )1000(    

 Structural properties 

 
 Unlike face terminated Si, we find less studies characterizing the early stages of 

graphitization SiC face finished carbon C, denoted SiC (000-1). Its graphitization temperature 

is lower compared to the face terminated silicon, it is about 1100 °C. No signs of 

reconstruction in 6R3-SiC is visible on the diffraction cliches for surface observed by LEED 

UHV [34, 37, 38] (Figure 10). Indeed, two types of surface reconstructions 2x2 and 3x3-SiC-SiC 

coexist before and after the early stages of graphitization. The prevalence of each of these 

reconstructions strongly dependent on the growth method [51]. The graphene growth is done 

with a rotational disorder between grains. This was proved by the diffraction patterns [37] 

(Figure 10). Here, the disorientation of the layers, as well as the size of the zones of the same 

crystalline quality depend very much on the preparation. 

 
Figure 10: Image of Ref [37]. LEED images of graphene on 6HSiC (000-1) to an energy Ep 

There are reconstructions of the area following different annealing temperature: a- 2 X 2 

obtained at 1050 ° C, b- 2 X 2 and 1 X 1 of graphite obtained at 1100 ° C, c- 1X1 graphite 

obtained at 1200 ° C. 

 
 Electronic properties 

 
 The ARPES experiments on graphene finished carbon face "SiC" is difficult due to 

rotational disorder of plans C. Thus, little information are provided about the electronic 

structure of n layer of graphene grown on SiC (000-1). By the way, the ARPES study could 

determine Π and Π * bands of graphene on SiC (000-1) graphitized 3x3-SiC [52]. While the 
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energy distribution of the Landau levels and the existence of a linear band structure of type 

"Dirac cone" for plans C neutral on the surface [53] was demonstrated by infrared transmission 

in a magnetic field. This shows a decoupled electronic structure for the monolayer graphene. 

 
 Transport properties of the system 

 
 The appearance of a two-dimensional electron gas type of behavior is one of the 

peculiarities of graphene. This behavior is associated with Shubnikov Haas oscillations. The 

characteristics of the "two-dimensional electron gas" are best compared to that of the Si face 

and those of exfoliated graphene, wherein the electron mobility of the system µ= 27000cm2 

=V/s and the carrier density of n = 1. 10 12 cm-2. In fact, the difference depending on the 

polarity can be attributed to the production method, where the use of an annealing furnace can 

offer better structural properties.  

 On other hands, the transport properties differ as function of the graphene - substrate 

interaction. A charge transfer occurs between the substrate and the carbon planes, where the 

closest planes of the interface are the doped and largely contribute to the transport. The Fermi 

energy is estimated at 0. 21 eV above the Dirac point to the nearest plan [54] substrate. 

However, the electronic structure of the substrate for low impact, should be similar to that of a 

multi graphene plane AB stack or to that of graphite. Unlike face If we note the disappearance 

of quantum Hall effect. However, the system transport properties are dominated by the C 

virtually decoupled from the substrate plane. We conclude that graphene on SiC face 

terminated C is characterized by better transport properties than that of the face terminated Si 

this makes it more cost effective for applications in electronic nano. 

 
 IV- Applications 

 
 Since the Nobel Prize in Physics honoured to Geim and Novoselov for graphene a 

large publication number appear. This reveals the broad scientific committee interest of this 

material graphene [55]. Graphene is characterized by a non-zero electrical conductivity. This 

latest remains above the quantum conductivity σ ~ e2 / h [56] even for a zero density K and K '. 

For intrinsic graphene, the Fermi level is situated at the intersection of the cones Dirac the 

equivalent points K and K '. Under the effect of an electric field, the Fermi level can be 

moved. Thus, the graphene can be n-type conductive (with electrons) or p (with holes) all 

depending on the polarization of the field [57]. Contrary to other two-dimensional 

semiconductors, graphene quantum Hall effect may exists even at room temperature [58]. 



 38 

Furthermore, graphene is transparent, it is characterized by a 95% transparency to visible light 

for a film of 2 ML (mono layer). Thus, it absorbs only 2.3% of white light [59]. Such a 

transparency make of graphene a powerful candidate for ITO "indium tin oxide" for 

applications in transparent electrode of a surface resistance of less than 1 kΩ/sq [60-61]. Its 

unique mechanical properties open door to graphene applications as:  flexible conductor [62] 

and membrane for gas detection [63]. Furhtermore, Graphene’s high carrier mobility, 

associated with its Dirac electron spectrum1 and extensive optical absorption properties 22, 24 

in ultra fast domain allows the conception of original applications in nano-electronics, 25 

nonlinear optics, plasmonics 27, 28 and resonators 29. 

 
V- conclusion 

 
We presented the properties of graphene in its different states, these benefits and limitations, 

and some new potential applications. The objective of this work is to show the variation of 

these properties for the epitaxial graphene by modifying the shape of the surface of the layer 

of epitaxial as well as the presence of other factors. 
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I- Introduction 
 
 As part of our study we focused on the localization of epitaxial graphene, the 

determination of its nature suspended or strongly bounded to the substrate SiC and the study 

of its electrical properties. The optical localization of epitaxial graphene is based on particular 

morphological changes on the surface such as: roughness, homogeneity, defects, contrast, 

substrate steps and new shapes of the graphene layer. In this chapter, we will present the 

characterization techniques used during our work. These characterization techniques are 

mainly: optical microscopy, Raman spectroscopy, atomic force microscopy (AFM), ultrasonic 

force microscopy (UFM) and photoelectric set up. Through some theoretical reminders, we 

will highlight their potentialities and their limits with respect to the size of the graphene layer, 

i.e. of atomic order (that of carbon atom (≈ A °)). These characterization techniques determine: 

the number of graphene layers, the defects, the dimensions of the elaborated graphene flakes, 

the shapes of the graphene layer, the electric properties and their photoelectric properties. 

 
II- Graphene surface analysis 
 
  The change of the surface morphology of epitaxial graphene and its interaction at the 

interface with the substrate characterizes the properties of graphene. This effect is very 

important especially for such type of graphene. Epitaxial graphene is thermal produced from 

SiC substrate, which affects its optical, electrical and mechanical properties. Indeed, surface 

studies remain very important for epitaxial graphene. Where, its visual location remains 

among the fundamental problems faced since its growth in 2004. Thus, it is important to 

analyze the graphene surface in order to study it. Several complementary characterization 

techniques are used to characterize materials on a microscopic and nanometric scale.  

 
 1- Optical microscopy 

 
Optical microscopy is one of the fundamental characterization techniques used to obtain the 

surface image of the graphene layer. Most microscopes are equipped with graduated axis to 

measure the size of the observed object. Here, we recall the principle of this microscopy. 

Figure 1 shows the general schema of optical microscope. Each microscope can contain two 

lamps. The first is used for transmission microscopy, while the second is used for reflection 

microscopy. The choice of the used microscopes depends on the nature of the studied sample. 

The transmission mode is suitable for the analysis of transparent samples at the used 
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wavelengths. This mode is generally used in biology. However, the reflection mode is 

designed to study metallic or semi-conductor materials opaque to visible light. As part of our 

work we used Bright Field (Bright Field). Where, the surface defects or localized roughness 

appear as dark areas. This explains the visualization of defects as areas of different dark 

shapes on a light background. 

 

 
 

Figure 1: Optical microscopy [1]. 

 
 2- Atomic Force Microscopy (AFM) 

 
 The limit of some spectroscopy to the analysis of substrates morphology of different 

natures "metal, insulator and semiconductor" [2] required the use of other techniques ensuring 

better surface analysis [3]. These techniques include atomic force microscopy (AFM). 

  2- 1 Principle of the AFM 
  
 In 1986, G. Binnig, C.F. Quate and C. Gerber invented the AFM atomic force 

microscope [4]. Its nanoscale axial resolution lies between atomic and optical microscopy 

resolution of micrometric scale. Its field of application extends to contain biological objects of 



 46 

large size (micrometric). This microscopy is based on two modes: contact mode and tapping 

contact mode. 

 AFM microscopy is based on the measurement of the interaction force between the 

atom of the tip and the atoms of the surface [5-8]. For this microscopy, the tip is integral to the 

cantilever as the sample moves underneath (Figure 2). At the meeting of the atoms of the tip 

with that of the surface, the atoms attract themselves in space by the interaction of Van der 

Waals [9, 10]. Thus, the force of attraction is minimal. 

 The tip force - substrate is given by Hooke's law. But, experimentally, it is translated 

by the deflection of the lever arm. Hooke's law is given by the following formula: 

F = - kx, 

where k is the stiffness constant of the spring and x is the deflection of the lever. 

 The deflection of the cantilever can be measured by optical interferometer or by the 

deflection of the laser beam reflected by a mirror (Figure 2). The reflected beam falls on two 

opposing photodiodes. A slight deflection of the beam will give an easily measurable 

differential signal. This allows the amplitude of the deflection to be recorded as a function of 

the position X and Y. Thus, an image of the interaction forces between the tip and the surface 

atoms is obtained. 

 The AFM microscope used during our study is: Nanoscope IIIa, Bruker AXS in the 

physics laboratory at Lancaster University UK (UK). We used a standard mode of contact, 

characterized by a resolution k = 0.2 N / m. The sample is placed clearly on a support before 

analyzing it. This ensures a clear localization of the study area. A detailed description of this 

characterization technique will be given in the following chapters. 

 
Figure 2: AFM atomic force microscopy [11]. 
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 3- Ultrasonic force microscopy (UFM) 

 
 Ultrasonic force microscopy UFM is based on atomic force microscopy. The tip of the 

cantilever vibrates in contact with the sample surface at very high frequency of the order of a 

few megahertz (4 MHz). The force between the tip and the sample depends non-linearly on 

the position of the tip. AFM atomic force microscopy is widely used to understand the surface 

morphology of graphene as well as other nanoscale materials properties. It gives an image of 

the topography of the surface at constant force. The highest reach frequency for these 

approaches is limited by the resonant frequency of the peak which is of the order of 10 to 100 

KHz. Its frequencies do not reach the regions of interest Intermolecular vibrations as well as 

the relaxation frequencies which are of the order of MHz or GHz. This makes this microscopy 

unable to analyze the local mechanical properties of rigid structures on the surface of 

materials. Thus, a different approach for the detection of these high frequency vibrations is 

required. This approach is based on nonlinear detection. This was realized for a console of 

very high rigidity, leaving the compromise between the maximum force resolution and the 

sensitivity to dynamic viscoelastic properties called the ultrasonic force microscopy UFM. 

The name originates from the vibration frequency  
 in the Ultrasound domain [12 - 16]. Indeed, 

it has been proven that the UFM is competent of mapping the mechanical responses for 

materials of very high rigidity by incorporating various heterogeneous materials ranging from 

rigid polymers to ceramics [4, 5]. This new characterization technique provides new 

information on the local elastic properties, the forms found on the surface. The UFM makes it 

possible to image the elastic properties of the materials by a spatial resolution less than 

micron limited by the wavelength of the ultrasound. This study was used within the 

framework of our thesis to prove the existence of a mechanical response of the shapes 

obtained following the modification of the graphene layer which will be given in detail in the 

following chapters. 

 
 3-1- Principle of the UFM 

 
 Imaging the top surface and nano-mechanical mapping are determined using UFM. 

UFM measurements are obtained during our work via a modification of a commercial AFM 

system (Nanoscope IIIa, Bruker AXS). This is using an additional piezoelectric ceramic disc 

(Piezomaterials PI) which oscillates vertically [6]. 
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Figure 3: Principle of ultrasonic force microscopy [7, 8]. 

 4- Raman Spectroscopy 
 
 During the interaction of monochromatic light with a medium (solid, liquid, gas), this 

radiation can be transmitted, absorbed, reflected, or diffused. For diffusion, two types of 

diffusions can be distinguished: the first type is the elastic diffusion. Here, the scattered 

photons retain the same frequency as that of incident photons. The second type of diffusion is 

inelastic scattering, where a small part of incident light (1 photon on photons) of frequency is 

scattered with frequencies lower than that of incident photons. This exchange of energy 

between the diffused light and the incident light is known by the Raman effect. 

 
  4-1- Principal 

 
 Raman effect is demonstrated in 1928 by the Indian physicist Chandrasekhara Venkata 

Raman, winner of the Nobel Prize in 1930 [17-21]. This spectroscopy is a non-destructive 

characterization technique. It is based on the excitation of a material by a monochromatic 

source or the levels of energies are brought to the virtual levels to then retransmit diffused 

radiations comprising two types of signals. The elastic scattering or Rayleigh scattering 

presents the major part of the diffusion phenomenon. The light is thus diffused at a frequency 

equal to that of the light. For the smallest fraction of the incident beam the diffusion is called 
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inelastic. In this case, for radiations shifted to the low frequencies "i. e. Red shift". Here, 

absorption of energy appears which is assigned to Stokes radiations. For the other case, the 

radiations are shifted to the high frequencies "Blue shift". The photons yield energy and 

originate Anti-Stokes radiation [17, 18]. 

 
 

Figure 4: Raman and Rayleigh scattering [22]. 
 

The displacement of the Raman line varies between 100 and 1000 cm-1 while that of the 

Rayleigh line width is about 1000 cm-1. This shows that the Rayleigh line is very large 

compared to the Raman displacement. Thus, the elimination of the Rayleigh line is required 

during the observation of the Raman effect (Figure 4). In addition, the comparison of the 

intensity ratio of the Stokes and Anti-Stokes lines shows that: 

 

1  e  h-  

Stokes

StokesAnti

I
I  

 
This illustrates the power of visualization of the Stokes part of the Raman spectrum. 

 
 Classical description of the Raman phenomenon 

 
The classical description of the wave diffusion is related to the change in the polarization. 

Following the excitation of a crystal by a monochromatic wave, a displacement of the electron 

cloud takes place with respect to the nucleus causing the creation of a dipole moment. For 

weak electric fields the expression of the polarization is given by 
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The susceptibility represents the deformation capacity of the electron cloud, as well as the 

vibration of the atomic network. The relative displacement U of the first-order atoms is given 

by 
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Where, the first term is associated with frequency Rayleigh scattering i . The second and 

third term correspond to the emission of the radiation of frequency equal to )( i called 

diffusion Stokes and of frequency )( i called Anti-Stokes diffusion (Figure5). Thus, the 

classical approach highlights the conservation laws that govern first-order Raman scattering in 

a crystal. 

 

 
 

Figure 5: Schematic representation of the incident radiation emitted during Stokes and Anti-

Stokes scattering. 

 The quantum mechanical description of the Raman  

The classical approach does not take into account the major role of electrons. In fact, the 

photon - phonon interaction is unlikely due to the large difference between the frequency of 

incident photons and phonons (Figure 6). In fact, the frequency of incident photons is much 

higher than that of phonons [19, 20]. This is where the intermediate role of electrons intervenes 

to ensure this interaction. In this approach, the Raman process can be described in three steps: 
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 The Interaction of an incident photon with an electron and the creation of an electron-

hole pair. 

 The diffusion of an electron by the phonon involved. 

 The Recombination of an electron by emitting a photon. 

 

 
 

Figure 6: Raman scattering energy diagram: Raman Stokes diffusion, Raman Anti-Stokes [23]. 

 

  a- First order Raman effect 

 

During diffusion process, the energy is conserved and at each step the conservation of the 

wave vector must be ensured. In the initial state, a solid is in the ground state where only the 

valence states are occupied. The process of the Stokes diffusion can be represented by six 

processes. One of these processes is described in three steps, in a first step, an incident photon 

of energy ii hE  and wave vector ik


created by absorption to energy )( ia kE


 an electron 

hole pair. This transition is virtual. However, it can be real if the incident energy 

iE


corresponds to )( ia kE


. An intra - band diffusion of an electron by a phonon takes place and 

the electron - hole pair is brought to b an energy state )( db kE


. Finally, the crystal returned to 

the ground state, where a recombination of the electron-hole pair occurred following the 

emission of a photon of energy dE  [12, 14]. The photons frequencies are much higher than that 

of the phonons resulting ikq
 2    very close to centre area. Thus, only zone centre phonons 

participate in a first order Raman process (Figure 7). 
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Figure 7: The Brillouin zone centre phonons only participate in the Raman effect [24]. 

 

For this approach, the amplitude of probability during a Raman scattering is written: 
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Here, NEn ,,  represents the state vector, where n is the number of photons, N is the number 

of phonons and E is the energy of the corresponding electron state. 

 ephotonH / = Hamiltonian interaction electron photon. 

phononeH / = Hamiltonian interaction electron phonon. 

photoneH / = Hamiltonian electron photon interaction. 

 
Figure 9: Feynman diagram of Stokes and Anti-Stokes scattering [24]. 
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 b- Second order Raman effect 

During a second-order Raman process two phonons are involved. These phonons are 

characterized by a sum of zero wave vectors. Thus, all the phonons of the Brillouin zone will 

be considered. Three types of processes can be distinguished in this case: 

a- Simultaneous creation or annihilation of two phonons. 

 

 
 

b- Separate creation or annihilation of two phonons. 

 

 
 

 c- The creation or annihilation of two phonons will take place by the succession of two 
processes of first order. 
 

 
 

 
  c- Raman polarization effect 

 
 Raman scattering is partially polarized even for cases characterized by any orientation 

such as gases, molecules, etc. For an isotropic medium, the polarization results from the 

variation of the components of the dipole induced in space with respect to the coordinates of 

the system studied. A Raman scattering tensor is given by 
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In this case, the Raman intensity is given by 
2.  . di eReI 
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With xe , ye , ze are respectively the components of the polarization of the phonon.  

The study of polarization determines the intensity in different configurations such as intensity 

in perpendicular polarization I and parallel polarization I . Thus, we can calculate the 

depolarization ratio  which is given by: 

I
I   

Based on the obtained  value, the nature of the Raman bands can be determined [12].  

 
  d- Experimental set up 

 
We have a high resolution LabRAM denoted “LabRAM HR- HORIBA”. It is a simple 

monochromator (Figure 10). This simple mode is used for the highest sensitivities. 
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Figure 10: LabRAM HR spectrometer (Jobin yvon). 
This system contains: 

 A detection system: A CCD is available, characterized by a spectral response covering 

the broadband between (250 - 800nm). 

  A simple stage with a confocal microscope. The latter is used to visualize the surface 

of the sample and probed the existing vibration modes. 

 Sample cooling system between 193 ° C. 

  A computerized system for the management and management of data. 

  The source of the incident signal is a laser covering the visible range. 

 
Figure 11: Raman measurements process [25]. 
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 5- Photoelectric effect 

 
 In 1887, Heinrich Hertz discovered a particular response of electrodes illuminated 

with ultraviolet light. Here an electric sparks appears [26]. Later in 1900, while studying black-

body radiation, Max Planck shows that the energy carried by electromagnetic waves could 

only be released in "packets" of energy. Five years later, Albert Einstein published a paper 

advancing the hypothesis that light energy is carried in separate quantized packets in order to 

clarify photoelectric effect experiment. This model improved the quantum mechanics field. 

This study was later illustrated by Robert Millikan's experiment at 1914. Finally, Einstein was 

awarded the Nobel Prize in 1921 for "his discovery of the law of the photoelectric effect". 

Later in 1923, Millikan was awarded by the Nobel Prize for "his work on the elementary 

charge of electricity and on the photoelectric effect". 

 
   5-1- Principal 

 
 The photoelectric effect is based on the emission of electrons when light comes on top 

of the material (Figure 12). The classical electromagnetic theory explains such phenomena to 

the exchange of energy from the light to electron. Here, an alteration in the intensity of light 

would transforms the kinetic energy of the electrons emitted from the metal. Accordingly, 

sufficient light appears between the initial light and the subsequent emission of an electron. 

Nevertheless, the experimental results did not agree with those given by the classical theory. 

Here, electrons are moved only by the impingement of photons when those photons reach or 

exceed a threshold frequency (energy). Below this latest, no electrons are emitted from the 

metal for any case of the light intensity or the length of time of exposure to the light (hardly 

ever, an electron will be released by absorbing two or more quanta.  

         
Figure 12: Photoelectric effect. 
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  5-2- Experimental set up 

 
 During our research, the voltage and resistance characteristics of the graphene layers 

were determined based on this approach. We used a Keithley 2400 source meter. We applied 

separate illumination systems, i.e. red, green and violet lasers. The sample contacts were held 

in place using silver epoxy. We used a four contact configuration. The measurements were 

taken by customized programs written with the LabVIEW® software. 

 
III- Conclusion 

 
 In this chapter, we have just recalled the different surface characterization techniques 

used in this thesis. We detailed the characteristics of atomic force microscopy (AFM) and the 

limit of its sensitivity to the surface such as the graphene - substrate interface. We have just 

given an overview on ultrasonic force microscopy "UFM" and its utility to analyze the 

response nano-mechanical responses of the graphene layer. We have presented the principle 

of Raman scattering and its experimental set up. Finally, we have detailed the characteristics 

of the photoelectric effect. 
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I- Introduction 
 Raman spectroscopy is a powerful tool for rapid and non-destructive characterization 

of different materials. This spectroscopy was widely used for atomic scale material such as 

graphene. Indeed, Raman allows the analysis of the various properties of graphene such as: 

defects, the number of layers, mechanical and electrical properties. On other hands, the high 

quality of the Raman mappings of the sample surface illustrates the possible change in the 

surface morphology of the graphene layer [1]. 

II- Raman spectra 
 1- Silicon Carbide 

 SiC polytypes  
 

 Different SiC polytypes are used for epitaxial graphene growth. Nevertheless, the most 

repeated polytypes are: 6H-SiC, 4H-SiC hexagonal and 3C-SiC cubic with their two polarities 

face terminated "silicon" Si "or" C "carbon. SiC hexagonal polytypes are generally denoted 

nH, where n corresponds to the number of SiC bilayer in the unit cell. Raman determines their 

possible structural changes affected by the high growth temperature. The increase of the SiC 

bilayers from 1 to n along the hexagonal stacking axis induces a division of the Brillouin zone 

by n in the direction of the reciprocal lattice. Consequently, a folding of the dispersion curves 

along the direction of the reciprocal lattice appears. The dispersion curves of the polytypes nH 

or 3nR are obtained from the 3C-SiC polytype. This occurs by dividing the Brillouin zone of 

3C-SiC by n [2]. The division by the number of bilayer n results at the level of the Brillouin 

zones a folding of the dispersion curves of the polytype 3C-SiC. This folding will be in the 

direction of the reciprocal lattice corresponding to the direction c of the crystal. Thus, new 

modes appear at the edge of the Brillouin zone, point Γ (q = 0), appear.  

 
 

Figure 1: The folding of transverse and longitudinal modes at the edge of Brillouin zone of 
3C-SiC originating 2H and 6H-SiC polytypes [2]. 
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 Raman Spectrum of SiC 
 

 We used a laser wavelength λ = 488 nm = 2.54eV for the spectra acquisition. This 

exciting wavelength is the only wavelength used in our work. The Raman spectra of the 

different SiC substrates are investigated between [100 - 1000 cm- 1], where different Raman 

modes of the first and second orders of SiC exist. Figure 2 illustrates typical Raman spectra of 

different polytypes of the SiC substrate. Figure 2-a is associated to the Raman spectrum 

obtained for 3C-SiC (100) / Si (100). We located the first-order Raman modes T2 (TO) and T2 

(LO) at 796.55 cm-1 and 972.41 cm-1, respectively [3]. Furthermore, two new modes at 302 and 

521 cm -1 are observed which are associated respectively with the vibration modes of Silicon 2 

TA (X) and TO (Γ). Figure 2-b represents the Raman spectrum of 4H-SiC, several modes 

have been distinguished. The main Raman modes are respectively the E1 (low), E2, E1 (TO), 

and A1 (LO) located at 270, 770, 791, 967 cm-1. Furthermore, two new low intensity modes 

appear at 154 and 245 cm-1. These modes correspond to E2 (high) and E1 (high) modes, 

respectively of 6H-SiC. The typical Raman spectrum of the 6H-SiC substrate is given in 

Figure 2-c. Four modes of broad intensity are observed at 765, 787, 795 and 964 cm-1, they 

are assigned to E2, E2, E1 (TO), A1 (LO). In addition, other low-intensity peaks are also 

observed at 154, 245, 507 and 516 cm -1 respectively corresponding to E2 (high), E1 (high), A1 

(low) and A1 (high) [4-5 ]. 

 
Figure 2: Raman spectra of the different SiC substrate polytypes. 
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 2- Graphene Raman spectra 
 
 Various properties can be deduced from a Raman spectrum obtained from graphene 

such as: Defects, The number of layers, strain effect and doping. Raman spectra registered at 

different points in the sample surface in the frequency range between [1000-3000 cm-1] 

(Figure 3).  

 

 
 

Figure 3: Raman spectra of ideal graphene [6]. 
 

 
 We located all the Raman modes of the graphene, such as the D, G and 2D bands [7–9]. 

The G-band is a doubly degenerate (TO and LO) phonon mode (E2g symmetry) at the 

Brillouin zone centre (Figure 4). The D-band is assigned to phonons on the K point and 

defects [10, 11] (Figure 4). The 2D band is associated with 2TO. We investigated the Raman 

mapping of the D band. The D-band spectra showed mostly low intensity (Figure 4). This 

could be associated mainly with oxygen impurities present in epitaxial graphene layers. High 

intensity in the D-band is normally induced by structural defects found in epitaxial graphene 

on face terminated carbon. The G * mode observed at 2687 cm-1 corresponds to a 

combination of a TO phonon and a LA phonon. It is presence is a signature of a monolayer of 

graphene. Indeed, the increase in the number of layers results in the widening of this mode 

and the decrease in its intensity. 

 
 
 

D

G* 

2D 
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Figure 3: Graphene Raman modes. 
III- Mechanical properties investigation 

 1- Epitaxial graphene macro-island 

  
 We investigated epitaxial graphene grown on 4H-SiC (0001) substrate using optical 

microscope at room temperatures. The large homogeneous area has been was associated with 

macro-island (Figure 4- a). Macro-island localisation helps determining epitaxial graphene 

properties. The size of the grown macro-island is larger than the size generally observed. This 

island was produced intrinsically during the epitaxial growth. It shows an excellent tool to 

study both tensile and biaxial strains. Indeed, mechanical properties of epitaxial graphene 

remain unable to specify the strain variation due to the hard location of the graphene layers [19, 

20].  

 We start with the optical contrast study. This latest is high compared to ordinary 

graphene. We observed a visible darker flake of brown colour in the centre (SZ1) surrounded 

by a lighter area from outside (SZ2) (Figure 4-a). This optical image illustrates the size of the 

graphene macro-island that was identified using interference colour observed in the optical 

microscope. We also investigated the formation of macro-island using local mapping of 

intensity and spectral position of graphene Raman active modes associated to the D, G and 2D 

bands (Figure 4- b, c and e)). Raman spectra exhibit a particular behaviour at the centre of this 

macro-island. They indicate a signature of four layer graphene in the macro-island. The G 

band has a high intensity, especially at the centre and so the 2D band becomes broader. This 

was confirmed by the full width at half maximum (FWHM) measurements of the 2D band 

correlated with the intensity ratio of G and 2D band (IG/I2D). 
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Figure 4: Raman spectra, SZ1 and SZ2 of graphene layers taken inside (Z1) andoutside (Z2) 
areas of the main flake. Inset: (a) Optical microscopy image of graphene layers grown on 4H-
SiC, (b)mapping Raman intensity (MRI) of G band, (c) MRI of 2D band, (d)mapping Raman 
intensity (MRI) of the ratio of G/2D band, i.e. IG/I2D ratio, and (e) MRI of D band of the 
graphene  flakes. 
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  2- Strain distribution analysis 

 

 To study the strain distribution in the macro-island the Raman measurements, we 

carried out in regular locations with small step of 50µm along horizontal and vertical 

directions across the macro-island flake. Raman spectra have been checked in each point of 

the sample surface using an auto focusing adjustment of the laser beam acquisition. We 

identified a set of first and second order Raman modes between 1000 and 3000 cm-1. The 

typical spectra of each area were presented in Figure1. We will focus our discussion on the 

central flake which has the largest area forming the macro-island. The defect Raman mode (D 

band) is located at 1360 cm-1 (Figure 4). The second G band sited at 1587 cm-1 is assigned to 

the E2g in-plane vibration modes (Figure 4) [3, 22]. We have also located G*, 2D and (D + G) 

bands and studied their changes depending on the position on the macro-island (Figure 4). 

The G* band appears at 2447 cm-1 indicating an intervalley process involving one TO and one 

longitudinal acoustic (LA) phonons [13, 14]. The 2D band at 2720 cm−1 associated with a double 

resonant excitation of two phonons having opposite wave vectors at K point in the Brillouin 

zone [7]. The (D + G) band observed at 2946 cm-1 is signature of defects in the graphene layers. 

The layer number n of epitaxial graphene grown on 4H-SiC have been identified based on the 

correlation between the full width at half maximum (FWHM) of the 2D band and the ratio 

(IG/I2D). The FWHM of the 2D band across the investigated macro-island shows an order of 

90 cm-1 (Figure 5-a). Previous studies have reported in Ref. [8, 9, 10] that, the IG/I2D ratio less 

than 0.5 corresponds to a single layer, in the range [0.5 - 1] to bi-layer and greater than 1.8 

(n> 5) to multilayer of graphene. We found an (IG/I2D) of 1.5 inside the macro-island (Figure 

4-d). Thus, we have determined the layer number n of graphene of the localised macro-island 

to four layers [8, 9].  
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 Figure 5: The mapping of the Raman spectra to the surface of the sample measured at 
room temperatures: a- the mapping of the FWHM of the 2D band, b- the mapping of 
frequency associated with the peak of the 2D band, c- the mapping of peak frequency of the G 
band, d- the evolution of 2D band shape obtained for a line scan taken along vertical, y 
direction at the coordinate, x = −27 μm, e- the mapping of peak intensity ratio, i.e. ID/IG ratio, 
and f- the variation of a frequency associated with the 2D band peak for a line scan taken 
along y direction at the value x = −27 μm. 
 
 3- Strain effect     

  Raman mapping analysis is a good tool for elastic strain characterization of the four 

layers macro-island. We focus our discussion the graphene G, and 2D bands measured at room 

temperature on the macro-island. The adjustment of the 2D band using a Lorentzian curve 

gives a FWHM values in the range of [87- 94 cm-1] (Figure 5-a). These FWHM values 

correlated with the intensity ratio of the G and 2D bands represent four layers graphene, as 

discussed above. The FWHM values are homogeneous in the centre of this macro-island. They 

became larger in the vicinity of the foundations of the island. Different foundation sides of this 
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island the strain is inhomogeneous (Figure 5-a). Figure 5-b shows 2D peak frequency mapping 

that varies in the range [2732 - 2716 cm-1] (Figure 5-b and c). We note a blue shift for both 2D 

and G bands, respectively of the value approximately, 16 and 10 cm-1. The blue shift increases 

from the centre of the main flake to the edge of the island [6]. We studied in detail the 2D band 

variation using a line scan a long y axes is taken in the spatial interval from -194 µm to 194 µm 

(Figure 5-d). We considered a fixed x- position, i.e. x= -27 µm in the island. The Raman 

spectra of 2D band obtained for all investigated points demonstrate the changes observed in the 

described mapping. The map exhibits a symmetric behaviour from both sides of a big uniform 

area located at the centre of this island, even in spite of the small variation of the central 

position of the frequency for each Raman band observed inside this area (insert, Spectrum 2- 

taken in the following location spots: A3, A4, A5, A6). On other hands, we notice a significant 

frequency blue shift far from the central area of the island on both sides (Raman Spectrum in 

A1, A2, A7, A8). Here, the substrate effect plays an extra role of negative pressure. Therefore, 

we expect some decompression to happen. The frequency of the 2D Raman band across this 

island changes from 2710 cm-1  to 2739 cm-1 (Figure  5-f). This blue shift differed to common 

graphene grown on SiC face termination C, where the high decoupling between graphene layer 

and substrate reduce of strain effect [15]. This blue shift could not be attributed to charge 

transfer from the substrate. This is due to the charge decreases by increasing graphene layer 

number. In fact, the high electron concentration of single layer of graphene has a of 7 cm-1 

Raman shift of the G band [7, 16-20]. Accordingly, a decrease of the Raman shift is expected with 

increasing layer number, where a diminution of the electron concentration appears in the 

graphene sheets. This confirms our results eliminating the charge transfer effect as origin of the 

high blue shift that is 7 cm-1, specially, with the localised layer number i. e four layers 

graphene. Similarly, the large 2D band shifts verifies also this condition revealing the weak 

amount of charge transfer in this island.  

 We compared our results to those of four layers exfoliated graphene. Similar blue shifts 

were located for both G and 2D bands. The G band peak appears at 1582 cm-1 while the 2D 

band peak appears at 2682 cm-1 [7]. Each mode has a blue shift of 5 cm-1 and 38 cm-1, 

respectively. This illustrates that the behaviour observed here is mainly due to the strain effect 

arising at the formation of this large epitaxial island. Our results are consistent with previous 

work, where strain effects in epitaxial graphene are associated to the located blue shifts of 2D 

and G bands. Contrary to exfoliated graphene the frequency shifts of the Raman modes and 

strain effects are significantly weaker [7]. The obtained values for Raman band shifts are close 

to ones reported in previous work [7]. They reported similar effects for epitaxial graphene 
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grown on 6H-SiC face terminated Si, that is on samples very different from our ones [15]. Here, 

our sample is grown on 4H-SiC substrate face terminated C. The origin of this similarity has 

been investigated using the Raman intensity ratio for D and G peaks, ID/IG. Indeed, we 

observed a similar behaviour of isolated Raman spectrum in the main flake of which the 

macro-island (Figure 5-e). This reveals the good quality of graphene layers on the island 

elaborated here. Thus, the origin of the blue shift obtained for both Raman modes could only 

be attributed to mechanical properties of four layers of graphene and strain effect arising at the 

formation of the macro-island.  

 
 3-1- Temperature effect on a formation of strain in epitaxial graphene  

 
We ascribed the Raman mode changes to the strain effects in the macro-island. Indeed, it 

shows also strong temperature dependence and a high sensitivity on the layer number. G and 

2D graphene modes highly depend to temperature [21]. We start by investigating the 

temperature dependence of the 2D band frequency at 77K. The temperature decrease from 

300K to 77K induces a blue shift of the peak frequency and the FWHM increase of the 2D 

band (Figure 6-a and b). As for exfoliated graphene strain effects increase with the temperature 
[22, 23]. This is signature of a thermal expansion or contraction with the temperature. We 

presents in Figure 6-c the line scan of 2D Raman band taken in the main flake along y axes in 

the interval [-194, 194] µm at x = -27 µm. Here one may clear see that both Raman frequency 

blue shift and FWHM of the G band increases as the temperature decreases. In fact we found a 

linear temperature dependence of the frequency position of G and 2D Raman bands where the 

negative temperature–frequency shifts coefficient χG = - 0.022 cm-1 K-1 and χ2D = -0.030 cm-1 

K-1. The χG is smaller than one located in monolayer and bilayer of exfoliated graphene. In fact, 

the χG (bilayer exfoliated) is about -0.0154 cm-1 K-1. We expect a decrease of G band shift coefficients 

with increasing the layer numbers. However, χ2D is larger with respect to a small number of 

graphene layer, where χ2D of bilayer of exfoliated graphene χ2D (bilayer exfoliated) corresponds to       

-0.066 cm-1 K-1 [21- 24]. Here, the phonon frequency shift with varying temperature is associated 

here to the strain and could be attributed primarily to the thermal expansion of the four-layer 

the macro-island. Different factors may contribute like: graphene-substrate interaction, 

electron-phonon coupling and an-harmonic phonon-phonon interactions [21]. For the G band, 

some effects could be neglected like the anharmonic contribution due to its small value in the 

temperature range [77-300 K] [21]. Thus; we conclude that the negative thermal expansion 

coefficient cannot be the only origin of the negative sign for the frequency shift as reported in 
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Ref. [21]. This negative sign is assigned to both Gruneisen parameter and thermal expansion 

coefficient [21]. Furthermore, the χ2D value of epitaxial graphene is larger in comparison to that 

of bilayer of exfoliated. Therefore, the blue shift of the 2D bands observed with decreasing 

temperature could be attributed likewise to the thermal expansion effect of both substrate and 

the four graphene layers. Correspondingly, the FWHM temperature coefficient for both G and 

2D bands shows the same temperature dependence. The value τG is negative (τG = -0.004 cm-1 

K-1) while τ2D of 2D band is positive (τ2D = 0.011 cm-1 K-1).  

 
 3-2- Estimation of the strain effect on graphene modes 

 
 We demonstrated the strain effect on Raman modes using a theoretical model 

calculation. Previous studies have shown that the strain of graphene materials, ε for both 

Raman modes 2D and G, have been given with the following expressions [19, 25, 26]:  
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where ω02D (ω0G) is the frequency for the peak of the 2D (G) bands of exfoliated graphene, the 

value ∆ω is the difference between the Raman frequency of the epitaxial graphene under the 

strain effect and of the graphene free of strain, γ2D (γG) is the Gruneisen parameter of 2D (G) 

band of graphite (with γ2D = 2.7 and γG = 1.8) [19].  

 Figure 7 and 8 represent the 2D and G bands mapping of strain effects in a percentage 

with respect to a suspended graphene. The corresponding mapping of the 2D band 

demonstrates different ranges of strain variation between [0.2- 0.6 %]. The mapping shows two 

areas. One presents a big homogeneous flake of the macro-island (Figure 7). This is 

surrounded by the island foundation-boundaries. However, the areas outside the island have an 

inhomogeneous with the strain. Interesting, we localised an increase of the strain value at the 

edge of the main flake that is an obvious influence of the substrate. The strain homogeneity in 

the central main flake confirms the high quality of elaborated graphene in the macro-island. 

Thus, the strain variation outside of the main central area of the flake is assigned to graphene-

substrate interaction. This originates from to the difference between the lattice constants of the 

graphene layer and the SiC substrate where the graphene of the island and the substrate are 

bound [12]. 
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Figure 6: Raman mapping- the spectroscopic map of the central position and the bandwidth 
of the 2D band measured at various points on the surface of the central epitaxial graphene 
flake at 77 K: a-the Raman frequency mapping for the 2D peak taken with high resolution in 
regular positions on a lattice is indicating a smooth variations, b- the same procedure is 
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applied to obtain the FWHM mapping, c- evolution of the Raman shift for the 2D band taken 
on the scan along y-direction at the fixed value x = −27 μm, and d- evolution of the shape and 
the position of the 2D band measured on the scan along y-direction at the fixed value x = −27 
μm. 
 

 

 
 

Figure 7: The Raman 2D band mapping of the strain (in percents) of graphene grown on 4H-
SiC (0001). The lowest strain is in the centre of the flake while tensions arise near the edges. 

 

The high quality of graphene layers elaborated here allows the investigation of strain effects on 

G band. Indeed, G band show high intensity in the central area of the main flake, where no 

second order Raman mode of SiC substrate coexisted with. To see these effects on the G band, 

we have studied its variation using the same mapping position of 2D band as discussed above. 

We observe a G band splitting that depends highly on the mapping position. We keep the same 

line scan used for the 2D band: we present the set of Raman spectra taken along y axes from 

the position y = -194 µm to the position y= 194 µm for an arbitrary chosen coordinate x=-27 

µm of the main flake studied here (Figure 8-a). The Raman spectra exhibit a weak split at the 

centre as observed in A3, A4, A5 and A6.  This effect became more pronounced at the edge of 

the flake as appears in A1, A2, A7, A8. We have used the theoretical model developed 

previously to investigate G band strain variation (equation 2). The Raman mapping with this 

band shows a big blue area of this island at the centre identical to the one obtained with the use 

of the 2D band for the main graphene flake (Figure 8-b). The strain range and the Raman 

intensity variation obtained for the G band differ to the strain data obtained with 2D band. This 

dissimilarity is assigned to the limit of our model, which is still good enough to describe our 

results qualitatively. Note that the 2D band spectrum is more sensitive for a strain variation. 
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However, the G band investigation still represents a good scale for the strain effect 

determination. The Raman mapping on the graphene surface demonstrate a broad width at the 

island boundary. We have fitted the G band using two Lorentzian curves: G+ and G-. The bands, 

G+ and G-, correspond respectively to perpendicular 
gE2  and parallel 

gE2 modes splited due to 

the applied strain [15]. We present in Fig. 5-c the intensity mapping of G- (blue colour) and G+ 

(magenta colour) bands. The obtained results demonstrate similar behaviour to that obtained in 

theoretical study. The central island zone is dominated with G+ band which is identical to G 

band without any splitting. The presence of the two bands G+ and G- illustrate the presence of 

biaxial strain in the central area of the flake and uniaxial strain. This could be related to the 

mechanical properties that change at the edge. The Raman spectra in the main island area keep 

the same behaviour signature of the presence of biaxial strain in the central island zone of the 

main flake. The G- band at the edge of the central island zone became more pronounced and 

verifies the calculated value (see, A1, A2, and A8). This revealed the creation of the uniaxial 

compressive strain, where the sp2 bonds became shorter to the direction of the applied strain. 

This is in contrary to perpendicular bonds that are not too much affected. This illustrates the 

good agreement between the two studied Raman mappings. On other hands, it helps to specify 

the value of the strain for epitaxial growth and confirms the above results.  

 Consequently, our results showed a strain relaxation in the centre of the large graphene 

flake forming the macro-island. However, at the edge a strong contribution of the substrate 

effect on the mechanical properties of the graphene exist. 



 74 

 

Figure 8: a-The mapping of Raman spectrumof the G band (precisely speaking, the intensity 
of the G band has been put in a correspondence to the points on the surface of the graphene 
flake) - for darker spot the band shift is larger, b- G band strain mapping, in percent, on 
graphene grown on 4H-SiC (0001) substrate - for darker spot the strain is smaller, and c- the 
mapping intensity and Raman spectra of G+ and G− bands measured at the following points 
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(A1, A2, A3, A4, A5, A6, A7 and A8, along the y-direction at some fixed coordinate x, see, 
panel a). 
 
IV- Electrical properties 
 1- Surface morphology: epitaxial graphene nano-domes and macro- bubbles: 

 AFM measurements 

 We investigated the sample surface of our epitaxial graphene grown on 4H-SiC (0001) 

substrate using optical microscopy. Three surface morphologies denoted GA1, GA2 and GA3 

have been distinguished (Figure 9- a, b and c). The associated optical images show different 

morphologically (Figure 9). 

 

 
Figure 9: Image obtained using an optical microscope in the different graphene areas ‘GA’: 
a- GA1 (100 x), b- GA2 (50x) and c- GA3 (100x). 
 

 

Figure 10 shows the AFM topography for the considered graphene areas in contact mode. 

Here, GA3 show different behavior comparing to GA1 and GA2. Indeed, the atomic curved 

terraces of GA1 present 500 nm wide and a homogeneous height of 10 nm between the 

adjacent terraces. Nevertheless, no equidistant steps could be distinguished (Figure 10-a). 

GA2 presents terraces of different orientation to GA1. Here, smaller regular terraces of 250 nm 

wide and 10 nm height between adjacent terraces arranged with equidistant step were located 

(Figure 10b). The uniform step height found here illustrates an identical stacking sequence of 

Si-C bilayer [27, 28]. The equidistant step structures are associated to the repulsive step 

interaction through the minimisation process of the total surface energy. On the other hand, 

the asymmetrical step kinetics mechanism results the various stepped morphology as located 

in GA2. However, the terrace height in GA1 and GA2 is larger than the usually expect for 

graphene layer, i.e. about 5nm. Commonly, the height of the graphene terraces is ca. half to 

few unit cells of 4H-SiC substrate, i.e. 0.5 to 2nm [29]. The found terraces attain a maximum 
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height for face terminated C [30, 31]. Nonetheless, we noted the appearance of nanometre size 

structures even at low resolution for both studied areas. AFM measurement in GA3 shows 

different behaviour. The result obtained here differs to the discussed measurements [31 - 32] 

(Figure 10-c). Here, the sample surface shows large uniformly distributed terraces, of about 

500 - 600 nm wide (Figure 10-c). We located a 5 nm height between adjacent terraces as well 

as equidistant steps. Unusual circles appear in the stepped morphology extending over a few 

terraces. These circles could not be attributed to the simple roughness of the surface 

commonly observed for epitaxial graphene grown on 4H-SiC substrate [29, 33, 34]. It could not 

be defects due to their large size and location.  On other hands, they can not originate from the 

AFM cantilever or scanning artefacts due to their presence across multiple scans at different 

length scales. The AFM lateral topographical resolution is not able to adequately describe the 

origin of the surface morphology associated with the new graphene structure observed.  
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Figure 10: Atomic force microscopy (AFM) images obtained in the investigated graphene 

areas ‘GA’ with different scales. a- GA1, b- GA2 and c- GA3. 
 

 UFM measurements: 

 
 We investigated the nano - mechanical of the sample surface using UFM. UFM 

measurements characterise local nano - mechanical stiffness. Brighter areas in UFM images 

correspond to mechanically stiffer areas whereas darker areas have weaker mechanical 

stiffness. Nevertheless, the absence of UFM signal highlights a zero mechanical contact to the 

substrate. The dark regions located here correspond to the discussed epitaxial graphene 

structures (EGS) that could be identified like domes and/or bubbles, respectively, in GA (i= 1, 2) 

and GA3. The darker contrast demonstrates the lower rigidity of these EGS. Here, the various 

contrast, widths and heights are associated to the domes and bubbles (Figure 11). However, 

domes and bubbles illustrate a backbone oriented almost parallel to the surface, while their 

roof takes different forms, i.e. circular and elliptical. We found different size of these 

graphene structures. EGS of nanometre size (≈150-200nm) are assigned to “domes”, whereas 

those of several micrometers size (≈2µm) correspond to “bubbles”. We measure within 5 - 12 

nm height in both GA1, 2 and GA3. However, UFM of a few domes demonstrates good 

mechanical stiffness in the centre signature of a supported nature i.e not completely 

freestanding (Figure 11-a). This type of domes presents a similar high in the centre of the 

dome as outside it. Indeed, they could be considered as domes with supported centre with a 

decoupled ‘skirt’ around the perimeter (Figure 12- a). This indicates higher form in the centre 

(12 nm) and stiff, corresponding to Si droplets / pillars contamination below the graphene 

layer. On other hands, the found bubble areas have lower stiffness than the surrounding 

material. We found large circular regions with [0.5 - 1nm] lower than the surrounding stiffer 

material (Figure 10-c and 11-c). Thus, we have localised new EGS. 
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Figure 11: Ultrasonic force microscopy (UFM) images obtained in the studied graphene areas 

‘GA’ with different scales. a- GA1. b- GA2 and c- GA3. 
 

 
Figure 12: a- Image of epitaxial graphene structures (EGS) having a supported centre with a 

decoupled ‘skirt’ around the perimeter, as discussed in the text. b- Image of epitaxial 
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graphene structures (EGS) completely delaminated or ‘freestanding’. c- UFM images taken in 
GA2, proving the presence of the step bunching of the 4HSiC (000-1) substrate. 

 

V- EGS properties 
 

1- Raman mapping Localisation of EGS 

 
 The optical properties of the EGS identified with UFM were ininvestigated with local 

intensity mapping of D and 2D bands and the intensity ratio IG/I2D respectively in GA1, GA2 

and GA3 areas (Figure 13 (a, b, c and e)). Due to the similarity between GA1 and GA2, we 

limited our study to GA1 area. Raman measurements were carried out in periodic locations 

using 0.5 µm horizontal and vertical step sizes across the flake. Furthermore, we used an auto 

focusing adjustment for better analysis. We presented the associated Raman spectra (Figure 

13). Two different behaviours have been distinguished in the studied areas. Firstly, Raman 

mapping intensity of the 2D band in GA1 shows small flakes of lower intensity surrounded by 

brighter areas of different shapes which from the UFM study we identify as nano-domes. 

However, due to their nanometre size which exceeds the limit of our beam scale Raman 

mapping is incapable of precisely determining individual dome boundaries (Figure 13). 

Secondly, it should be noted that the 2D Raman mapping in the GA3 area shows remarkable 

circular structures of high intensity and different radius separated with darker homogenous 

terraces (Figure 13). These structures look similar to bubbles identified independently using 

UFM measurements. The mapping intensity ratio of IG/I2D obtained in GA1 and GA3 areas 

showed similar behavior to the 2D band, where graphene domes and bubbles have been 

distinguished. These structures also exhibit a low intensity ratio of IG/I2D revealing low 

graphene layer number. Thus, the analysis of optical and Raman mapping data confirms the 

UFM identified epitaxial graphene structures. Raman mapping give a visual identification of 

the graphene terraces allowing identification of the graphene layer interaction with the 

substrate and bubbles structure on these terraces.  We limited our study to epitaxial graphene 

bubbles.  
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Figure 13: Raman spectra, Z1 and Z2, of graphene layers taken in GA2 and GA3. Inset: - a, d 
Mapping Raman Intensity (MRI) of the 2D band, - b, e MRI of the ratio of the G to 2D bands, 
i.e. IG=I2D. - c, e MRI of the D band obtained in GA2 and GA3 respectively.  
 
 
 We illustrated the sample surface using the local intensity mapping and spectral 

position of the graphene Raman active modes associated to the D, 2D bands and the IG/I2D, 

I2D/IG ratios (Figure 14 (a, b, c and d)). The Raman spectra inside the bubble display similar 

behavior to suspended graphene, i.e. isolated from the substrate. The located bubbles showed 

different micrometric sizes. We chose a typical bubble, of 5 x 4 µm2 whose size is in good 

correlation with our high resolution beam focusing scale limit. The Raman spectra show high 

intensity at the centre for both G and 2D band.  The layer number n of the epitaxial graphene 

bubble has been determined using the full width at half maximum (FWHM) of the 2D band 

correlated with the intensity ratio of the G and 2D bands (IG/I2D). We have determined the 

FWHM of the 2D band across the bubble which is of order of 38 - 63 cm-1 signature of single 

layer graphene [35] (Figure 14-e). This verified the obtained intensity ratio (IG/I2D) results. 

Indeed, a ratio less than 0.5 corresponds to single layer graphene, for the range 0.5-1 bi-layer 

and higher than 1.8 it indicated graphene multilayer (n > 5); as reported in Ref [36, 37, 38]. 

Here, we found an intensity ratio of the G and 2D bands (IG/I2D) is about 0.7 in the area 
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surrounding the centre of the bubble centre. This ratio increases to 1.5 in the centre and on the 

edges of the bubble (Figure 14-a). Thus, the correlation between the two methods shows a 

signature of single layer of graphene. We noted a low intensity ratio (IG/I2D) in the area 

surrounding the centre of the bubble. It reaches high intensity in the centre and the bubble 

edges. Indeed, the low intensity ratio (IG/I2D) could be assigned to the high doping effect [39]. 

This is a possible explanation for the variation observed in the behavior of the intensity ratio 

(IG/I2D) relative to the 2D band FWHM located in some sample areas. This excludes possible 

changes of mechanical properties. However, other factors could be attributed to the high value 

of (IG/I2D) noted in different areas on the bubble surface. Indeed, at the bubble edges such 

behavior could be associated with the weak contribution of the substrate. Consequently, we 

have determined the graphene layer, numbers "n", to single layer of graphene [36, 37].  On other 

hands, the origin of the dispersion or broadening of the 2D band and the intensity ratio, IG/I2D, 

is ascribed to the doping effect. Here, the strain is very small across the bubble and therefore, 

it could be neglected.  

 
Figure 14: Raman spectrum on the bubble and Raman mapping intensity of: a- the ratios 
I2D=IG and b- IG=I2D; c- the D band; d- the 2D band; e- FWHM of the 2D band; f- Raman shift 
of the 2D band; - g, (h) Raman shift variation in X =1 and X =-1, respectively, along the Y 
axes .Y [5, -5] across the bubble. 
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2- Capacitor effect on epitaxial graphene bubble 

 
 The carrier charge density and mobility could be determined using Hall effect 

measurements. Nevertheless, this method supplies only the transport characteristics of 

materials. We have studied the charge redistribution between graphene layer, naturally n-type 

doped, and the substrate, using the Raman mode variation. This intrinsic doping influence 

nears the surface area of the substrate. Thus, a new charge density distribution is located on 

the surface and in the volume near the surface. Here, graphene bubble and the charged area of 

the substrate form a charged system. This behaves as plate capacitor associated with an 

effective total capacitance, C [40, 41]. Indeed, Graphene properties depend highly on the 

substrate type. The intrinsic charge impurities of the substrate act as a gate voltage and 

provide a local doping [39]. Here, a charge transfer from the graphene to the substrate arises. 

Consequently, epitaxial graphene layer is naturally n-doped. This results in strong Coulomb 

forces and a transverse electrical field in the substrate-graphene system similarly to plate 

capacitor. Consequently, the new charge redistributions between graphene and the substrate 

modify the optical properties, dielectric constants as well as the Raman spectra [39]. We 

localised an amended behavior of both the Raman spectra of the graphene and the substrate. 

Raman spectra analysis of epitaxial graphene bubbles describes the strong Coulomb coupling 

of the graphene layer with the substrate and the associated charge redistribution. Due to the 

advance of our grown epitaxial graphene bubble, we found a possible determination of the 

field variation inside the bubble due to a doping effect where new charge redistribution 

emerges. We demonstrate a possible field creation due to doping effect not only due to strain 

effect. In fact, Ref [42] reported a field determination of Pt bubbles arising under a giant 

strain effect. This giant strain produced under low temperature due to the difference in the 

thermal expansion of Pt and graphene. This varies to our case where our epitaxial graphene 

bubbles raised during the growth process at high temperatures where all practically strain 

effects are relaxed. This reveals the advancement of our epitaxial graphene bubbles. 

 
3- Charge distribution in epitaxial graphene bubbles 

 
We determined the charge distribution between the substrate and the graphene layer 

using Geim group method. They illustrated the dependence between the charge density of the 

graphene and the intensity ratio of the 2D and G bands (I2D/IG), reported in Fig.1 Ref. [39]. 

Using the association and our mapping of the intensity ratio of 2D and G bands (I2D/IG) across 

the sample surface, we have defined the charge density distribution in the graphene layer. We 



 83 

have observed a homogenous charge density distribution going from the centre to the edges of 

the bubble. The ratio I2D/IG reaches a high value in the roof and in the foundation of the 

bubble. Furthermore, the intensity ratio (I2D/IG) varies from 0.5 to 1.5 and its change from a 

point to point taken on different homogeneous areas representing different local carrier 

density (Figure 15-a) [39]. We have determined the corresponding charge density in each of 

these areas (Figure 15-b). Our measurements show evidently a strong electron doping of the 

epitaxial graphene layer [39]. The determined electron concentration in the graphene bubble 

reveals a large variation indicating inhomogeneous substrate behaviour. Thus, it occurs a 

phonons - plasmons coupling in the graphene-substrate interface related charged capacitor. 

Thus, we have found the electron density distribution in the graphene layer. Due to the charge 

neutrality, a thin layer of SiC substrate is highly charged with opposite charge to the bubble 

graphene layer. Here, the graphene layer charged negatively due to the electron doping, while 

a positive charge in the SiC substrate emerge. Consequently, the total charge of the system is 

zero and the neutrality condition is established. Therefore, the graphene bubble and the 

substrate form a highly active “capacitor” system. This capacitor acts as a resonance cavity 

for plasmons excitations as well as acting as a mirror limiting and screening the penetration of 

the electromagnetic radiation from outside to the uncharged volume of the SiC substrate. We 

will not determine the accurate number of the Si-C bilayer involved in the capacitance system. 

The charged capacitor forms a mirror or a filter for such radiation. We used a 488 nm line of 

an Ar-ion laser as exciting probe. However, Raman spectroscopy is not a surface probe. Thus, 

we were able to characterise the charge distribution in an area of the substrate a few µms thick. 

We have used the high resolution confocal arrangement of the Raman spectrometer. This 

leads to probing of a typical depth of 1 to 2 µm after that the penetration of the majority of 

incident radiation will be stopped. We expect that a small fraction of this radiation will 

penetrate deeper than 1-2 µm, however, their contribution to the Raman signal will be very 

small in a comparison with the Raman scattering arising from the graphene - substrate 

charged system of which the bubble is made of.  
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Figure 15: a- Raman mapping of the intensity ratio I2D=IG, b- Electron density distribution 
mapping. c- Mapping of the Fermi energy variation across the bubble. D- Electric field 
distribution mapping. 
 
 4- Quantum capacitance 

 We found n-doping effect from electrons coming to the graphene bubble to the 4H-

SiC substrate. This results a new electron distribution appears near the graphene-substrate 

interface inducing intrinsic capacitance. Figure 15-a characterizes the charge distribution 

across the bubble and the surrounded areas. The substrate defects and the existing charged 

impurities create additional electrostatic potential contributing to get the observed charge 

redistribution. Their electrostatic potential acts as a local gate voltage, which changes the 

charge (electron or hole) density in graphene locally confining electrons or holes 

approximately. Here, the impurities distribution and the charge redistribution between the 

graphene and substrate induce charged puddles consisting of holes or electrons. Such puddles 

have been observed in graphene on SiO2 substrate [43, 44]. The charge impurities of the 

substrate are measured as a dominant factor for the puddle’s formation. The similar puddles of 

elongated shape may also be naturally created in epitaxial graphene on SiC due to a terrace 

step in SiC layer [45, 46]. The atomic terrace on the substrate behaves as gate voltage applied to 
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graphene forming a trapping potential for electrons or holes. This could be attributed to 

capacitor effect. Indeed, total capacitance in epitaxial graphene system is given by the 

following equation [47]:  

eqQ CCC
111

     (1) 

Where, QC  is the quantum capacitance of the graphene layer and eqC is the classical 

electrostatic plate capacitance formed between the graphene layer and the substrate. The total 

capacitance for epitaxial graphene corresponds to the summation of three capacitances acting 

in series composed of the graphene layer, the buffer layers and the doped layer of the 4H-SiC 

substrate respectively. Thus, the total capacitance could be written as: 

)4DL(

1111
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  (2) 

Where, 
BLeqC  and )4DL( SiCHeqC


are the electrostatic capacitance of the buffer layer and the 

doped charged layer of 4H-SiC respectively.  

 We are studying graphene on carbon terminated face. Therefore, no buffer layer could 

exist. The electrostatic capacitance is related with the doped layer of 4H-SiC. This could be 

considered as conventional parallel plate capacitance composed of two plate electrodes. The 

first electrode is made of graphene layer whereas the second electrode is made of a doped 

layer of 4H-SiC [48]. The contribution of the SiC bulk layers involved in the capacitance 

systems is of the order of the quantum capacitance or less. Nevertheless, its value does not 

depend on the charging effects. Consequently, we will limit our study to the quantum 

capacitance having the strongest dependence on the charging. Quantum capacitance QC  is an 

important property of graphene. It related the capacitor of the graphene layer to accommodate 

the charge carriers. This type of capacitance differs to the conventional parallel plate 

capacitance. Indeed, to identify the quantum capacitance we must investigate the dependence 

of electron density on chemical potential, μ. The density of states (DoS) in two-dimensional 

graphene on the Fermi energy is related to the value of the Fermi energy EF given by [49]: 
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There Planck constant is  = 6.58× 10-16 eV.s and Fermi velocity in graphene equals VF 

=106m.s-1. The quantum capacitance is written: 
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Where, A is the surface area of the capacitor electrodes [50] and at very low temperatures the 

electron density n is associated with the Fermi energy: 

 
FE
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F
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EgdEEDn

0
22

2

4

  )(
    (5) 

g is the degeneracy factor which takes into account the double spins and the valleys 

degeneracy of the Dirac spectrum of the graphene (i.e. g = 4). For zero applied electric field, 

the chemical potential μ and DOS is low. At low temperatures, the dependence of the 

chemical potential (i.e. the Fermi energy EF) upon the electron density n is written: 

2



nVE FF                               (6) 

 

Thus, the quantum capacitance is relative to the chemical potential μ, which is at zero 

temperature is equal to the Fermi energy μ = EF (equation (6)). It is also proportional to the 

degeneracy of the system that is associated to spin (up/down) degrees of freedom and the 

valley degeneracy associated with K and K’ points of the Brillouin Zone [48]. Here, the density 

of states on Fermi energy depends on the electron density n. This property is different to the 

conventional 2D systems where the density of states is usually constant. Therefore, the 

contributions of the quantum capacitance can be readily noticeable on top of a constant 

electrostatic capacitance when measurements of the differential capacitance subjected to 

different gate voltage will be performed. This effect approved several recent observations of 

graphene quantum compressibility due to the strong spatial averaging [51]. 

 Indeed, we have investigated quantum capacitance using the properties obtained with 

the intensity ratio of 2D and G band noted I2D/IG. Figure 15-a illustrated the mapping of the 

intensity ratio I2D/IG distribution, the intensity ratio changes from 0.5 to 1.5. We found a low 

intensity ratio in the roof and in the foundation area of the bubble. Using the method 

discussed above of the Ref 19, the electron concentration as well as the position of the Fermi 

energy level has been investigated using I2D/IG ratio. Figure 9 b characterizes the electron 

density distribution across the bubble and the surrounded area. We located an electron 

concentration variation between 0.75 1013 to 3 1013 cm-2 (Figure 15-b). We found a high 

electron concentration at the roof and in the foundation of the bubble. The Fermi energy 

varies from 350 to 700 meV (Figure 15-c). The determined values for the Fermi energy are 

larger than the temperature at which our measurements have been made. Therefore, the 

presence of the low temperature dependence of the Fermi energy on the charge carriers is well 
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verified. Accordingly, the Fermi energy keeps comparable behaviour as the electron density. 

Therefore; we have determined a capacitance range variation per unit area ( ACQ / ) in the range 

0.034 to 0.068 F m-2. The obtained quantum capacitance illustrates the shift of the Fermi 

energy above the Dirac point. The quantum capacitance QC  is small when the density is very 

small-hence in this case it is the dominant contribution to the total capacitance. This is the so-

called graphene quantum capacitance effect [52]. 

 
VI- Conclusion 

 
 During this chapter, we revealed a possible way to localise epitaxial graphene. Here, 

the changes of optical contrast as well as the variation of the surface roughness are the main 

indexes. Indeed, we have investigated both cases and identified using various technique the 

amended graphene property, i.e either mechanical or electrical property. 
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I- Introduction 
 
 In this chapter, we will focus on the basic notions of solid-state plasma physics and 

explain their role in the creation of a capacitance effect at the graphene-substrate interface. In 

a first part, we recall the characteristics of solid-state plasma such as: the plasma frequency 

and the dielectric constant. Then, we study the inelastic scattering of light by plasmas in 

semiconductors. Finally, the case of the inelastic scattering of light by plasmas for graphene 

will be detailed. Indeed, in this part we will be interested in the phonon-plasmons coupling 

which occurs at the interface graphene - substrate: silicon carbide "SiC". We have located a 

capacitance effect at the interface resulting from an intrinsic doping effect of the graphene 

layer by the substrate. 

 
II- Plasma in the solid state: characteristic and property 
 
 Solid state plasmas assigned to free carriers charge that interact with each other in the 

solid by Coulomb forces. Often, these plasmas can be located in gases, liquids, metals and 

semiconductors. For semiconductors, plasmas represent a combination of electrons and 

semiconductor holes that are virtually free, characterized by a free path of negligible size with 

respect to the sample. This explains the more dilute character of plasmas in semiconductors 

compared to those of metals. Therefore, the electron density plays no role in determining the 

properties of the crystal structure. Thus, the study of solid state plasmas in semiconductors is 

related to intrinsic characteristics, not to the structure of the crystal. In addition, solid state 

plasmas of semiconductors differ from those of metals by its parameters of interest such as: 

plasma frequency, cyclotron frequency, Fermi energy, optical phonons and the forbidden 

band. Indeed, the complementarity of these parameters creates a wide variety of phenomena 

in the plasmas. In the following, we will describe some characteristics of solid state plasma 

parameters in semiconductors. 

 

 1- Low coupling 

 

 The plasma describes the states of the material defined by charged particles ensuring 

the interactions of electrical and / or magnetic origin. Any external perturbation affecting the 

plasma is related to the mobility of its constituents; As well as to the strength of the 

connections between its constituents, or between the constituents and the network, as in the 

case of a semiconductor. For a particle system behaving similar to plasma, its particle 
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agitation energy must dominate the binding energy of the particles to the lattice. However, 

any charged particle system does not meet this criterion. Indeed, in order to have a solid state 

plasma behavior, the charged particles must verify the following condition:  

        1   
c

pot
E

E
               (1) 

Where, Epot corresponds to the potential energy of the interaction between particles and Ec is 

the kinetic energy. This condition corresponds to the criterion of weak coupling. This weak 

coupling is verified for the two limiting cases: plasma diluted at high temperature and cold 

plasmas. Plasmas diluted at high temperature are characterized by particles of thermal energy 

greater than the average energy of the Coulomb interaction between particles, such as those of 

gas. However, cold plasma refers to heavily doped metal and semiconductor plasmas. These 

plasmas are very dense and degenerate. Here, the criterion of the weak coupling is made by 

comparing the energy of Coulomb with respect to the energy of Fermi EF of the gas of 

electrons. In a medium of dielectric constant ε0, the mean energy of the Coulomb interactions 

is given by 
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In the case of semiconductors, the Fermi energy of the free electron gas is: 
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With kF is the Fermi wave vector given by (kF = (3π2n0)1/3) and m* the effective mass. 
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We can write the criterion of weak coupling in the following form [1] 
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Where, rs characterizes the strength of the electron - electron interaction in a solid - state 

plasma of a semiconductor. 
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1-2 Screening Length 

 
 The Coulomb potential of a positive charge (ion) plunged into an electron gas as seen 

by another positive charge of dense media, such as metals and semiconductors, decreases by 

an amount of rrk D /)exp(  . The electron gas accumulates around the positive charge as 

well as the shielding. This effect is known as electrostatic screening. The shielding behavior 

of an electron gas as a function of the wave vector is described by its static dielectric function 

ε (0, k). For a non-degenerate plasma or also called Maxwellian where (EF<<KBT), the 

screening parameter kD is defined by the following: 
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λD is the Debye screening length and T is the temperature of the electron gas. λD is defined by 

the penetration distance of the external electrostatic field before it is compensated by the 

fields induced in the plasma. For a degenerate plasma (EF >> kBT), this length is called Fermi 

- Thomas λFT. It can be determined by replacing the thermal energy λFT by the energy of 

Fermi (EF) [2] in equation 5. 

This length of screening remains an important parameter for the characterization of plasma. 

Indeed, it separates the response of the plasma into two different regimes: the first which 

corresponds to the regime of collective oscillations (obtained for λ > λD). The second 

characterizes the behavior of the individual oscillations (obtained for λ <λD). 

 
 1-2 Plasma Frequency 

 
 The plasma frequency ωp is one of the characteristics of plasmas in the solid state. It 

separates the high and low frequency domains, within which the plasma acquires different 

behaviours. Electromagnetic fields with low frequencies with respect to ωp will be screened. 

However, the higher frequency fields will be transmitted. For doped semiconductors, there are 

two plasma modes: a high frequency mode affecting all valence electrons and another low-

frequency mode, or only the conduction electrons participate. Each mode is characterized by a 

plasma frequency which depends on the dielectric constant of the oscillating medium 

considered: electron gas or positive "background" of the ions. For a semiconductor with 

simple "SiC" conduction semiconductor, n-type doped, the plasma frequency of the low 

frequency mode can be obtained in the framework of the Drude model by [3]: 
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Where m * is the effective mass of the carriers, nc is the electron conduction density and ε0 is 

the static dielectric constant of the undoped semiconductor. This formula is valid outside the 

reststrahlen region.   

For SiC, the values of the dielectric constants at 300 K are equal to ε0 = 8.854187 and ε∞= 

6.78 (high - frequency dielectric constant) [4, 5], giving energies of the order of a few tens of 

meV i.e. p
<EG, where EG is the forbidden energy gap. It is recalled that EG is of the order 

of 2.39, 3.023, 3.263 eV respectively for 3C-SiC, 6H-SiC, 4H-SiC at 300 K. Following the 

quantification of the plasma wave of plasmons characterized by a quantum of p  appear. 

Phonon - plasmon coupling remains among the important phenomena in polar semiconductors 

(SiC). In the remainder of this chapter, we will detail the Raman scattering of plasmons. 

 
 1-3 Dielectric Function 

 
 The dielectric function of an electron gas ε is defined with the aid of the electric field 

E and the polarization P in the framework of the classical electrostatic which is expressed as 

follows: 

EPED r 00             (7) 

With D is the displacement vector of the electric field. The dielectric function of an electron 

gas generally depends on the frequency and on the wave vector ε (ω, k). This function is 

fundamental for the characterization of plasma: on the one hand ε (ω, 0) provides a 

description of the plasmons. Whereas, ε (0, k) provides a description of the electrostatic 

screening of electron - electron interactions and electron - grid interactions in the crystal. The 

dielectric response of an electron gas ε (ω, 0) to the long wavelength limit (λ >> λD) can be 

calculated from the equation of motion of a free electron subject to electric field: 

eE
dt
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In the case where x and E are harmonically dependent on time, then equation (8) can be 

written as: 

eExm  2  and 2mw
eEx         (9) 

The polarization P is defined as the dipole moment per unit volume, it is written: 
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The dielectric function at frequency ω is defined from equation (7): 
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The positive charges have a dielectric constant denoted ε∞ for the high frequencies. Thus, 

equation 11 becomes: 

 )1()( 2

2

2
0

2
0







 p

m
en

   (12) 

 
Where ω p is the frequency of the low frequency mode defined previously by Equation 6. 

 Equations 10 and 11 are obtained by admitting totally free plasma electrons. This is 

not true for solid-state plasmas, especially in semiconductors. Plasma electrons in the solid 

state are affected by the potential stress of the crystal lattice containing defects, impurities and 

phonons. In the following, we will see the application of the formalism of the dielectric 

function for the determination of the frequencies of the collective propagation modes 

(plasmons) in polar semiconductors such as the poly 4H-SiC type studied in this connection. 

 
III- Inelastic scattering and plasmons 

 
 Since the 1950s, several researchers have focused on the study of plasmons in solids. 

These studies were based on electron energy loss spectroscopy [6 - 8]. Indeed, it shows a lost of 

the electrons of an amount equal to an integer multiple of the quantum of energy p . The 

high quantity of energy is equal to ten electron volts for the case of simple metals (Al, Ag, Au) 
[6]. The energies measured by this technique allow the determination of very high frequency 

plasmons involving all valence electrons. In addition, other collective modes of lower 

frequencies involving only conduction electrons, they are often observed in doped 

semiconductors. These waves have characteristic energies of the order of ten meV. But, these 

energies close to the far infrared are not detectable by the experiments of loss of energy of the 

electrons. This imposed the use of the Raman scattering study. Indeed, inelastic light 

scattering remains a powerful tool for the study of low-energy excitations in semiconductors. 

Thus, the Raman study not only studies the energy spectra obtained by the difference in the 



 98 

frequencies of the incident and diffused photons ( si   ), but also the dispersion of 

their wave vector defined by the transfer of moment ( si kkk  ).  

The properties of phonon - plasmon coupled modes in SiC have been reported in several 

preliminary studies [4, 5]. Figure 1 shows the scattering of electrons or light. The incident beam 

of wave vector ki and of frequency illuminates plasma which also diffuses a small part of the 

light in all directions with a wave vector ks and frequency s . The scattering angle Θ 

corresponds to the angle at which scattered light of scattering wave vector q = ki − ks is 

observed. 

 
Figure 1: The scattering of electrons or light. 

 

There are two types of electronic excitation: collective excitation and excitation to a particle. 

For the first excitation, the propagation frequencies are non-zero at q = 0. The second one is 

characterized by ω = 0 and q = 0. This allows us to determine the excitations to "solid-state 

plasma" Near the laser in Raman scattering. Figure 2 shows the Raman spectrum of collective 

excitations (plasmons), where the Stokes (S) and anti-Stokes (AS) lines are distinguished. We 

will detail in the following the formalism of the dielectric function for a non-degenerate 

plasma in the long wavelengths k = 0, where the spectrum is dominated by the collective 

effects (plasmons) and apply it to the phonon-plasmons couplings in the Polar semiconductors 

such as "SiC". 

  
 1- Diffusion of light by electron plasmas in semiconductors 
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 In this part we shall not recall the theory of the inelastic scattering of light by a gas of 

electrons, where we shall have recourse to N-body physics. But, we will use some known 

results applied to semiconductors and phonon-plasmons couplings. 

 
  1-1 Dynamic structure factor 

 
 In this study, we limit ourselves to the case of the plasma of a semiconductor 

constituted of a single species, whose electrons are in a simple parabolic conduction band 

with an effective mass tensor m *. The effects of non-parabolicity of the energy bands of 

electrons are not taken into consideration. The theory of the interaction of the electromagnetic 

fields incident (i) and diffused with the electrons of the semiconductor allows us to calculate 

the differential diffusion section, noted  2 . This diffusion is expressed as a function of 

the effective mass tensor, the diffusion volume V, the classical electron radius 2
0

2
0 4 mcer  , 

the incident frequency ωi and the scattering frequency ωs and the dynamic structure factor S 

(ω, q) such that Frequency of diffusion is previously defined by: 

si         (13) 

And the diffusion wave vector 

si kkq             (14) 

In this case, we will admit a large dynamic structure factor S. This is because the factor is 

related to the dielectric response of the plasma which contains information about the intensity 

and shape of the Raman scattering spectra. The dynamic structure factor is given by the 

fluctuation - dissipation theorem [1, 9]: 
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ε0 is the dielectric constant of the vacuum, ε∞ is the dielectric constant of the grating 

and ),( q  the total longitudinal dielectric constant of the semiconductor. The term 

)1( TkBe   is the function of the Bose - Einstein statistic. The energies of the characteristic 

modes of the light scattering spectra are then related to the maximums of the function 
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 in equation (15). 

 
  1-2 Phonon-plasmon coupling 
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 The phonon - plasmon coupled modes are longitudinal modes associated with the 

macroscopic electric field. The latter coupled the phonons with the collective excitations of 

the free carriers. Each coupled mode has its own dispersion relation ω (q) based on the 

determination of the dielectric function ε (ω, q). However, the dielectric function of the 

longitudinal modes is deduced from the Maxwell equations for k × E = 0 [2]: 

0),( q                       (16) 

The dielectric function is written as a summation of a real part and an imaginary part. For an 

imaginary part 





),(
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 Im

q
 negligible with respect to the real part the term of the equation (14) 

will be maximal this gives: 

  0),(Re q                 (17) 

Equation (16) is necessary for the determination of the frequency of plasmons (collective 

modes) and coupled modes. For large imaginary parts, the preceding approximation is no 

longer valid and equation (15) then imposes solutions with values of ω and k complex. These 

solutions may be imposed by experimental conditions such as Raman scattering. These 

conditions imply a real k [10]. 

In the following, we apply the above results to the polar and degenerate semiconductors such 

as the cases of doped SiC. In the approximation of the random phase for a q = 0, which is 

generally the case in most Raman scattering experiments, the total longitudinal dielectric 

function is written [11]: 

2

2

22

22
            

),0()(),(













P

TO

TOLO

Lq













      (18) 

Where the second and last term respectively correspond to the contribution of the polar 

network χL (ω) and the free carriers χ (0, ω) to the electrical susceptibility. In equation (18), ω 

(TO) and ω (LO) are the frequencies of the optical transverse (TO) and optical longitudinal 

(LO) phonons. Whereas ω p is the plasmon frequency defined in (6). Thus, we obtain the 

equation of phonon-plasmon modes. 
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The variation of the coupled modes ω ± as a function of the carrier density were interpreted in 

terms of the simple Drude model for the susceptibility of free electrons, that is to say without 

taking into account the dependence of the wave vector q of the plasma frequency. In fact, 
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small dispersions of collective modes (ω ± (q) and ωp (q)) can be observed in a backscattering 

geometry. In this geometry, the amplitude of the diffusion wave vector depends on the 

wavelength of the laser excitation. Under these conditions, the susceptibility of free electrons 

can be calculated from a hydrodynamic approach [9, 10], whose expression is written: 
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This expression is satisfied for ω > qVF and q < kF for the regime where the "Landau 

damping" is negligible. 

 
IV- Study of the substrate-graphene interface 

1- Raman spectroscopy investigation 

 Raman spectra analysis across the sample surface describe the degree of homogeneity 

and the number of graphene layers, n. Raman mapping was carried out with a 0.5 µm step  in 

Z1 and Z2 . During mapping acquisition, laser beam focusing was checked at each point using 

an auto focusing adjustment. Figure 3 illustrates the local Raman mappings intensity at D 

band frequency (ωD), G band frequency (ωG) and 2D band frequency (ω2D), correspondingly 

in Z1 and Z2. The Raman mapping of D band displayed weak intensity across the sample 

surface in Z1 eliminating a possible nitrogen doping, while it slightly increased in Z2 (Figure 

2-a and -b). This is related to the graphite layers interaction.  Local Raman mappings intensity 

ratio of G and 2D band (IG/I2D) demonstrate similar behaviour (Figure 2 -g and -h). We have 

determined based on a well-known meethod the graphene layer number consuming (IG/I2D) in 

the both studied zones [12, 13]. The Z1 is covered with a single (n=1) and bilayer graphene 

(n=2). Nevertheless, small graphite flakes were located. Z2 is about an 80% covered with 

graphite and small bilayer (n=2) flakes. The determination of the graphene layer number is 

discussed below. We have carry out a Raman investigation in two frequency ranges {(I) = 

[100 - 1000 cm-1]) and (II) = [1000 - 3000 cm-1])}. The range (I) corresponds to the first order 

Raman modes of the SiC substrate, while the range (II) is attributed to the second order 

spectral bands of the SiC substrate and both first and second order Raman modes of graphene. 

Here, we limited our study to the second range of frequencies. Figure 2 shows the typical 

Raman spectra of various graphene layers located in Z1 (Z1-1, Z1-2 and Z1-3) and Z2 (Z2-1). 

Numerous second order Raman mode of 4H-SiC also exist in the frequency range [1479 - 

1905 cm-1] 13. We identified all the graphene peaks D, G, 2D, G* and (D+G) (Figure 2). We 

have identified the layer number n of epitaxial graphene grown on 4H-SiC using the 
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integrated intensities ratio of the G and 2D bands "IG/I2D" 14, 15-16.  Indeed, as reported in the 

literature14, 15-16, a ratio less than 0.5 corresponds to single layer graphene, 0.5–1 to a bilayer 

and 1.8 and above to multilayer (n > 5).  The Raman mapping intensity ratio of G and 2D 

band "IG /I 2D" in Z1 and Z2 are consistent with the layer number order, n, given by this well-

known method (Figure 3 -g and -h) 14, 15-16. In our case, we associate the intensity ratio IG /I 2D 

of 0.45, 0.8 and <1.8 to single, bilayer and graphite respectively, as appears in the related 

Raman mapping of IG /I 2D in both the investigated areas.  

 
Figure 2: Raman Spectra of: single layer (Z1–1), bilayer (Z1–2) and graphite (Z1–3) obtained in 
Z1, and (Z2–1) graphite located in Z2. Raman mapping intensity of: a- and b- D band, c- and d- 
G band, e- and f- 2D band and g- and h- G on 2D ratio (IG/I2D) obtained respectively in Z1 and 
Z2. 
 

2- Phonon - Plasmon couplings   

 
 We examined the longitudinal optical phonon - plasmon interaction in the 4H-SiC 

substrate. We illustrate a strong coupling between these two modes. We related the energy 

shift from point to point on the surface to the carrier density difference in graphene layers 

studied with other methods 17, 18. LOPPC modes are bulk substrate properties. This was well 

documented in n-type SiC, which has been widely investigated [19]. Figure 4 shows Raman 

spectrum obtained in the frequency range [100 - 1000 cm-1] which corresponds to the major 
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modes of the 4H-SiC substrate. We clearly distinguish the E2 (high), E2, E1 (TO) and A1 (LO) 

observed respectively at 154, 770, 791, 967 cm-1 [20 – 22] (Figure 3).  

 
Figure 3: Raman spectrum obtained at the frequency range [1000-3000 cm-1] signature of 

4H–SiC (000-1) substrate. 
 
 However, we notice a amendement in the A1 (LO) mode shift position across the 

sample surface. We have used a 488 nm line of an Ar-ion laser as an exciting probe. Raman 

spectroscopy is not a surface probe, therefore, we are able to characterise the charge 

distribution in a whole area of the substrate for few micrometers (µms) thickness. Indeed, we 

are able to probe to a typical depth of 1 to 2 µm. The small shifts in the Raman lines found 

across the sample surface are correlated with a local change in residual carrier concentration 

of the nominally un-doped 4H-SiC substrate located at 962 cm-1 [23]. Plasmon waves, induces 

a charge density fluctuations in the substrate and graphene. They polarize the graphene and 

excite the LO and TO phonons in the substrate. Both the shift and the line shape of the 

LOPPC band are investigated using a theoretical model in which the Raman intensity is given 

by [19, 24]  
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Where )(A  and ( , )q  are the spectral and dielectric functions, respectively [25]. )(A  and 

( , )q   are a function of plasma frequency, p , plasmon damping concentration, p , damping 

constant of electrons, Γ, high-frequency dielectric constant,  , Faust-Henry constant, C and  

phonon frequency, L ( T ) of the A1[LO] (E1 [TO]) 4H-SiC mode. The theoretical curve is 

obtained using the following fitting parameters: the electron effective mass in SiC is 

0*29.0* mm   (m0 is the free electron mass); the frequency of TO (LO) phonon is T = 774 cm-1 

( L = 962 cm-1) of a none doped 4H-SiC substrate [27]. We found a blue shift and broadening 
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of the line width of the LOPPC peak. This may be assigned to the increase of the phonon - 

plasmon interaction 16. Indeed, this can’t be associated with a heating effect due to the high 

control of our measurements setup. We reported a typical fitted A1 (LO) spectra of single 

layer graphene (Z1-1), bilayer graphene (Z1-2) and (Z1-3) graphite found in Z1 and also graphite 

located in Z2 (Z2-1) (Figure 4). 

.  

Figure 4: Variation of the line shape of the theoretical (solid line), experimental (points) and 
Voigt (dashed line) curves of the ‘‘LOPPC’’ modes as function of the epitaxial graphene 
layers for: single layer (Z1–1), bilayer (Z1–2) and graphite (Z1–3) obtained in Z1, and graphite 
located in Z2 (Z2–1). 
 

 We deduce that A1 (LO) mode is not fitted properly due to its broadening. This 

phenomenon is assigned to its high local carrier density as observed in Z1-1 and Z1-3. This is 

dissimilar to weak doping where the A1 (LO) mode is well fitted (Z2-1 and Z1-2). This doesn’t 

affect the value of the frequency p . The theoretical fit generally does not properly adjust the 

investigated tail of the A1 (LO) band. A Voigt fit based on a Lorentzian-Gaussian shape curve 

provides a better fit. This has been used to establish the A1 (LO) Raman shift position change 
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across the sample surface respectively in Z1 and Z2 (Figure 5 -c and -e). The A1 (LO) Raman 

mapping intensity presents a similar behavior to G and 2D band (Figure 5 (a-b) and Figure 2 

(c-f)). Here, A1 (LO) shift changes are sensitive to the local doping. The value of the shift 

move comparing to the spectral line of the pure 4H-SiC (0001) substrate i.e. un-doped. The 

A1 (LO) discussed is located at 962 cm-1. A high blue shift   is located in Z1 of 11 cm-1 

[969 - 973 cm-1] comparing to non-doped substrate (Figure 5-c). On other hand, a maximum 

shift of 7 cm-1 is located in Z2 [968.4 - 969.4 cm-1] (Figure 5-e). The A1 (LO) shift varies from 

1 to 4 cm-1 according to the investigated zones. The high shift in Z1 is associated with the 

weak layer number. However, a gradual dissimilarity is observed Z2 between the Raman 

mapping intensity and the shift variation of A1 (LO) in Z1 (Figure 5 -a and -c). On other hands, 

we locate a consisting phonons shift variation between substrate and weakly doped graphite 

layer, as observed in Z2, (Figure 5 -b and -e). The presence of highly doped graphene layer 

and the formation of quantum capacitance induce charging or charge redistribution in the 

system. This charge redistribution creates a high screening of Coulomb forces. This induces a 

phonon - plasmon coupling as it is observed for high density of excited electron-hole plasma. 

This was located for the metal graphite in Z1, where high electrons density does exist and high 

screening could be noticed. Accordingly, the shift variation of G band of the graphite and the 

A1 (LO) of substrate are different (Figure 5 -c and -d). This is also supported by the behavior 

observed in Z2 when compared to Z1 (Figure 5 -e and -f) 
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Figure 5: Raman mapping of A1 (LO): intensity -a in Z1, -b in Z2. Raman mapping of the A1 
(LO) shift variation obtained in -c Z1 and -e Z2. Raman mapping of the G band shift variation 
obtained in -d Z1 and -f Z2. 
 
 We studied a third homogenous area of our sample, Z3 of 80x80 µm 2 covered with 

single-, multi-layer graphene and graphite in order to confirm our found (Figure 6). The IG/I2D 

ratio indicates a signature of single layer graphene as located in Z1 (Figure 2). The A1 (LO) 

frequency varies between 964 and 967cm-1 despite the presence of single layer graphene 

(Figure 7-f). This shows the sensitivity of our model to the present carrier density. However, a 

dissimilarity is located between the shift and intensity variations (Figure 6-e and -f). This is 

regardless of the weak doping existing in this area. Indeed, the A1 (LO) shift variation is about 

≈3 cm-1, similar to Z1. On other hands, we located dissimilarity between the Raman shift 

variations of the A1 (LO) substrate mode and the G mode of the graphene (Figure 6 -f and -g). 

Such variation is attributed to the large variation of A1 (LO) frequency position associated the 

broad fluctuations of the local charge distribution. These fluctuations results a high screening 

of Coulomb forces between substrate and graphene. Thus, we developed an excellent model 

to investigate phonon - plasmon coupling for epitaxial graphene. On other hands, we present a 

high-quality imaging of the epitaxial graphene – SiC interface system.  

 Here, we become able to estimate the free carrier concentration n  to adjust the 

plasma frequency p in 4H-SiC given by 23 
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m is the electron effective mass at the bottom of the graphene band, and grn is the charge 

carrier density in the graphene layer. An interaction happens between these two branches of 

plasmonic excitations given in (2-a) and (2-b). This results a weak hybridisation and 

formation of a polariton excitation spectrum that we will not study here.  We limited our study 

the phonon - plasmon interaction which is relevant for both branches and estimate it using the 

substrate properties, i. e the LOPPC model as detailed above 27.  
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Figure 6: Raman mapping intensity of: -a D band, -b G band, -c 2D band, -d ratio (IG/I2D), -e 
A1 (LO) intensity. The Raman mapping of the shift variation of: -f A1 (LO) mode, -g G mode. 
The Raman spectrum of: S1 – single layer graphene, S2 – graphite, obtained in Z3. Insets: The 
line shape of the theoretical (solid line), experimental (points) and Voigt (dashed line) curves 
of the ‘‘LOPPC’’ modes associated with: (i) single layer and (ii) graphite obtained in Z3. 
 
 3. Graphene self-doping    

 
 We used an undoped 4H-SiC substrate for graphene growth. On other hands, we 

limited to the Brillouin zone centre excitations or weak photon excitations with vanishing 

momentum, q = 0. This approach is limited in order to fit A1 (LO) bands for high electron 

concentration in the substrate. This is due to the contribution of the excitations out of the 

Brillouin zone centre and the non - parabolicity of the bands [24]. Here, the electron 

concentrations were determined with the adjusted values of the plasma frequency p and the 

plasmons damping p  , of the common substrate for any graphene layer number (see, table 1). 

We located a density of charge equivalent to nZ1-1= 2.7129 1018 cm-3, nZ1-2= 2.5214 1018 cm-3, 

nZ1-3=4.1904 1018 cm-3 and nZ2-1=1.8857 1018 cm-3. However, the initial value on the substrate 



 108 

without epitaxial graphene layers was nSubstrate= 3.448 1011 cm-3. We located a decrease of the 

densities of charge with the increasing the graphene layers.  

 
Table 1: The associated values of fittings parameters of the frequency of plasma oscillations 
ɣp and the constants of their damping gp obtained in Z1–1, Z1–2, Z1–3 and Z2–1. 
 
 The original electron density of SiC substrate, nSubstrate, is very low due to the insulator 

character of our substrate. We compare the obtained carrier density to previous works of 

single layer graphene using G band shift variation. We found a shift variation between [1583-

1595 cm-1] and [1586 -1590 cm-1], respectively in Z1 and Z2. This illustrates a blue Raman 

shift comparing to the G line position of un-doped monolayer graphene located at 1580 cm-1 
[28] (Figure 5). In fact, the G band shift increases by increasing the layer number whereas in a 

conventional case without charge redistribution a red shift must appear [29]. This could be 

assigned to the association of doping and disorder effect [27, 30]. Previous epitaxial graphene 

work [17] found an electron density equals 5x1012cm-2 for a G band shift of 8 cm-1. Here, the G 

band for typical Raman spectra, as located in Z1, appears at 1585 cm-1. This shift is associated 

with 3.0x1012 cm-2, which confirms our findings [28]. Using our A1 (LO) model, such a shift 

indicates an electron density equal to nGr= 2x1012 cm-2. Indeed, the charge redistribution in the 

substrate is very inhomogeneous. It has high density of charge near the graphene layers that 

decreases by going inside the bulk. The small difference between the two determined electron 

densities is assigned to the charge inside the bulk. Conceiving of a model capable of 

determining this charge is a challenge with which epitaxial graphene – substrate system is 

faced. Accordingly, we found a good an agreement of the charge density obtained with the 

Raman shift analysis of both A1 (LO) and G band. Here, we limited our study to single layer 

graphene of which a typical spectrum was given in Z1. Due to the electro-neutrality of the 

system, the total charge accumulated in the graphene-substrate system is equal to zero.  Thus, 

the total charge of the substrate should be equal to the charge in the graphene with an opposite 

sign. Due to the electron doping of the graphene, it will be charged negatively, whereas the 
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SiC substrate is charged positively. This condition gives that nGr= n1 L, where L is the 

charged layer thickness of the substrate. We locate approximately a thickness L=0.54 µm of 

the charged surface layer of the substrate. This was found out after the examination of 2857 

bi-layers of SiC, knowing that the Si-C bond length in SiC crystal is 1.89A °. Thus, graphene 

and charged substrate layers form a “capacitor” system that behaves as a resonant cavity for 

plasmons excitations propagating along the graphene surface. Additionally, it acts as a mirror, 

limiting and screening the penetration of the electromagnetic radiation to the uncharged 

volume of the SiC substrate. Here, the given density of charged graphene corresponds to that 

of the bulk substrate. The surface charge density is determined with the 2D projection from 

the value n1. We obtain ns ~ (n1) 2/3 = 2.x1012 cm-2, which is equal to the charge density of the 

graphene as nGr ~ ns. This rough estimation gives a close value.  

 
V- Conclusion 
 
 We have investigated epitaxial graphene grown on face terminated carbon. Using 

Raman analysis several graphene characteristics, such as graphene layer numbers and disorder, 

have been identified. We revealed a possible localisation of the A1 (LO) phonon– plasmon 

coupled modes ‘‘LOPPC’’ of 4H–SiC. Such a coupling strongly depends on substrate doping. 

Thus, we define a non-invasive characterisation of the charge density distribution in a 

graphene– substrate system. This gave a clear description of the epitaxial graphene–substrate 

interface based on analysis of the phonon– plasmon coupling. 
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I- Introduction 

 Photocurrent in graphene appears owing to hot carriers arising from an optical 

excitation to energy states greater than the Fermi level. The excited hot carriers are important 

due to their relaxation via acoustic phonons displaying a bottleneck effect, and via electron-

electron scattering creating carrier multiplication which results in a strong decoupling 

between electron and lattice temperature. On the other hand, photovoltaic effects may also 

originate due to the thermoelectric effect. Both these photo-responses change under various 

factors such as the presence of a substrate, the sample geometry, the electrode materials and 

biasing. This mainly highlights the importance of the present substrate "SiC and SiO2" to the 

graphene photo responses, particularly, for the ultrafast domain i.e. terahertz and ultraviolet 

where a delay appears between the collective behaviour and the photoelectric effect. We 

revealed new phenomena associated with anomalous photoresistance and photovoltage 

responses of epitaxial graphene. We present graphene layers grown on 6H-SiC face 

terminated carbon (6H-SiC (000-1)). The grown layers were unintentionally oxidised with the 

coexistence of SiO2 flakes randomly distributed on the termination of the SiC substrate. X-

Ray photoelectron spectrometry "XPS", atomic force microscopy "AFM", Raman 

spectroscopy and magneto-resistance analyses were carried out to illustrate the origin of our 

discovery. 

II- Epitaxial graphene contamination: oxidation and defects localisation 

 1- XPS measurements 

 XPS measurements were carried out on epitaxial graphene grown on 6H-SiC (000-1). 

Oxidised epitaxial graphene were identified using spectrum survey scan. Indeed, figure 1 

highlights the most dominant components of epitaxial graphene oxide. We notice SiC 

substrate and graphene (C1s core level) components (Figure 2-a). The SiC substrate peak 

appears at 282.38 eV. The C1s spectrum was fitted with three components: the first peak is 

corresponds to sp2 hybridised C atoms in graphene sited at 284.41 eV, 1 the second peak is 

associated with sp3 hybridised C atoms located at 285.1 eV, and the third peak observed at 

286.2 eV is related to the C-O bonds (Figure 2-a). 1-4 The C1s peak illustrates graphene layers 

across the sample surface. The intensity ratio of sp3- and sp2- hybridised carbon components 

determine the graphene layer number. 2, 5 Here, we found an intensity ratio of sp3- and sp2-

hybridised carbon components of 0.36 gives. This is a signature of five layers graphene. On 

other hands, the SiC component is smaller than the main graphene component (C1s) which 

reveals continuous graphene coverage. Indeed, as the graphene intensity increases the 
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intensity of the SiC decreases. This is due to the increase of the graphene layers numbers. No 

buffer layer was observed here due to the face terminated carbon of the studied substrate. The 

presence of oxygen in this system originates due to the contamination of the graphene layer 1, 

4. 

 

 

Figure 1: XPS scan survey of epitaxial graphene layers grown on 6H-SiC face terminated 

carbon 6H-SiC (000-1). 

Here, the grown graphene was unintentional oxidised, as reported in previous studies 6. We 

located high oxidation of grown graphene layers, where oxygen per cent (at %) reaches 5. 

This was identified based on the location of both C-O and O=C-O bonds 7. The oxygen 

amount present in the graphene layers were inspected (Figure 2-b). We started with the 

examination of the oxygen peak positioned at 532.33 eV 7. Its high intensity illustrates the 

high amount of oxygen in the graphene layers. We further explored the Si2p component 

located at 100 eV to determine extra Si product or others originating from SiC 6. We located 

at 102.5 eV a SiO2 component 8, illustrating its related flakes on the top layer of the substrate 

(Figure 2-c). This peak appears due to the high amount of oxygen, which mixes with 

sublimated silicon atoms trapped on the surface 9. The unintentional oxidation may occur 

during earlier steps of our growth. Indeed, it arises occurring the polishing of the residual 

oxide damage and the native oxide from the substrate. The native oxide rises under the 
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epitaxial growth process until it reaches an equilibrium state. Nevertheless, we remain unable 

to specify the associated step inducing this effect.  

 
Figure 2: XPS components of epitaxial graphene layers grown on 6H-SiC face terminated 

carbon 6H-SiC (000-1) respectively a-  C1s core level, indicating hybridization sp2 and sp3 

orbitals, single C-O and Si-C bonds are also shown, b- oxygen levels, deconvolution separates 

C-O and C=O bond contributions, c-Si2p and SiO2 peaks.  

 
 2- Atomic Force Microscopy 
 
 We carried out atomic force microscopy (AFM) measurements in contact mode on our 

investigated sample in order to analyse graphene layer distribution as well as the surface 

roughness. Various areas of the sample were considered. In figure 3, we report a typical 

sample surface of 4.5µm2 area. The topography of the surface changes across the sample 

surface to reach a maximum of 1.5 nm (Figure 3-b and 3-c). The high intensities (i. e >1.5nm) 

correspond to the presence of defects. The height profile varies on the nanometer scale 

identifying graphene flakes. We located different contrasts from brown to light brown 

signature of multiple graphene layers inside the flakes. The found graphene layer number 



 117 

agrees with XPS results. The flake layer numbers and sizes whinge according to its location 10. 

Graphene flakes are separated by edge zones, in the proximity of which impurities and defects 

are often concentrated. The random growth of the graphene layers appearing here represents a 

common signature of graphene grown on face terminated carbon SiC substrate 10-11. However, 

AFM results show preferential orientation in the graphene layer flakes. This is assigned to the 

terraced of the substrate underneath. In fact, the surface morphology of the substrate 

influences highly the graphene layer. Thus, imperfection and the flatness of the substrate 

results plateaus-like features that force particular orientation of the graphene layers. The 

absence of the buffer layer between the graphene and the substrate as well as the unintentional 

oxidation of graphene play a further factors on the surface appearance and the distribution of 

defects and impurities. Indeed, commonly defects are identified using high intensities in the 

AFM scans (e.g. >1.5nm), where white contrast is found (Figure 3). On other hand, we 

particularly localise defects near the edge zones of graphene flakes. 

 

Figure 3: a- AFM measurements of the graphene grown on 6H-SiC (000-1) across a surface 

area of 4.5x4.5µm reveal the random growth of layers on the sample surface related to the 

face termination of the substrate. A defect as well as the suggested number of graphene layer 

flakes (1,3 and 5) are indicated. b- Magnification of the AFM image showing two graphene 
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flakes (layer number -5). c- AFM topography image across the 5 Layer graphene flake 

illustrating homogeneity across a flake. The thickness of the flake corresponds approximately 

to 5 layers of graphene. 

 
 3- Raman mapping investigation 

 
 To confirm our results, we further analysed our sample surface morphology using 

Raman spectroscopy. This helps to determine graphene layer’s properties. We represent the 

Raman mapping in different areas. Indeed, the local Raman spectra identify the homogeneity 

of the graphene layers. This is based on investigating the amount of defects. We carried 

Raman mapping using both: small steps of 0.5 µm and an auto-focusing adjustment before 

each spectrum acquisition. Figure 4 presents the Raman spectra at different points in the 

sample surface in the frequency range [1000 - 3000 cm-1]. We located graphene Raman 

modes such as the D, G and 2D bands (Figure 4-a, b, c) 12-14. G-band is a doubly degenerate 

(TO and LO) phonon mode at the Brillouin zone centre. The D-band is assigned to phonons 

on the K point signature of defects 15-16. The 2D mode is associated to 2TO. We investigated 

the Raman mapping of the D band. The D-band spectra showed weak intensity (Fig. 4a). This 

is assigned to oxygen impurities present in epitaxial graphene layers. The enhancement of D-

band reflects the structural defects found in epitaxial graphene on face terminated carbon. The 

local substantial intensity maxima in D-band mapping highlight the structural imperfections. 

 We investigated graphene layer number distribution across the surface using Raman 

mapping intensity of the G and 2D bands, respectively, at the frequencies ωG and ω2D (Figure 

4-b and -c). Typically, an IG/I2D ratio of <0.5 corresponds to single layer graphene (n=1), a 

ratio of 1.5 relates to four-layer graphene (n=4) and a ratio of 2 denotes five-layer graphene 

(n=5) 17-18. The IG/I2D ratio varies between 0.2 - 4. Various graphene flakes were located, 

mainly single (n=1), four- (n=4) and five- (n=5) layer coverage was found (Figure 4-d). 

However, a negligible amount of graphite flakes (IG/I2D = 2.5, n>5) were also located18-19. The 

mapping intensities illustrates randomly distribution of the graphene flakes. Nevertheless, the 

graphene quality looks highly homogeneous in each flake. The flakes have common 

dimensions of 2µm x 2µm. The overlapping graphene flakes supplied the non-homogeneity of 

the graphene film composition. The flake edges define a different contrast in the intensity 

maps which define the edge zones between the layers (Figure 4-a). We found large amount of 

defects appearing close to the edge zones. The obtained results show a good agreement of 

Raman analyses with the XPS and the AFM data. All characterisation techniques 
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identify up to five-layered graphene flakes. Particularly AFM measurements 

demonstrate a random distribution of the graphene layers. However, Raman spectra 

create a visual map of the defects across the sample surface mainly located at the edge 

zones of the graphene layers.  

 
Figure 4: Raman spectra of epitaxial graphene in the frequency range [1000–3000 cm-1] 
assigned respectively to: S1 – single layer, S2 – four layers and S3 – five layers; Raman 
mapping intensity of a- D band, b- G band, c- 2D band and d- G band normalised by 2D band 
intensities IG/I2D. The ratio intensity illustrates the corresponding graphene layer numbers n 
(intensity ratio < 0.5 implies n = 1, intensity ratio ≈1.5, n = 4). 
 
III- Photo response of epitaxial graphene 

 1- Epitaxial graphene photoresistance "EGP" 



 120 

 Electrical resistance dependence under continuous light irradiation in epitaxial 

graphene emerge outstanding physical features. Epitaxial Graphene Photoresistance (EGP) 

depends on the used light source wavelength. The light illumination has been produced by 

three lasers of different wavelengths: λ=409 nm (violet), λ=515 nm (green) and λ=625 nm 

(red), respectively. The dependence of the EGP on time is given in Figure 5-a. To avoid 

possible heating effect we used lasers having the negligible power (> than 1mW). 

Photoresistance experiments were investigated using epitaxial graphene grown on 6H-SiC 

face terminated carbon "6H-SiC (000-1)". We apply van der Pauw method for electrical 

resistance measurements. We presented the associated optical image of the sample with four 

contacts (Figure 5-b). EGP clearly appears under the violet light irradiation due to the close 

photons energy to the gap of the SiC substrate (≈3.03 eV, λ= 409 nm). On other hands, the 

other two lasers (green and red) photons have smaller energy than the 6H-SiC substrate gap 

(λ>409 nm). Here, no excitations of electrons in the conduction band and holes in valence 

band may arise. However, we located an increasing photoresistance as a function of time - 

although it was much smaller (see, the red and green curves on the Figure 5-a). 

 
Figure 5: a- The dependence of the photoresistance of epitaxial graphene grown on 6H-SiC 

face terminated carbon (000-1) on time, under continuous light irradiation: The blue,  green 

and red curves correspond to the different frequencies of the photons, from the violet,  green 

and red lasers, correspondingly; b- Optical image of the sample highlighting the four contact 

van der Pauw method used in the electrical measurements, c- The dependence of the 

photoresistance of a 6H-SiC substrate without graphene on time with the same conditions for 

the light irradiation from a  violet laser. 
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 Graphene layers are sensitive to the associated substrate, which force its electrical 

properties 20-22. Particular, we believe that photoresistance "PR" generation requires photon 

energy larger than the SiC bandgap. Insulating substrate possesses impurities and defects that 

confine electrons and holes in the gap.  SiO2 flakes on the top layer of the substrate act 

similarly to impurities. They generate a Lifshitz tail in the electron density of states.  We 

concern dopants of energy levels closer to the conduction and valence bands of the SiC 

substrate. Here, photon energy close to the SiC bandgap is sufficient to activate the PR and 

electrons supplied the electrical current. Graphene is sensitive to the type of the substrate, 

where it appears charge redistribution between graphene and substrate. Here, the band 

structure of the SiC substrate is modified close to the graphene layer. This induces the 

bending of conduction and valence bands at the vicinity of the graphene which creates the 

depletion charged area. It provokes an internal electrical field directed perpendicular to the 

graphene plane. Here, electrons and holes generated by light irradiation are moving in this 

field in the opposite directions: in the direction and away from graphene or vice versa. The 

latter depends on the band bending i.e. upwards or downwards with respect to the Dirac point 

of the graphene layer. The situation recalls the formation of the Schottky barrier on the 

contact of the semiconductor and metal. Here, electrons and holes are trapped in the charged 

area. This band bending and Lifshitz tails may effectively reduce the energy gap, with the 

photons energy close to the substrate gap – as is similar to our case. Indeed, electrons are 

excited from the valence band under illumination from the light. Epitaxial graphene provides 

a unique system where there is a strong potential to produce special photoeffects. Indeed, we 

observe that the EGP varies between 3818 - 3880 Ω.  Electrical resistance’s change is about 

2%, the observed effect is persistent and unexpected. Indeed, the examined graphene 

photoresponses in literature appear only under excitation energy of 4.7 eV (λ≈ 260nm) at the 

vicinity of M point i.e. ultraviolet and terahertz domain. Our epitaxial graphene effects are 

opposite to what is expected in the visible domain where resistance change is positive. This 

varies to the well known behaviour of photoresistance in all existing photo-responsive 

materials. For the first time for epitaxial graphene, we observe an increase of the resistance 

under light exposure for the used visible light wavelength (Figure 5-a).   

 2- Effect interpretation 

 Photoresistance decreases under light illumination due to an increase in the current 

carrier density. Such negative photoresistance illustrates to the ordinary response of semi-

conductors. We measured such a negative photoresistance for the 6H-SiC (000-1) crystal 
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under violet laser illumination as reported in Figure 5-c. This highlights how SiC 

photoresistance without graphene decreases under continuous light excitation. The observed 

effect is about 6%. This verifies the exposure of the pure substrate to the light enhances the 

carrier density. This results a spectacular decrease of the resistance. This effect can be simply 

described using one band Drude model, where the electrons resistance is given by:    

  
2

m

ne





        (1) 

n corresponds to the charge carrier density, τ is the scattering time, and m is the electron 

effective mass.  

 Under incessant photo-excitation the carrier density n enhanced. This induces a 

decrease of the resistivity. This indicates a variation of both the effective mass m and 

scattered time τ. Equation (1) describes the observed PR behaviour of the insulating 6H-SiC 

(000-1) crystal. This is in a strong dissimilarity to the positive graphene photoresistance (EPG) 

found for the substrate. That is, the newly discovered EGP reacts in an opposite way. The 

resistance increases under light excitation 17-18.  Here, together with the current carriers the 

light irradiation results localised charge centres. They may originate due to trapping of the 

electrons and holes produced by light by impurities, by defects both in graphene and in SiC 

and SiO2 flakes.  Indeed, we do not expect a change of the oxygen impurities under light 

illumination. We examined oxygen percentage before and after light illumination using XPS 

measurement and no changes were found. Oxidised epitaxial graphene is characterised by a 

stable state remains consistent under light illumination. In fact, oxygen impurities may 

localise electrons and therewith induce a high density of negatively charged centres.  The 

current carriers scatter on these centres and the scattering time τ is reduced due to the 

Coulomb interaction. Here, scattering process create additional resistance for the electronic 

transport in graphene. Indeed, epitaxial graphene has n-type doping while at the substrate it is 

unintentionally p-doped. This originates from charge redistribution between the graphene and 

SiC substrate. The Fermi level of the graphene is located in the band gap of the SiC. Under 

light illumination, free electrons and holes are formed in SiC. Regarding the field direction in 

the depletion area near the graphene these electrons or holes may migrate to the graphene 

layer. This increase or decrease its current carrier density n. This results a change of the Fermi 

level position in graphene. On other word, if the Fermi level rises a reduction of the resistance 

is expected. However, the opposite situation is observed here. This unique photoresistance 

may appear due to two factors: 1- The Fermi energy in graphene is reduced; 2- The creation 

of a new scattering mechanism under light irradiation.  The excited electrons are trapped close 
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or inside in the graphene layers, which separated them from the holes created by light. 

Consequently, it appears a charge centres which will scatter charge carriers and resulting a 

short scattering time τ. The morphological imperfection of epitaxial graphene layers, such as: 

impurities, defects, different grain sizes and edge zones between the layers, act as traps for 

electrons or holes. These imperfections capture electrons or holes and induce new scattering 

mechanism that accordingly results in the novel EGP response. Furthermore, the presence of 

small insulated SiO2 flakes form barriers for electron migration from the substrate to graphene. 

Moreover, they help in the formation of the charge redistribution between graphene and the 

substrate. These charge centres scatter the charge carriers and favour the EPG. Furthermore, 

the unintentional oxidation of the graphene films contributes on this effect. Oxygen impurities 

inside the system isolate excited electrons and holes from each other. This forms some 

charged scattering centres. This reduces both the scattering time and the resistance. Figure 6 

describes the resistance enhancement mechanism for monolayer graphene, which could be 

generalised for various graphene layer numbers.  

 

 
Figure 6: Photoresponse process: a- initial state of epitaxial graphene i.e. at equilibrium, b- 
violet laser irradiation of the sample surface, creating charged centres on impurities and 
defects, leading to the trapping and scattering of electrons and holes. The modified band 
structure and unconventional electron transport result in novel photoresistance and 
photovoltage effects. 
 
 The oxygen contribution was checked using ordinary epitaxial graphene sample grown 

on 4H-SiC face terminated carbon (4H-SiC (000-1)). We present photoresponse of non-

oxidised layers (n>5) of epitaxial graphene grown on 4H-SiC (000-1) (Figure 7). We 

investigated photoresistance. Nevertheless, no increase of resistance was observed and similar 

behaviour to the majority of semiconductors was established. Here, the photoresistance in 

epitaxial graphene grown on 4H-SiC (000-1) decreases. This reveals the impact of the 
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presence of oxygen impurities on the photoresistance. The both samples are grown on face 

terminated carbon that has the same morphological imperfections. However, only the 

presence of oxygen results contrary behaviour to the ordinary case of epitaxial graphene 

grown on face terminated carbon. This shows the effect of oxygen atoms on the 

photoresistance. On the other hand, the morphological imperfections of the face terminated 

carbon partially contribute in the located photo effects. Oxygen impurities are placed at the 

edge zones of the layers, which increases the local amount of defects, as observed in AFM 

and Raman measurements. The increase of the photoresistance response is detailed with the 

Drude model. The resistivity is given also by equation (1). The scattering time τ could be 

given by:  

1/τ=1/τee+1/τle,               (2) 

τle is the time associated with the scattering on the charge centres  and  τee is the scattering 

time of the charge carriers when only the charge density changed with the light or due to 

electron-electron interaction. The τle is determined using the scattering theory which is 

proportional to the charges of impurity centres over the square of the energy of the charge 

carriers. 47 This latest could be very large when energy decreases, that is, when we are 

moving to the Dirac point having zero energy. Consequently, the estimated cross section is 

very large and the associated value τle can be very small. Substituting this shortest scattering 

time into the equation (2), we obtain very short total scattering time τ. Furthermore, the 

resistivity of the system increases by substituting the obtained value in equation 1. This 

verified our suggestion regarding the increase of photoresistance in epitaxial graphene due to 

the creation of the charge centres.  
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Figure 7: Photoresistance of five layers of epitaxial graphene grown on face terminated 
carbon - 4H-SiC (000-1) - under violet laser excitation. 

3- Temperature Dependent Resistance Measurements 

 We investigated the epitaxial graphene temperature dependent resistance "EGTDR" to 

demonstrate our found (Figure 8). The EGTDR was determined based on a pulse tube cryo-

cooler. The resistance displayed a descending tendency, where it decreases from [6828 – 3841 

Ω] as the temperature range increases between [4−300 K]. The resistance variation was about 

40%, which is a huge variation. Such EGTDR variation is distinctive. Commonly, the 

maximum temperature dependence of graphene is usually about 7%, except for graphene 

quantum dots where a giant variation also appears 23. As temperature decreases the number of 

excited electrons decreases while resistance increases. The high roughness of epitaxial 

graphene results diverse domain sizes i.e. grains. This appears more for the face terminated 

carbon, where various numbers of layers may exist in the same area (Figure 3). The different 

grain sizes and graphene layer flakes enhance local impurity effects due to oxygen, and 

defects. The presence of SiO2 flakes in-between the graphene layers and at the top layer of the 

SiC substrate increases morphological imperfections. Different resistive interface regions 

produced at the edges of the graphene layers where high impurities amount exist 24. On other 

hands, excited electrons are Stokesed at the boundary interface in low temperature. 

Consequently, the scattering time of mobile electrons on these trapped charges is very small. 

The accumulation of charges increases the resistance of the system when the temperature is 

going down (Figure 7). This indicates important role of the local impurities in the observed 

resistance depending on the temperature behaviour. The EGRDR obtained here is similar to a 

semiconductor. However, its photoresistance signal differs to that of semiconductors i.e. 6H-

SiC. Therefore, the analysis of correlations between the photoresistance and resistance 

dependent temperature measurements may shed light on the origin of the obtained behaviour, 

which is mainly associated with the epitaxial graphene layers. 
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Figure 8: a- Temperature dependence of the resistance in non-illuminated epitaxial graphene 
layers grown on 6H-SiC (000-1) between [4-300 K]. At low temperature 4–100 K the 
resistance follows a strong logarithmic behaviour. The crossover temperature T* 
characterising the deviation from the logarithmic dependence is indicated and corresponds 
approximately to T* ≈ 100 K. b- Magnetoresistance in epitaxial graphene at 295 K in a 
magnetic field between 0–1 T. Until a field of B* ≈ 0.4 T the magnetoresistance is quadratic 
in field. The logarithmic low-temperature resistance as well as the quadratic 
magnetoresistance are consistent with the Altshuler–Aronov effect. Surprisingly for fields 
exceeding B > 0.4 T the magnetoresistance changes to a pronounced linear dependence. 
 

 

4- Photovoltage "PV"  

 Motivated by the unique photoresistance response, we have examined the 

photovoltage effect, focusing specifically on the epitaxial graphene photovoltage time 

dependence "EGPVTD". To the best of our knowledge the EGPV was not reported so far in 

the literature. The photovoltage responses investigated here were measured only under violet 

laser (λ=409 nm) illumination. Figure 9 depicts the EGPVTD signal recorded with (on) and 

without (off) photo-excitation. The EGPVTD response varies about 6x10-7 V. Here, electrons 

are excited from surface states towards the conduction band, which decreases the deflection of 

bands in the surface region. These electrons, after reaching the conduction band of the SiC 

substrate, pass to the graphene layers to occupy new levels of energies. This in turn causes an 

increase in the PV value 18. Excited electrons try to reach a quasi-equilibrium state inside the 

system. Here, the photovoltage value becomes constant. This was demonstrated during our 

EGPVTD measurements (Figure 9). In fact, the EGPVTD signal reaches the maximum 

voltage average when the photo-excitation is on. However, the maximum voltage is not stable. 

It fluctuates until the system reaches its stable state. These fluctuations could also be 

associated with the trapping of electrons by impurities, until all the electrons find their 

equilibrium. A quasi-periodic EGPV signal behaviour was observed on many time intervals, 

such as 60s, 200s and 1500s. Nevertheless, photo-voltage stabilised after 1500s, illustrating a 

quasi-equilibrium state. This quasi-equilibrium state is verified from the EGPR measurements, 

where resistance reaches its maximum after some finite time (Figure 9). However, the 

fluctuations of the excited electrons that stimulate the photo-responses change are better seen 

with EGPVTD measurements. 



 127 

 
Figure 9: a- Photoresistance decay time without a magnetic field effect (B = 0 T) and with 
magnetic field (B = 1 T). b- Photovoltage measurements of epitaxial graphene layers grown 
on 6H-SiC (000−1) under violet laser excitation. The red lines indicate the case of the laser 
(on), while black lines correspond to the switch off of the laser. The saturation voltage reaches 
values of PVsat ≈ 0.6 μV for λ = 405 nm laser. c- Excitation of electrons from the EV to EC 
of the 6H-SiC substrate and migration of the electrons to the graphene layers (locations of 
vacancies/impurities are indicated in pink). d- Trapping of holes by vacancies and impurities 
which induces persistent currents around flake edges and correspondingly a short transport 
relaxation time τtr under a magnetic field. Together, these lead to positive magnetoresistance 
and considerably slowed decay times in magnetic fields as shown in (a). 
 
5- Magnetic dependence of photo resistance decay 

 To determine a consistent description of the impurities (defects)-related lifetime 

degradation, we studied epitaxial graphene photoresistance decay under magnetic 

fields (Fig. 8a). These measurements show an electron recombination process strongly 

depends on the applied magnetic field. Resistance variation under the influence of an 

applied magnetic field was considered. First, we illuminate the sample surface using 

violet laser until reaching a stable value of the resistance. Here, the resistance decay 

was recorded as the light turned off in two cases: 1- without the magnetic field and 2- 

with a high magnetic field B=1 T. These two cases have very different time-dependent 

behaviour. The photoresistance excitation and decay is presented in Figure 8. We have 



 128 

described the photo-excitation of epitaxial graphene above. However, we limited our 

investigation to the relaxation process occurring in these cases with and without 

magnetic field. Without the magnetic field the relaxation time is relatively shorter and 

excited electrons recombine faster. We notice a long relaxation time (τ ≈17 hours) in 

comparison to an ordinary semiconductor. This long decay time of the excited charge 

carriers in the graphene layers is assigned to lattice defects, including the surface 

states. Here, electrons can not recombine directly, especially with the current 

morphological properties of epitaxial graphene. This illustrates the existence of various 

relaxation processes. Epitaxial graphene is characterised by its roughness, high amount 

of defects, high oxygen impurities and grain boundaries between the graphene flakes. 

These latest increases the electron life-time in the graphene layers. Thus, the decay 

time or the process of the photoresistance decay observed under a magnetic field is 

much longer than that without the magnetic field.  Magnetic field has a dramatic 

influence on graphene flakes, where graphene flakes transform into topological 

insulators under its presence 24-26. The topological state is characterised by the 

formation of persistent currents on flake edges52 and the corresponding opening of an 

insulating gap inside their bulk. Because of this gap in the energy spectrum the 

relaxation is slowed down. In the bulk the charges are localised and resist taking part in 

the recombination process. Here photoresistance decay is mainly associated with non-

uniform edge persistent currents where the mobile charge carriers are concentrated 

near the flake edges (Fig. 9-c and 9-d). Therewith, the magnetic field then slows down 

the recombination processes between the electrons and holes. Thus because of the 

complex topology of the edge persistent currents, the relaxation process cannot be 

generally described by a single exponential function. This is also the case for zero 

magnetic fields. In both cases a decay of photoresistance follows some power-law (or 

linear), function which cannot be described by a single relaxation time. We do not 

consider the decay shape or details of the decay process. Here, magnetic measurements 

highlight the role of the morphological imperfections in epitaxial graphene. The 

observed behaviour demonstrates the dramatic reduction of the charge recombination 

rate under a magnetic field. This is expected due to the graphene flakes are 

topologically insulating. The photoresistance decay lasts significantly longer. Under 

the magnetic field the edge currents are formed or enhanced. Mobile electrons are 

expelled from the bulk to the edges of the graphene flakes, where most of the defects 

exist 25-27. The magnetic field arises the Coulomb interaction between excited electrons 
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and separates hole and electron charge carriers. Both factors slow down the 

recombination rate between holes and electrons, leading to longer decay times τ. Other 

elementary excitations, like phonons, may need to be included to attain fuller 

understanding of the mechanisms involved.  

 On other hand, similar transformation of the graphene flakes into topological 

insulators is responsible for the magnetoresistance (MR) observed here (Figure 8-b). It 

appears that the MR increases nearly linearly when the magnetic field rises from 0.4 to 

1 T. This behavior is associated with the creation of persistent currents which form a 

nontrivial topology. In fact, such a linear increase of the MR may be associated with a 

formation of a two phase system 19. These latest are dictated by the nature of the 

topological insulator created from graphene flakes by magnetic field. The bulk of the 

flake is insulating and the edges are conducting. We notice that magnetoresistance and 

photo-resistance decay time measurements are complementary. They highlight the 

nontrivial effects and the photo-physical properties of epitaxial graphene.  

5. Conclusions 

 We revealed new photoresistance and photovoltage responses in epitaxial 

graphene grown on 6H-SiC face terminated carbon (6H-SiC (000-1)). We showed for 

the first time an increase of epitaxial graphene photoresistance under light illumination. 

The detailed measurements were done for a violet laser of wavelength λ= 409 nm due 

to its close energy to the 6H-SiC substrate gap. We have observed the most prominent 

photo-response in graphene grown on C-terminated 6H-SiC substrate, which we 

believe to be due to the non-trivial roughness of its surface topology. We argue the 

observed effects with the morphological imperfections characterising epitaxial layers 

grown on face terminated carbon. Our findings will attract attention for photovoltaic 

applications of the epitaxial graphene oxide grown on face terminated carbon, despite 

its random growth and well-known imperfections. We have shown that the 

morphological texture is responsible for the creation of the unique photo effects. These 

stable, long-lifetime phenomena create the possibility for using epitaxial graphene in 

new photo detector technologies. 
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Conclusion 

 
 The first part of this report presented generalities on the physical properties of 

graphene and its applications. We have shown the properties of graphene epitaxy and the 

interest of its realization for the electronic and optoelectronic applications taking into 

consideration these two polarities. The graphene developed in the framework of this thesis is 

characterized by techniques presented in chapter II. 

 We studied the optical properties of the different poly-type SiC substrate. We 

distinguished each SiC poly-type using its first-order Raman modes observed between [100-

1000 cm-1]. SiC polytypes are characterized with a set of Raman modes. The Raman modes 

correspond to the 3C-SiC (100) / Si (100) are the T2 (TO) and T2 (LO) which appear 

respectively in 796.55 cm-1 and 972.41 cm-1. The main Raman modes of the 4H-SiC are 

located at 270, 770, 791, 967 cm-1, they are assigned to E1 (low), E2, E1 (TO), A1 High), A1 

(low) and A1 (high), respectively. The signature Raman modes of 6H-SiC are E2, E2, E1 (TO), 

A1 (LO) observed respectively at 765, 787, 795, 964, 154, 245, 507 and 516 cm-1. The Raman 

characterization of the first order modes of each polytype ensures better identification of all 

structural changes during graphitization processes. On other hands, we distinguished the 

Raman mode of graphene in the frequency range between [1000-3000 cm-1]. We localise the 

D, G, 2D G* and (D+G) modes. 

 On other hands, we give an experimental proof of epitaxial layer changing into 

bubbles and domes existing on graphene intrinsically grown on 4HSiC face terminated carbon. 

Theses structures have been sited using optical microscopy, AFM, UFM and Raman mapping. 

The use of UFM also helped us to measure the nanomechanical stiffness of these dome and 

bubble structures. Our Raman analysis showed no dependence on the strain effect. Moreover, 

we have noted strong charge redistribution between the graphene layer and the rest of the 

substrate. For the first time, we give in detail the doping distribution inside the intrinsically 

grown epitaxial bubbles. The charged nature of these domes and bubbles may arise a local 

mini gap in the electronic spectrum. The minigap may also influence electron mobility.  

 Furthermore, we illustrated a spontaneous charged quantum capacitance in epitaxial 

graphene grown on 4H–SiC face terminated carbon. We found a capacitance originating of 

mutual charge redistribution between graphene and the substrate. The associated capacitance 

consists of both quantum and classical capacitance. The formation of the quantum capacitor is 

associated with the spatial separation of the graphene layer from the rest of the 4H-SiC (000-1) 
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doped substrate. The found capacitor was self-charged and a mini-band gap has been 

determined. This opens a new direction for the study of self-created capacitor effects and their 

associated gap openings. Furthermore, new approach has been used A1 (LO) phonon– 

plasmon coupled modes ‘‘LOPPC’’ of 4H–SiC substrate have been investigated. Such a 

coupling strongly depends on substrate doping. Thus, a non-invasive characterisation of the 

charge density distribution in a graphene-substrate system has been developed.  

 Moreover, we have revealed new photoresistance and photovoltage responses in 

epitaxial graphene grown on 6H-SiC face terminated carbon (6H-SiC (000−1)). Indeed, we 

showed a particular of epitaxial graphene photoresistance increasing under light illumination. 

Full study was done for a violet laser of wavelength λ = 409 nm due to its close energy to the 

6H-SiC substrate gap. We have observed the most prominent photo-response in graphene 

grown on the C-terminated 6H-SiC substrate, which we may assign to the non-trivial 

roughness of its surface topology. We argue that the observed effects are associated with the 

morphological imperfections characterising the epitaxial layers grown on face terminated 

carbon. Here a range of measurement techniques were used: X-ray photoelectron 

spectrometry, atomic force microscopy, Raman spectroscopy, and magneto-photoresistance 

decay analyses. We expect that our findings may attract attention towards photovoltaic 

applications of the epitaxial graphene oxide grown on face terminated carbon, despite its 

random growth and well known imperfections. Here, we have shown that its morphological 

texture is responsible for the creation of its unique photo-effects. These stable, long-lifetime 

phenomena create the possibility of using epitaxial graphene in new photo-detector 

technologies. 

 Finally, we developed a complete study of epitaxial graphene. We revealed, for the 

first time, unique properties such as: mechanical properties, new epitaxial graphene structures 

like bubbles and domes, new approach based on substrate characteristic to determine the 

density of charge and the phonon plasmons coupling and new photoresponse of epitaxial 

graphene. 
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