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Sammanfattning 
Abstract 

Graphene is one of the most popular material due to its promising properties, for instance electronics 

applications. Graphene films were grown on silicon carbide (SiC) substrate using chemical vapor 

deposition (CVD). Influence of the deposition temperature on the morphology of the films was 

investigated. Characterizations were done by reflectance mapping, atomic force microscopy and Raman 

spectroscopy. Two samples were done by sublimation process, to compare the number of layers and the 

morphology of the graphene films with the one grown by chemical vapor deposition. 

 

The reflectance mapping showed that the number of layers on the samples made by CVD was not 

influenced by the deposition temperature. But also, demonstrated that sublimation growth is present in all 

the samples due to the presence of silicon coating in the susceptor. The growth probably started by 

sublimation and then CVD deposition. The step morphology characteristic of the silicon carbide substrate 

surface was conserved during the deposition of graphene. But due to surface step bunching, a decrease in 

the step height occurred and the width of the terraces increased. The decreasing in deposition temperature 

leads to a smoother surface with the CVD method. Raman spectroscopy confirmed the presence of 

graphene and of the buffer layer characteristic of the sublimation growth. Moreover, it demonstrated the 

presence of compressive strain in the graphene layers. 
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1. INTRODUCTION  

This is the final report of the master thesis, conducted at the Department of Physics, 

Chemistry and Biology at Linköping University. This thesis is the final part of a double 

degree agreement between Linköping University (Sweden) and Grenoble INP PHELMA 

(France). It will complete the requirements of the Master in Materials Physics and 

Nanotechnologies realized at Linköping and at the same time the requirements of the French 

engineering school in Materials Science and Engineering.  

 

This thesis is focused on a specific material, graphene, whose unique properties were 

discovered in 2004, for instance the high electronic mobility [1]. The importance of graphene 

has grown exponentially in the past few years due to its promising properties. The first section 

of this thesis gives an introduction of graphene, its properties and the different preparation 

methods. The second section, principles and methodology, outlines the growth and the 

characterization methods used. Results and discussion based on the analysis of the samples 

are given at the end of this thesis. 

1.1. Thesis statement 

The title of this thesis is: The influence of growth temperature on CVD grown graphene on 

SiC (Silicon Carbide). The objective is to grow graphene on SiC by using a CVD (Chemical 

Vapor Deposition) of propane diluted in argon, and to study the quality and the properties of 

graphene layers dependent on the growth temperature. 

1.2. Structure and properties of graphene 

Graphene was first isolated in 2004 by the team of Andre Geim and Konstantin Novoselov. 

They succeeded to obtain graphene by using a piece of graphite, and an adhesive tape which 

allowed them to discover the outstanding electronic, optical, chemical and mechanical 

properties of two-dimensional graphene crystal. Both scientists were awarded with the Nobel 

Prize in 2010 for this discovery [2], [1]. 

 

Graphene is a single sheet of carbon atoms in a hexagonal arrangement as shown in the Figure 

1, also called graphene honeycomb lattice. It is the basis of numerous other carbon based 

materials as graphite which is made by graphene stacks. In graphene, the carbon atoms are 

bound together with a double electron bond called sp² bond. The distance between adjacent 

carbon atoms is equal to               (Figure 1) [3]. The 2D Bravais lattice is, in 

crystallography, a periodic arrangement of points in the plane (any sites of the lattice are 

identical in dimension and orientation). Graphene is not a 2D Bravais lattice, which means 

that it is impossible to fully reconstruct the crystal with a single carbon atom and two 

translations. To describe graphene with a Bravais lattice, a pattern with more than one atom 

should be associated to the lattice. The simplest representation is obtained by choosing a 

primitive hexagonal Bravais lattice with a two-atom pattern [4]. The Figure 1 shows the 

primitive cell of this lattice, generated by the two vectors    and    . The two atoms in the 

primitive cell are labeled A and B, respectively represented in blue and red on the Figure 1. 

When the vectors translations (   and      are applied, the graphene structure is obtained. 
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Figure 1: Atomic arrangement in graphene with representation in grey of the primitive cell [5]. 

A two-dimensional reciprocal lattice is also assigned to the graphene crystal (as shown in the 

Figure 2) in the reciprocal space made by the coordinates    and    (wave vectors). This 

lattice is generated by the two vectors         and        with the norms            
  

     
 and           

  

     
. 

The angle between these two vectors equals to 120°. The first Brillouin zone (FBZ) or the 

primitive cell in the reciprocal space is a hexagon. This zone is used for the understanding of 

the wave comportment in crystals and the determination of the band structure. This is useful 

for theoretical comprehension of the Raman spectroscopy characterization method and also of 

the properties of graphene. 

 
Figure 2: Comparison between the Bravais lattice (a) and the reciprocal lattice (b) , the first Brillouin zone is 

colorized in grey. K,K', Г and M are specific point of the first brillouin zone [5]. 

In a graphene crystal, each carbon atom is connected to the three nearest neighbors with a 

strong chemical bond. The strength of the carbon-carbon bonding, responsible, for instance of 

the hardness of diamond, confers exceptional mechanical properties to graphene [6]. 

Graphene is extremely resistant (100 times stronger than steel) and also light, that makes it a 

good candidate for the designing of nano electromechanical systems. Moreover, it is also 

extremely flexible. 

 

  

  

(a) (b) 



 

Andréa Nicollet 3 Master thesis 

Electronics properties of graphene are also exceptional and promising for future applications. 

Electron velocity in graphene is 300 times smaller than the speed of light and more than ten 

times greater than the usual speed of electrons in semiconductors. This gives to the graphene 

considerable assets for rapid electronics [3]. This leads to a high electronic mobility (> 2000 

cm²V
-1

s
-1

) [7]–[9] at room temperature in graphene that can be used to increase the speed of 

electronics devices, for instance, transistors. The mobility, also called charge carrier mobility 

characterize how fast a carrier (electron or hole) can move through the semiconductor when 

an electric field is applied.  

 

The fundamental electronic configuration of carbon atom is 1s²2s²2p², s and p are called 

orbitals. An atomic orbital is a region of space with high probability of finding an electron and 

the terms "s" or "p" refer to the shape of the orbitals. In graphene, the 2s orbital and two of the 

three 2px, 2py and 2pz orbitals are hybridized to give 3 2sp² orbitals (the third 2pz orbital is not 

modified). 

 

Orbitals recovering in the crystal gives rise to the appearance of different electronic bands as 

shown in the electronic band structure of graphene in Figure 3(a). The recovering forms 3 

covalent bonding  . These bands are far from the Fermi energy (energy of the highest 

quantum state occupied in a system at 0K, in the Figure 3 it is the zero energy) so there are 

associated to a stable bonding, responsible for the resistance of the crystal. Besides, the small 

recovering of the pz orbital forms   and    bands that touch each other at the K point of the 

first Brillouin zone. As the carbon atom contributes to the filling of these bands (three  , one 

  and one   ), with 4 valence electrons, the    band is full and the    band is empty. So the 

Fermi level is between these two bands. These two bands are the key of the electronics 

properties of graphene. 

One graphene sheet absorbs approximately 2% of the light [3]. Therefore, graphene is a 

conductive and transparent material with exceptional stiffness and flexibility which can be 

useful in the field of the transparent electrodes: flat and touch screen, solar cell, etc. 

  

Figure 3: (a) Electronic band structure of graphene. (b) π and π* band structure of graphene in 3D over the 

Brillouin zone [3]. 

(a) (b) 
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1.3. Preparation methods of graphene 

Graphene can be prepared via several methods shown in the Figure 4 [4], [10]. Some of the 

methods shown in this figure are presented and discussed in this part. 

 
Figure 4: Schematic presentation of the main graphene production techniques. (a) Micromechanical cleavage. 

(b) Anodic bonding. (c) Photoexfoliation. (d) Liquid phase exfoliation. (e) Growth on SiC. Gold spheres 

represent Si atom and grey sphere C atoms. The arrows represent the sublimation of the Si atoms which takes 

place at high temperature to form graphene layers. (f) Precipitation from metal containing carbon. (g) Chemical 

vapor deposition. (h) Molecular beam epitaxy. (i) Chemical synthesis using benzene. Taken from[10]. 

The "Scotch Tape Method" as its name suggests is based on the use of adhesive tape, this 

method is more often called micromechanical cleavage (Figure 4 (a)) [1], [4], [8], [11]. It 

involves placing a graphite sample (stack of graphene sheets held together by weak van der 

Waals forces) onto adhesive tape and then folding and peeling the tape several times to create 

thinner layers of graphite, which can at the end lead to a single layer of carbon. But, the 

obtained samples differs considerably in size and thickness and it is difficult to produce a 

large amount of graphene with this method [4]. The quality of graphene is high with almost 

no defects, but it has to be transferred onto a substrate to be used in electronics for example, 

which is not straightforward. 

 

Graphene can also be prepared in solution [12]–[15] and could be an interesting way to 

produce much higher amount of it (Figure 4 (d)). One production way is to disperse graphite 

in an organic solvent. Then, the dispersion is sonicated (applying sound energy to agitate 

particles) in an ultrasonic bath for several hours. Finally, the solution is centrifuged in order to 

remove the thicker flakes [16].  The quality of the obtained graphene is very high. On the 

other hand, the complexity is very low, and as mentioned above, this method allows preparing 

large amounts of graphene. But for many applications, graphene has to be on a surface, as for 
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instance a wafer. Different methods can be used to disperse graphene in a non liquid-phase. 

By vacuum filtration or drop-casting where a drop of solution is deposed onto a substrate and 

graphene flakes remain when the solvent evaporates. But the easiest way is to prepare 

graphene directly onto the surface. 

 

Deposition on surface can be done by using a method called CVD (Figure 4 (g)) that is a well-

known process where a substrate is exposed to gaseous compounds, called precursor. These 

compounds decompose and react at the surface to produce film, whereas the by-products are 

evaporated. In the case of graphene, propane is used as a precursor and decomposed on the 

surface, so that hydrogen evaporates and carbon remains. The main advantage of the CVD 

process compare to others is that it can be done on different type of substrate as, for instance, 

metal substrate. Moreover, CVD process allows large-scale production of graphene and also 

doping of graphene to modify its properties. Graphene on copper substrate has been grown by 

CVD reaction [17]–[19]. But for electronic applications, graphene on insulating substrates is 

required. For high frequency electronic device fabrication, graphene has to be transferred to a 

semi-insulating substrate. SiC substrate is a good candidate for electronic applications 

because it can operate in harsh environment, possess an excellent thermal conductivity which 

allows a good heat dissipation. So, the graphene has to be transfer from metal substrate to 

insulating substrate. One way to do that is to chemically etch the metal away to obtain free 

standing graphene that can be transferred onto another substrate. But it usually introduces 

defects or impurities in graphene. 

 

The graphene can also be prepared directly on insulating SiC surface by Epitaxial Growth, 

also called sublimation (Figure 4 (e)). The substrate, available commercially, is heated in a 

high vacuum atmosphere (UHV, pressure under 1.10
-9

 mbar) and thermal decomposition 

occurs at high temperature (above 1000°C in UHV [10]). Silicon (Si) atoms are sublimated 

from the surface and the carbon atoms left behind form graphene layer. It is well known that a 

layer called "buffer layer" grow on the Si-face sample made by sublimation [12], [20], [21]. 

This buffer layer is created at the interface of SiC substrate and the first graphene layer. It is a 

C-rich layer which has covalent bonds with SiC molecules of the substrate [22]. By using 

hydrogen intercalation, the buffer layer can be transformed into graphene layer. The growth 

behavior and properties of graphene are different on Si- and C-terminated face of SiC. In the 

case of the Si-terminated surface, the sublimation process is slow and the number of layer can 

be controlled. On the contrary, for the C-terminated surface the process is very fast and a 

large number of graphene layer are formed [9]. This is mainly related to the surface free 

energy with higher value on Si-face than on C-face [23]. The surface free energy is the energy 

required to break the bond at the surface, so the lower is this value the easiest is to break the 

bond. 

 

Sublimation process is also highly sensitive to SiC surface defects which does not allows 

large scale production with high reproducibility. CVD growth is much less sensitive to SiC 

surface defects and enables the controlled synthesis of a determined number of layer. 

Moreover, it has been demonstrated that CVD graphene deposition on SiC can be made at 

950°C (lower than sublimation process) which may reduce the surface degradation of SiC 

[24]. Therefore, this thesis is focused on the deposition of graphene on SiC by using CVD 

reaction to enable relatively low temperature growth of graphene. The graphene layers are 

characterized by using several methods that will be explained in the next part. 
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2. PRINCIPLES OF CHARACTERIZATION METHODS 

This part introduces and explains the basis of the different characterization methods such as 

reflectance mapping, atomic force microscopy (AFM) and Raman spectroscopy. 

2.1. Reflectance Mapping 

Reflectance mapping is an optical scanning method using the reflected power of a laser from 

the sample to obtain quantitative information about graphene thickness. To determine the 

number of graphene layers, different characterization methods are possible, such as Raman 

spectroscopy or AFM. Nevertheless, these methods are time consuming (around 10h for 

Raman mapping for a 10 x 10 µm map) or not relevant in the case of the graphene grown on 

SiC substrate. Therefore, for this thesis, reflectance mapping is used to obtain information 

about the thickness of graphene [25]. 

 

The Figure 5 displays the schematic of experimental setup used for micro Raman 

spectroscopy as well as for reflectance mapping. The laser light goes through the beam splitter 

BS1 and reflects on the dichromatic mirror (DM). Then, it is reflected by a mirror on the 

sample. The reflected light from the sample travels by the same way as the incoming laser 

light. Then, the reflected light is guided to the second beam splitter BS2 which divided it into 

two beams. One is used to control the focus of the laser spot with the help of a CCD (Charge-

Coupled Device) camera and the second one is used to measure the power with an optical 

power meter. The sample is mounted on xy-table which allows scanning of sample.  

 

Figure 5: Schematic presentation of the experimental setup for reflectance mapping and Raman measurement 

[25]. 

The number of layers (in percentage) is calculated from the power of the reflected beam 

(acquired by the power meter). For each point of the scanning samples, the power of the laser 

light reflected from the sample is acquired. According to the theory [25] the reflected power 

intensity (also called reflectance) is related to the number of layers. In fact, in the case of 

graphene deposit on SiC, an increase of about 1.7% per layer is observed in the reflectance. 

Finally, the value of the power intensity is pictured in a map, called the reflectance map. The 

brighter is the point, the higher is the number of layers. Figure 6 shows an example of two 

reflectance maps taken from sublimation growth samples where the bilayer graphene appears 

brighter than the monolayer.   
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Figure 6: Reflectance maps on two graphene samples made by sublimation-growth on SiC [25].The numbers 

written on the images display the number of layer corresponding to the color. The H in 4H and 6H means 

hexagonal and 4H and 6H are the name of two polytypes of SiC. 

2.2. Atomic Force Microscopy (AFM) 

The AFM is a non-destructive characterization method for surface analysis which does not 

require sample preparation. It is based on the atomic forces between a tip and the surface of 

the sample and also on a feedback loop. The AFM is composed of a cantilever with a sharp 

tip, a piezoelectric quartz, a laser, a photodiode and a feedback loop. All parts of the 

equipment are monitored by a computer software. There are different modes for the AFM 

such as "Contact mode", "Tapping mode" and "Non-Contact mode"[26]. In this study tapping 

mode will be used.   

Tapping mode (Figure 7), involves vertical vibrations produced by a piezoelectric quartz 

which are transmitted to the cantilever where the tip is attached. The tip, which is oscillated 

with the same frequency as the cantilever, scans the surface and the feedback loop maintains a 

constant oscillation amplitude. A laser beam is focused on the surface of the cantilever and 

the beam is reflected to a photodiode matrix which compare the intensity and determine the 

amplitude of oscillation. If the amplitude decreases, that means that the tip is close to the 

surface and should be put off a little and inversely if the amplitude increases the tip should be 

brought closer. For this mode, the photodiode signal permits to acquire different types of 

Figure 7: Principle of AFM Tapping mode. RMS means Root Mean Square [26]. 
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images but only height image will be used in this project. With height image it is possible to 

have an idea of the topography and roughness of the surface.  

 

The roughness of the surface can be determined by using root mean square (RMS) value 

measured at the detector which corresponds to the amplitude of the cantilever oscillation. Due 

to the better spatial resolution and the fact that there are no friction at the surface of the 

sample, the tapping mode is used for this thesis to image the morphology of the surface. 

 

Figure 8 shows a typical example of AFM images taken from graphene grown on SiC [27]. 

The Figure 8 (b) displays the AFM height recorded during the scanning using the tapping 

mode, in this case the height difference between the graphene and the bare substrate is 

measured to be about 1.5 nm.  

 
Figure 8: AFM image of graphene grown on SiC. (b) AFM height profile, average of signal along the channel 

direction in the yellow region marked in the image [27]. The yellow region corresponds to graphene and the 

dark orange region is SiC substrate. The sample has been etched using O2 plasma to exposed the SiC substrate.  

2.3. Raman spectroscopy 

The light-scattering is a very powerful mechanism to study the properties of the mater. When 

the wavelength of the scattered light is the same as the incident light, the process is elastic and 

called Rayleigh scattering. But, if the wavelength is different (for a really small amount of 

photons) the process is inelastic and one or several elementary excitations are created or 

annihilated in the material. If this excitation is related to an optical phonon, the process is 

called Raman scattering, after the name of its discoverer physicist C.V Raman, who was the 

first to focus on the inelastic phenomenon of light emission (Nobel Prize in Physics in 1930). 

The spectral study of this scattering constitute the Raman spectroscopy and, nowadays, it is 

widely used to characterize materials and in particular carbon based material such as 

graphene. 

2.3.1. Raman spectroscopy in general 

In Raman spectroscopy, the analysis is made by irradiating the material with a 

monochromatic laser. The light interacts with the molecules and polarizes the cloud of 

electrons around the nuclei to form a "virtual state" which is not stable and have a short life 

time. Then the photon is quickly re-radiated with low energy. This inelastic process of 

scattered photons involves an energy transfer from the incident photons to the molecules or 

the opposite. The radiation from the sample is collected by a detector and composed mostly of 

Rayleigh scattering: incident light is elastically scattered without changes in energy thus 

without changes in wavelength. However, a limited number of photons can interact with the 

matter that will absorb (or transfer) the incident energy photons producing Stokes lines (or 

(a) (b) 
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anti-Stokes) as display in the Figure 9. If the frequency of the scattered light is lower than the 

incident one, the molecule remains in a higher vibrationally excited state, and it is called 

Stokes scattering. If the molecule remains in a lower vibrationally excited state, it is called 

anto-Stokes scattering and the frequency of the scattered light is, in that case, higher than the 

incident one. Usually, only Stokes lines are used for Raman spectroscopy because anti-Stokes 

becomes weak if the frequency of vibrations increases. Moreover, the selection rules for the 

Raman scattering are determined by the theory of photons scattering and the group theory 

[28]. 

 

Figure 9: Evolution of the energy of an atoms irradiated by a laser in case of Raman scattering. 

To interpret the Raman spectra of graphene, the phonon dispersion is essential. The unit cell 

of the graphene is composed of two carbon atoms (A and B), so it's six phonon dispersion 

bands shown in the Figure 10, which are separated between three acoustic branches (A) and 

three optical branches (O). Near the center of the Brillouin zone (Г-point), the LO and TO 

modes correspond to the vibrations of the sublattice A against the sublattice B. These modes 

are degenerate at the Г-point. According to the group theory, these modes are Raman active 

[28].  

 

Figure 10: Phonon dispersion of graphene. The six phonon branches are marked by the acronyms LO, TO, ZO, 

LA, TA, and ZA. The letters O and A stand for “optical” and “acoustic”, respectively; L, T, and Z denote in-

plane longitudinal, in-plane transverse, and out-of-plane atomic displacement, respectively [29]. 

During Raman scattering, one photon with the frequency    and the wave vector    is 

perturbing the system (Figure 11). Due to the very short time involved, only electrons are 

concerned and this perturbation increases the total energy of the system with a quantity    . 

In most of the case this new energy doesn't match with stationary state of the system, so it is 

called virtual state. In classical language, this process corresponds to the compelled oscillation 

of the electrons at the frequency   . The system always tends to be in the stationary state with 

Electronic ground 

state 
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the lower energy, so in that case it emits a photon with a frequency    and a wave vector    . 

The energy     of this photon can be lower or higher than the energy of the incident photon 

   . In the first case, the process is considered as Stokes and in the second one as anti-Stokes. 

The gain or loss in energy are due to the interaction with a phonon (collective vibrational 

mode) of frequency   and wave vector  . The energy and momentum conservation laws 

involve that: 

            (2.1) 

         (2.2) 

The + sign correspond to the creation (Stokes) and the - sign to the annihilation (anti-Stokes) 

of a phonon. 

 

Figure 11: Schematic of Raman scattering. One incident photon ωi excites an electron-hole pair e-h. This pair 

emits (Stokes) or absorbs (anti-Stokes) one phonon to give another electron-hole pair e'-h'. This last one by 

recombination emits one photon ωd. 

The spectrum of the scattered light is composed of Stokes and anti-Stokes lines on both sides 

of the incident line (Rayleigh scattering), originated from a laser in the experiment. The 

equation (2.1) shows that the position of the lines compared to the incident line does not 

depend on the position of the incident one but it is characteristic of the studied system. Thus, 

the Raman spectra representation is not made according to the frequency or wavelength of the 

scattered light, but in function of the Raman shift. This shift corresponds to the value of the 

wave number associated to the energy difference between the excitation (   ) and the 

scattering (   ). So, this shift is directly related to the phonon energy (  ) created (Stokes) 

or absorbed (anti-Stokes). The following equation is used to calculate the Raman shift in 

function of the wavelength or the inverse: 

          
 

      
 

 

      
     , (2.3) 

with   the Raman shift,    and    the wavelength of the Raman line and the incident light, 

respectively. 

 
Figure 12: Schematic representation of a Raman spectrum. The Raman shift is in unit of cm

-1
. 
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The Figure 12 illustrates a typical Raman spectrum, the anti-Stokes line is deliberately 

represented less intense than the Stokes line. In fact, for Stokes scattering, the system is 

initially in its ground state while for the anti-Stokes process it is already in an excited 

vibrational state (  ) as shown in the Figure 9. The probability for the system to be in its 

ground state or excited state is given by Boltzmann distribution theory. In that way, the 

intensity ratio between the anti-Stokes and Stokes lines is proportional to the Boltzmann 

factor             . For this reason, only the Stokes lines will be taken into account 

during the experiment because anti-Stokes lines are weaker. And the energy change in Stokes 

lines is characteristic of the nature of each bond (vibration) present. 

2.3.2. Raman spectrum of graphene 

Graphene is the base of all the carbon based materials such as fullerenes, nanotubes or 

graphite. As a result, Raman spectra of these elements are similar and, for example, identical 

peaks are found on the Raman spectrum of monolayer graphene and graphite. The Figure 

13(a) displays the typical Raman spectra of graphene with the denomination of the peaks.  

Graphene has a single Raman-active phonon observed as an intense band in the Raman 

spectra (G-band), but other bands (G' and D) are also present on the spectrum and originate 

from a double resonant scattering process [28]. These two bands involve two phonons of two 

different branches or one defect (for the D band) around the K-point in the Brillouin zone. 

The G peak around 1580 cm
-1

 and the G' peak around 2700 cm
-1

 are the most important and 

are used to obtain information about the number of layers. Since, the frequency of the G' peak 

is approximately twice the frequency of the D peak, in literature it is referred as 2D peak as it 

will be done in this report. D peak around 1350 cm
-1

 and D' around 1620 cm
-1

 are used to 

determine the quality of the graphene layer, as there are related to the presence of defects 

(intensity of the peak increases with the number of defects in the layer).  

 

 

Figure 13: (a) Typical Raman spectra of graphene sample with the name of the different peak (518 nm excitation 

laser) [28]. (b) Evolution of 2D peak structure when graphene layers increases (633 nm excitation laser). HOPG 

means Highly Order Polyric Graphite [30]. 

  

(a) (b) 
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The comparison of Raman spectra for 1 and 2 graphene layers up to graphite shows that the 

spectrum depends on the number of layer. The shape of the G peak is quasi identical on all the 

spectra but with the increasing number of layers the Raman shift decreases. Moreover, the 

shape of the 2D peak changes significantly as shown in the Figure 13(b) and as soon as the 

number of layers increases 2D peak gets broader and moves to smaller Raman shift. 

Therefore, position and the full width at half maximum (FWHM) of the G and 2D peak are 

used to determine the quality and the number of layers. 

 

The buffer layer, as explained earlier in this report, is well known to grow on the Si-face 

sample made by sublimation [12], [20]. This affects the Raman spectrum of the sample as 

shown on the Figure 14. By comparison between all the spectra on the Figure 14 it is possible 

to deduce that the presence of a broad feature at 1350 cm
-1

 and the small peak around 1490 

cm
-1

 are related to the buffer layer (black arrow on the figure). So if this appears in the Raman 

spectra of the samples made during this thesis it will confirm the presence of the buffer layer 

related to the sublimation process. 

 
Figure 14: (from bottom to top) Raman spectra of the buffer layer (buffer layer), monolayer graphene on the 

buffer layer (MLG), bilayer graphene on the buffer layer (BLG) and quasi free standing monolayer graphene 

(QFMLG). The black arrow shows the peaks related to buffer layer [31]. (Laser wavelength 532 nm).  

Raman spectroscopy experiments are usually done in the visible or the near infrared, so a 

typical wavelength of 500 nm. As graphene lattice parameter is in the order of Ångström, and 

the order of the first Brillouin zone is around               . So, the wave number 

                             can be neglected. From the momentum 

conservation, equation (2.2), it can be deduced that the total momentum of the created or 

annihilated excitation is zero (      ). This is the fundamental Raman selection rules in 

graphene. 

 

Consequently, Raman spectroscopy also allows to deduce the stress in the graphene or the 

presence of a buffer layer together with graphene thickness and the presence of defects. The 

Raman setup used in this thesis is the same as the one use for the reflectance mapping, 

displays in Figure 5.  

  



 

Andréa Nicollet 13 Master thesis 

3. EXPERIMENTAL DETAILS 

The study of the influence of growth temperature on graphene layers begins by the deposition 

of graphene. The chemo-mechanically polished Si-face of nominally on-axis semi-insulating 

4H-SiC was used as substrate. The samples (substrate) were cut into 16x16 mm
2 

pieces from 

4-inch wafer. A conventional SiC hot-wall CVD reactor was used for the growth of graphene. 

The schematic illustration of the heating zone, the susceptor, is shown in the Figure 15. 

Heating is made through RF (Radio-Frequency) induction in high purity graphite susceptor 

which is coated with SiC. Propane (C3H8) diluted in argon (Ar) is used as carbon source. 

 

In-situ surface preparation of the substrates was made by using an unique etching process 

developed at Linköping [9]. The etching of the surface was done at 1550°C in hydrogen for 

five minutes for all the samples prior to the graphene growth [9]. This process removes native 

oxide on the surface, surface damages, and reveals step structure on the surface. Optical 

images of etched surface show large steps on the surface, as well as spiral like features, 

together with relatively large smooth regions in between large steps. In-situ surface 

preparation is a very important step as it controls the surface morphology and graphene 

thickness uniformity [32]. 

 

Figure 15: Schematic of growth zone of the CVD reactor used for this thesis. The color scale represent the 

repartition of the temperature in the susceptor. Blue is the smallest temperature and red is the highest one.  

It was confirmed, at the beginning of the graphene growth series, that the growth parameters 

used for this study (1620°C at 20 mbar for 30 min) do not lead to sublimation growth of 

graphene. The growth temperature was further lowered and growth time was reduced to make 

sure that graphene growth is only done by pure deposition of carbon atoms obtained through 

the decomposition of propane. A temperature dependent study was made at the growth 

temperatures of 1600°C, 1580°C, 1560°C and 1540°C. 

 

The CVD growth time was fixed to 7 minutes and each growth experiment was conducted at a 

fixed pressure of 20 mbar. The propane/argon (C3H8/Ar) ratio was also fixed to 0.001 for each 

CVD experiment. As mentioned earlier, only the growth temperature was changed between 

each sample. The susceptor used in this study was coated with SiC. At high temperature the 

evaporation of Si from SiC coating may change the conditions in the favor of sublimation 

growth. 
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To observe how much of the grown graphene is related to sublimation process, pure 

sublimation growth was made at the highest and lowest temperature used for this study. By 

comparison between the sublimation and the CVD process the quantity of graphene deposited 

due to CVD reaction has been determined. 

 

The Table 1 shows the deposition parameters for the different samples. 
 

Table 1: Deposition parameters for each samples . The left column (A,B,...) correspond to the name of the 

samples. 

  
Growth 

process 

Sample Growth process / Deposition 

  

  
Substrate 

C3H8/Ar 

ratio   

Working pressure 

(mbar) 

Temperature 

(°C) 

Growth 

Time 

(min) 

A CVD SiC 0.001 20 1600 7 

B CVD SiC 0.001 20 1580 7 

C CVD SiC 0.001 20 1560 7 

D CVD SiC 0.001 20 1540 7 

E 
Sublimation 

(Ar ambient) 
SiC 0 20 1600 7 

F 
Sublimation 

(Ar ambient) 
SiC 0 20 1540 7 

 

In order to confirm the growth of graphene and to determine the number of layers formed, 

reflection mapping was used. AFM analysis was also performed in order to observe the 

morphology of the graphene surface. Moreover, Raman spectroscopy was performed to 

analyze the quality, the presence of stress and the number of graphene layer. Raman was also 

useful to determine the possible presence of a buffer layer that is known to grow during the 

sublimation process on the Si-face of SiC.  

 

The micro Raman measurements were performed using 532 nm wavelength laser. The laser 

was focused on the sample using ×100 objective. The size of the laser spot on the sample was 

about 800 nm and the step size of the scanning was 300 nm. All spectra were corrected by 

substrate subtraction procedure and Lorentzian shape fitting to the observed peaks. 

 

The atomic force microscopy was measured on Digital Instrument Nanoscope III. AFM is 

installed on an isolation table for acoustic and vibration isolation of the system. All 

measurements were performed in air at room temperature. The surface images were analyzed 

using Nanoscope analysis software. 

 

Optical microscopy was also performed using Nomarski or differential interference contrast 

(DIC). The basic principle of this microscope is that various optical systems split the incident 

beam (before passing through the sample) into two beams near one another. A second optical 

system reconstructs the two beams that interfere depending on the thickness and birefringence 

physical properties of a material where the light is propagated on an anisotropic way of the 

sample. The technique produces a shadow effect which gives a pseudo three dimensional 

appearance to the sample.  
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4. RESULTS AND DISCUSSIONS 

Several techniques were used to characterize graphene layers. Optical microscope with 

Nomarsky contrast was used to display the microscopic surface of the samples. AFM was 

performed to obtain information about the surface morphology. Reflectance maps were 

acquired on a large area of the sample (30x30µm or 21x21µm) and Raman was performed on 

a chosen small area (10x10µm or 3x3µm) to obtain additional information on the number of 

layer and stress conditions. Since it is possible to perform Raman and reflectance mapping at 

the same time due to setup compatibility, another reflectance map was acquired during Raman 

measurement to confirm that the chosen area on the larger map is repeated. 

 
Sample A  

CVD 1600 °C 
Sample B 

CVD 1580°C 

Sample C  

CVD 1560°C 

Sample D 

CVD 1540°C 

    

    

    
Figure 16: (a) Optical images of each samples made by CVD. The white arrow points out the features related to 

step bunching and step morphology. (b) Corresponding AFM image (size 10x10µm) taken from regions similar 

to (a) and covered with step. The roughness (RMS) of each sample is written on the corresponding image. The 

color scale varies from 0 (dark orange) to 30 nm (bright yellow) high. (c) Reflectance maps (size 30x30µm) of 

each sample showing the number of graphene layers. One-, two and three-layers are observed as marked in the 

maps. 

The Figure 16 shows optical, AFM and reflectance map images of the four samples made by 

CVD. All samples after in-situ surface preparation display large steps of 3-5 nm separated by 

regions with small step of about 0.5-1 nm height as mentioned in literature [9]. The growth of 

graphene on the top of such surfaces seems to keep the step morphology as shown in the 

Figure 16. The optical images of the samples A (CVD 1600°C) and C (CVD 1560°C) show 

some features related to step bunching, which results in the formation of macro-steps and very 

10x10 µm 

50 µm 50 µm 50 µm 50 µm 

30x30 µm 30x30 µm 30x30 µm 30x30 µm 
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wide terraces on the surface (indicated by an arrow on the images in the Figure 16).  Step 

bunching takes place during the etching and growth and corresponds to a coalescence of 

several small steps into larger steps. It is due to the rearrangement of the surface which 

minimizes the total surface free energy. The electronic properties of graphene depends on this 

step morphology and it has been shown that the carrier mobility decreases with increasing the 

number of step edges (increase in step density) [33]. In that case, step edges acts as scattering 

points for carrier and deteriorate carrier mobility in graphene. So the target surface 

morphology is a smooth surface composed of wide terraces.  

 

The growth of graphene on SiC seems to keep the step morphology as shown in the AFM 

images in the Figure 16 but with larger steps and wide terraces. Moreover, for each 

temperature the step morphology is conserved so the temperature does not impact the 

presence of steps. The height of the steps for the CVD growth is about 1-3 nm and the width 

of the terraces are around 0.5-2 µm. The roughness of the samples in the Figure 16 

determined with the AFM images seems to decrease between the two extreme temperature 

(1.523 nm for 1600°C and 1.007 nm for 1540°C). So, the lowest the temperature is, the 

smoother is the surface morphology.  

 

The roughness (RMS value) of each samples using AFM has been determined and reported in 

the Figure 17. The value corresponds to the average of the RMS value on 3 images with a size 

of 10x10µm. The roughness decreases when the temperature decreases for the CVD process 

(blue diamond on the Figure 17) which confirms that the lower is the temperature the 

smoother is the surface morphology. The comparison between the samples made by different 

mechanism but at the same temperature (1540°C for example) shows that the sublimation 

growth leads to smoother surface morphology than the CVD growth.   

 

 

 

 

 

 

       

 

 

 

  

  

Figure 17: Chart showing the influence of the growth temperature on roughness. The red square 

represent the roughness of the samples made by sublimation and the blue diamond the ones made by 

CVD growth. 
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The Figure 18 shows the AFM images and the reflectance maps of the two samples made by 

sublimation at 1600°C and 1540°C. 

 
Sample E  

Sublimation 1600 °C 
Sample F 

Sublimation 1540°C 

  

  
Figure 18: (a) AFM image (size 10x10µm) of the surface of each sample covered by steps. The roughness (RMS) 

of each sample is written on the corresponding image. (b) Reflectance maps (size 30x30µm) of each sample 

showing the number of graphene layers. One-, two and three-layers are observed as marked in the maps.    

For the sublimation growth, the roughness increases when the temperature increases so the 

higher is the temperature, the higher are the steps and the terraces. This evolution can be seen 

in the Figure 17 by looking at the sublimation curve (red square) and also on the Figure 18 by 

looking at the AFM images. So, increasing the temperature promotes wider terraces and 

higher steps through step bunching process [33].  

 

The temperature seems to have similar impact on the roughness of the samples made by 

sublimation or by CVD. The decrease in temperature leads to a smoother surface for the 

samples made by sublimation and CVD growth.  

 

The influence of the temperature on the number of layer can also be observed by using the 

reflectance maps. For each sample, the number of graphene layers was listed in the Table 2 

and the reflectance maps are showed on the Figures 16 and 18. 
 

 

(b) 

(a) 

10x10 µm 10x10 µm 

RMS: 1.243 nm 
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Table 2: Results from the reflectance mapping (number of graphene layers). Values calculated from one 

reflectance map of 30x30 µm for each samples. The left column (A,B,...) correspond to the name of the samples. 

  
Test type and 

temperature 

Results 

  
Reflectance mapping (Number of layers %) 

  
1 Layer 2 Layers 3 Layers 4 Layers 5 Layers 

A CVD 1600°C 39,418 57,798 1,941 0,431 0,245 

B CVD 1580°C 23,204 67,464 7,431 1,51 0,392 

C CVD 1560°C 13,234 60,827 24,429 1,421 0,059 

D CVD 1540°C 37,114 60,847 1,97 0,059 0,01 

E 
Sublimation 

(Ar ambient) 
1600°C 5,509 74,532 18,998 0,706 0,147 

F 
Sublimation 

(Ar ambient) 
1540°C 32,32 52,22 14,548 0,637 0,029 

 

The Table 2 shows that all the samples are principally covered by bilayer graphene. It can also 

be seen in the reflectance maps in the Figures 16 and 18 because the dominant red color 

corresponds to bilayer graphene. 

 

The comparison between the number of layers for the CVD samples does not show a big 

influence of the temperature. But, it is still possible to see a small increase of the number of 

layers between the samples. The comparison between the reflectance mapping of the samples 

A (CVD 1600°C), B (CVD 1580°C)  and C (CVD 1560°C) shows that the decreasing of the 

temperature increases the number of layers. The percentage of bilayer graphene increases 

from 58% to 67% whereas the number of monolayer decreases from 39% to 23% for A and B, 

respectively. The percentage of trilayers increases from 1.9% (A) to 7.4% (B) and 24.4% (C). 

The percentage of bilayers does not change for D, grown at 1540°C but trilayer percentage 

significantly decreased while monolayer percentage increased. 

  

The sample D can also be compared with the F (Figure 19) because they were made at the 

same growth parameters. The only difference is the growth process (presence or not of 

propane gas). The sublimation growth (F) shows that it is possible to grow a certain quantity 

of graphene (32% of monolayer and 52% of bilayer) even at such low temperature and short 

growth time. 

 

 This could be attributed to the fact that at this stage susceptor is depleted of Si and is richer in 

carbon due to several high temperature growth runs made under propane flow (this will be 

explain in details latter in the report). CVD grown sample, under similar growth conditions 

(D) however, shows a higher quantity of graphene bilayer and monolayer. This clearly 

indicates that even though some sublimation growth is still present at 1540°C but CVD is 

dominant compare to the sublimation growth. Comparison of these two samples demonstrates 

that initially growth is probably started by sublimation but then it is dominated by CVD 

deposition of carbon atoms obtained by the cracking of propane gas. So, for all the samples 

made by CVD, sublimation growth may also be active during CVD deposition. 
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For sublimation growth process, it has been shown that the decrease in temperature leads to a 

decrease of the growth rate, in other words, fewer grown layers [9]. Similar observation was 

made in this study, the number of layer decreased when the growth temperature was 

decreased. The percentage of bilayer changed from 75% to 52% between  the samples made 

by sublimation at 1600°C (E) and 1540°C (F).  

 

No graphene formation was observed at relatively high temperature of 1620°C and much 

longer growth time of 30 minutes (sublimation process). However, sample E (1600°C) and F 

(1540°C) clearly show the presence of graphene. As mentioned before, the susceptor used for 

these depositions is coated with SiC and during the experiment, the Si atoms are 

sublimated/etched and pumped by the vacuum system creating a low Si background pressure 

and changing the initial deposition conditions. For the sublimation process, the decrease in 

silicon background pressure leads to an increase in the growth rate. So, the formation of 

graphene layer through sublimation at low temperature especially F (1540°C) is explained by 

the reduction of the silicon deposition from the susceptor (the more the susceptor is used, the 

less silicon is left).  

  

The sample E made by sublimation process at 1600°C shows considerably high percentage of 

bilayer graphene (3/4 of the total percentage) and some trilayer. 3 samples (B, C and D) were 

made between the samples A and  E which are both made at the same temperature but one 

with the addition of propane (A) and one without (E). Consequently, the quantity of silicon 

coming from the susceptor was much lower for E and therefore the sublimation growth rate 

was much larger in the case of E. 

 

The Figures 20 and 21 outline reflectance and Raman maps on smaller area of each samples. 

The processing of Raman spectra was made by fitting the G and 2D peak with a single 

Lorentzian followed by the extraction of the peak position and the full widths at half 

maximum (FWHM) for each point on the map. The G and 2D peak positions give information 

3 

 
30x30 µm 30x30 µm 

Sample D - CVD 1540°C Sample F - Sublimation 1540°C 

(b) (a) 

1 

2 

0 

2 

1 

3 

Figure 19: Reflectance map (size 30x30 µm) on a sample made at 1540°C by CVD reaction (a) and by 

sublimation process (b) showing the number of graphene layers. Zero-, one-, two and three-layers are observed 

as marked in the maps. 
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on the stress of graphene. The Raman parameters FWHM (G and 2D) are used to determine 

the number of graphene layers. In fact, as explained in the theoretical part, the shape of the 2D 

peak changed in function of the number of layer. Raman spectra of all the samples show the 

characteristic peaks of graphene (G and 2D peak) which confirm the presence of graphene on 

all the samples. 

 

 
Figure 20: (a) Reflectance map (size 30x30 µm) on the sample A with predominant bilayer graphene. (b)  

Reflectance map  (left) taken on the outlined area (size 10x10 µm)  of the larger map in (a) together with the 

maps (right) of the peak position and FWHM of the G- and 2D- peaks obtained from Raman spectra. The 

position of the two features relative to the buffer layer (BL) are also marked by two black arrows. (c) Raman 

spectrum from a bilayer region (laser wavelenght: 532nm). 

One of the important features is the contribution of the buffer layer to the Raman spectrum. 

As reported in the literature [31], the buffer layer can be find in the Raman spectra by looking 

at the wavelength between 1300 cm
-1

 and 1500 cm
-1

. In fact, as shown in the Figure 20 (c) for 

the sample A (CVD 1600°C), a broad feature is marked at 1350 cm
-1

 and a small peak is 

denoted at 1493 cm
-1

 which are both typically related to the buffer layer. Moreover, the same 

type of features appears for all the samples which permit to conclude that buffer layer is 

present on all samples. This also confirms the presence of sublimation process on all the 

samples because the buffer layer is well known for appearing with sublimation process. Due 

to the presence of the buffer layer around the D peak (related to defect), the analysis of the D 

peak position cannot be done. 

 

On the Figure 21 the small reflectance maps displays quite homogeneous region of bilayer in 

the different samples. But the peak position (G and 2D peak) from the Raman maps shows 

significant dispersion. This is attributed to the compressive strain due to the mismatch 

between the thermal expansion coefficients of graphene (which expands upon cooling) and 

SiC (which contracts) [34]. The Raman maps obtained from G and 2D peaks position (Figure 

21), the brighter is the region the more compressive the strain is. In the Raman maps of the 

Sample A - CVD-1600°C (a) 

(b) 

(c) 

  BL   G                                2D 

30x30 µm 

10x10 µm 
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sample F (Sublimation 1540°C) it seems that the strain is more compressive in the trilayer 

area than the bilayer, that would lead to the conclusion that more layers lead to more 

compressive strain. But this features does not appears clearly on the maps of the other 

samples.  

  

In theory, graphene samples made by sublimation are under much higher compressive strain 

than CVD grown graphene due to the presence of the buffer layer which does not allows 

relaxation [35]. However, by looking at the Raman maps (G and 2 D peak positions, Figure 

21) the maps are brighter in the case of CVD process which lead to a higher compressive 

strain in these samples compared to sublimation. The growth of the buffer layer on all the 

samples demonstrates the presence of sublimation process, even during pure CVD process. 

The presence of both process can explain the higher compressive strain compared to the 

samples made by sublimation only. 

 

The large strain amplitude is confirmed by the absence of strain relaxation (wrinkles for 

example) on the graphene surface as shown in the AFM images in Figure 16. [34], [36], [37]. 

Figures 16 and 18 present surface images taken by AFM from the sample made by CVD and 

sublimation at 1600°C and 1540°C.  

 

The charge carrier mobility of exfoliated graphene is between 10 000 to 27 000 cm
2
.V

-1
.s

-1 

[36]. But, usually the carrier mobility for sublimated graphene is around thousands cm
2
.V

-1
.s

-1
 

which is not acceptable for electronic device applications. This was explained by the presence 

of the carbon buffer layer which acts as a scattering source of carrier and reduce the carrier 

mobility [38], [39]. In the case of the samples in this thesis, mobility measurement was made 

by using "Lehighton" equipment (measure through the reflectivity of microwaves), but did not 

give any results. The reason of this failure is not known for the moment but it can be assume 

that the charge carrier mobility is around one thousand cm
2
.V

-1
.s

-1
 due to the presence of the 

buffer layer. 
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Figure 21: (a) Reflectance map (size 21x21 µm)  on the sample B with predominant bilayer graphene. (b)  

Reflectance map  (left) (size 3x3 µm)  of each samples (one sample per line of maps) together with the maps 

(right) of the peak position and FWHM of the G- and 2D- peaks obtained from Raman spectra of each samples. 

(c) Raman spectrum from a bilayer and trilayer region on the sample B (laser wavelenght: 532nm). 

         

  

G                                  2D Sample B - CVD - 1580°C 

Sample C - CVD - 1560°C 

Sample E - Sublimation - 1600°C 

Sample D - CVD - 1540°C 

Sample F - Sublimation - 1540°C 

21x21 µm 

(a) 

(b) 

(c) 
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5. CONCLUSION 

The goal of this thesis was to study the influence of the temperature on the CVD grown 

graphene on SiC. The growth of graphene was successfully done on the SiC substrate and the 

characterization showed that in 7 minutes at 20 mbar with a propane/argon ratio fixed at 

0.001, it is possible to grown up to 1-3 layers of graphene with a majority of bilayer.  

 

The reflectance maps of the samples made by CVD show that the temperature does not 

change much the number of layer. The comparison between the reflectance maps of the 

samples made by sublimation and by CVD growth showed that sublimation growth is 

probably still active in all the samples. For the samples made by CVD, with presence of 

propane, the growth probably started by sublimation but then it is dominated by CVD 

deposition of carbon atoms obtained by the cracking of propane gas. The presence of 

sublimation is due to high growth temperature. During the experiment, the Si atoms are 

sublimated/etched and pumped by the vacuum system creating a low Si background pressure 

and changing the initial deposition conditions. And for the sublimation process, the decrease 

in silicon background pressure leads to an increase in the sublimation growth rate.  

 

The AFM images confirms that the step structure morphology of the SiC is conserved and the 

growth of graphene decrease the step height and increase the width of the terraces of the 

initial substrate. This can be correlated to the step bunching process during the growth. The 

target morphology of graphene is a smooth surface with wide terraces, and the roughness 

measurement displays a smoother surface for the sublimation process. With CVD growth, the 

less the temperature is the smoother is the surface. By interpolation, one can say that 

continuing decreasing the temperature should lead to significantly smooth surface. 

 

The Raman spectroscopy confirms the presence of graphene due to the presence of the typical 

peak in the spectra (G and 2D peak). The features related to the presence of the interfacial 

layer, called buffer layer, between SiC surface and graphene layer are present in all the 

Raman spectra which corroborate the fact that sublimation growth occurred also during CVD 

growth. And finally, the Raman spectra showed that a compressive strain is present in all the 

graphene layers. This compressive strain is higher in the samples made by CVD than by 

sublimation. 
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6. RECOMMENDATIONS 

Hydrogen intercalation should be done on the samples to transform the buffer layer in 

graphene layer and mobility measurement should be performed on these samples. 

 

The results of the tests show that the susceptor is playing an important role in the growth of 

graphene layer due to the presence of a coating in the form of SiC. Consequently, to prove 

this hypothesis, the susceptor should be changed some more tests has to be made with the 

same conditions as the first series.  

 

Moreover, if there are no sublimation under 1600°C it will be possible to determine the 

parameters which permit a deposition of graphene only due to the CVD reaction and to 

characterize the CVD graphene grown layers. 

 

This work has been carrying out to have a better understanding of the influence of the growth 

parameters on the CVD grown graphene. This study should be continued to obtain more data 

and to be able to develop a high quality of graphene by CVD. To continue this study, 

decreasing even more the temperature could be done, or studying the other deposition 

parameters (pressure, growth time or gas glow rates) could be interesting. If good quality of 

graphene can be obtained by this method, it could lead to a study of the applications of this 

graphene on SiC (high power electronic for example) and latter to the integration in industry. 
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