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Abstract 

Few layer graphene was obtained by heating a silicon carbide (top side is 
silicon terminated) sample to 1700℃ for 15 minutes in an argon atmosphere. 
Transport measurements are performed on this sample and the results are compared to 
results for monolayer graphene. The sheet resistance is 1625Ω at room temperature 
and decreases to 1093Ω at 5K. These values are comparable to the monolayer sample. 
The mobility is 365cm2/Vs at room temperature and increases to 960cm2/Vs at 5K. 
This is significantly lower than the mobilities for the monolayer sample (692 and 
1614 cm2/Vs at the respective temperatures) but the general shape of the graphs is the 
same. This is probably due to the smaller terrace size, causing more scattering. The 
carrier density is about 3 ∙ 1013cm-2 and increases slightly with increasing 
temperature. For the monolayer sample this value is about 2 ∙ 1013cm-2 and does not 
depend on temperature. This could indicate that growth at a higher temperature causes 
more doping from the buffer layer, or that molecules that cannot be removed by 
annealing were present on the multilayer sample.  
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1. Introduction 

Graphene has lots of interesting properties. A few examples are high 
mobilities [1] , the conductivity has a minimum value of 4𝑒

2

ℏ
 [2], an anomalous 

quantum Hall effect [2] [3], the Klein paradox [4] and, of course, it is truly two 
dimensional. Because of these unique properties, graphene probably will have 
numerous applications in the future. Examples could be field-effect transistors that 
operate at high frequencies [5] or sensors that can detect trace levels of vapor [6]. 
Ever since exfoliated graphene was produced for the first time in 2004, much research 
has been done in this area. However, only small flakes of graphene with dimensions 
of several microns can be obtained using this production method. Before the possible 
applications become reality, it must be possible to produce large surfaces of high 
quality graphene. Epitaxial graphene grown on top of silicon carbide is suitable for 
this and will be the subject of this study. 

This study focuses on the growth, determination of the number of graphene 
layers and characterization of multilayer graphene on the silicon terminated side of 
silicon carbide. The second objective is to determine the electronic properties of this 
few layer graphene; the sheet resistance, mobility and carrier density are measured.  
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2. Theory 

2.1 Band structure of graphene 
 

Graphene is a two-dimensional layer of carbon atoms in a honeycomb lattice. 
The structure and the lattice vectors are shown in figure 1. 

 
Figure 1 Graphene lattice and lattice vectors [7]. 

The distance between the atoms is called a. There are two carbon atoms is a unit cell, 
and all bonds between the carbon atoms are identical. The lattice vectors (also 
indicated in the figure) are: 

 
𝑎1����⃗ = √3𝑎 𝑒𝑥�  (1) 
𝑎2����⃗ = 1

2 √3𝑎 𝑒𝑥�+ 3
2
𝑎𝑒𝑦�  (2) 

 
From this, the reciprocal lattice vectors can be calculated: 
 

𝑏1���⃗ = 2𝜋
√3𝑎

𝑒𝑥�− 2𝜋
3𝑎
𝑒𝑦�  (3) 

𝑏2����⃗ = 4𝜋
3𝑎
𝑒𝑦� (4)  

 
The Brilloun zone is hexagonal. The corners are denoted K and K’ called the Dirac 
points. 

The bandstructure of graphene can now be calculated using the tight-binding 
approximation. According to this approximation, a wave function can be written as a 
linear combination of atomic orbitals: 

 
𝜓𝑘�⃗ = ∑ 𝑐𝑘�⃗ 𝑗  𝜑�𝑟 − 𝑟𝑗� = 1

√𝑁
∑ exp�𝑖𝑘�⃗ ∙ 𝑟𝚥��⃗ �𝜑�𝑟 − 𝑟𝑗�𝑗𝑗  (5)  

 
The value for the constant 𝑐𝑘�⃗ 𝑗 has to be chosen such a way to fulfill Bloch’s theorem. 
The energy for a certain wavevector k, is now calculated in the following way: 

𝜀𝑘�⃗ ≈ 〈𝑘|𝐻|𝑘〉 ≈ ∑ exp (𝑖𝑘�⃗ ∙ 𝜌𝑚�����⃗ )〈𝜑𝑚|𝐻|𝜑0〉𝑚  (6)  
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Here the periodicity of the graphene was used, and only the nearest neighbors are 
taken into account. Because in this case there are two atoms in the unit cell, the 
following matrix has to be diagnolized to find the energy: 
 

�
〈1, 𝑘|𝐻|1,𝑘〉 〈2,𝑘|𝐻|1, 𝑘〉
〈1, 𝑘|𝐻|2,𝑘〉 〈2,𝑘|𝐻|2, 𝑘〉� (7)  

 
where |𝑞,𝑘〉 = ∑ 𝑒𝑖𝑘𝑥𝑗𝜑𝑞,𝑗𝑗 . Now the different matrix elements have to be calculated. 
This can be done using a standard table, and by defining  
 

𝜀0 ≡ �𝜑1,0�𝐻�𝜑1,0� (8)  
and 

𝑡 ≡ �𝜑1,0�𝐻�𝜑2,0� = �𝜑1,0�𝐻�𝜑2,1� (9)  
 
In the notation |𝜑𝑞,𝑟〉 q denotes which of the two atoms in the unit cell is concerned, 
and r is 0 when an atom in the same unit cell is concerned or 1 when an atom in a 
neighboring unit cell is concerned. The elements of (9) are calculated: 
 
〈1,𝑘|𝐻|1,𝑘〉: 

ρm 𝐞𝐱𝐩 �𝒊𝒌��⃗ ∙ 𝝆𝒎� ⟨𝝋𝒎|𝑯|𝝋𝟎⟩ 
0 1 𝜀0 

 
Among the nearest neighbors of atom 1 in a unit cell, there are no atoms 1 from other 
unit cells, so 〈1,𝑘|𝐻|1,𝑘〉 = 𝜀0 〈2,𝑘|𝐻|2,𝑘〉 is the same following from symmetry. 
 
〈2,𝑘|𝐻|1,𝑘〉: 

ρm 𝐞𝐱𝐩 �𝒊𝒌��⃗ ∙ 𝝆𝒎� ⟨𝝋𝒎|𝑯|𝝋𝟎⟩ 
0 1 𝜀0 

1
2√3𝑎 𝑒𝑥�+

3
2𝑎 𝑒𝑦�����⃗  exp 𝑖 �

1
2√3𝑎 𝑘𝑥 +

3
2𝑎 𝑘𝑦� t 

−
1
2√3𝑎 𝑒𝑥�+

3
2𝑎 𝑒𝑦�����⃗  exp 𝑖 �−

1
2√3𝑎 𝑘𝑥 +

3
2𝑎 𝑘𝑦� t 

 

From the tables it follows that 〈2,𝑘|𝐻|1,𝑘〉 = 𝑡 + 𝑡 �𝑒𝑖
3
2𝑎 𝑘𝑦cos �√3

2
𝑎 𝑘𝑥��. Due to 

symmetry, 〈1,𝑘|𝐻|2,𝑘〉 is the same. Diagonalizing the matrix with the calculated 
elements gives an expression for the energy. 
 

𝜀𝑘�⃗ = 𝜀0 ± 𝑡�1 + 4 cos �3𝑎𝑘𝑦
2
� cos �√3𝑎𝑘𝑥

2
�+ 4cos 2 �√3𝑎𝑘𝑥

2
� (10)  

 
A graphical representation of this result, obtained using wolfram mathematica, is 
shown in figure 2. 
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Figure 2 The bandstructure of graphene, obtained using the tight binding approximation. 

Interesting in this bandstructure is that the valence and conductance band 
touch in certain points, the Dirac points, indicated in figure 2. Near these points the 
dispersion relation is linear. Because the effective mass of a charge carrier in a 
bandstructure is calculated by 

 
1
𝑚∗ = 1

ℏ2
𝜕2𝜀
𝜕𝑘

 (11)  
 
Electrons and holes in graphene should have no mass, and therefore can have a speed 
of approximately 106m/s, and are called relativistic Dirac fermions.  
 The band structure and properties mentioned so far concern a single layer of 
graphene. The next section will focus on features of multilayer graphene. 
 
2.2 Multilayer graphene 
 

When working with multiple layers of graphene, the question arises whether 
this should be treated as a two- or three-dimensional material. It turns out that the 3D 
limit is approached at 10 layers [8]. All samples grown and investigated in this report 
consist of less than ten layers, and can therefore be treated as two-dimensional. 

The electronic band structrure of graphene drastically changes when more 
layers are added. Contrary to the linear dispersion for monolayer graphene, bilayer 
graphene has a parabolic dispersion at the Dirac points [9]. The band structure of one, 
two, three and four layers of graphene has been measured using ARPES, see figure 3 
[10]. 
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Figure 3 Band structure in the proximity of the Dirac point for one, two, three and four layers of 
graphene (the dashed lines indicated calculated values from the tight binding approximation), from 
literature [10]. 

These measurements have been done for epitaxial graphene grown in UHV. Because 
the band structure influences all transport properties, a significant difference in the 
transport measurements is expected when more layers are grown. The band structure 
will change from linear to parabolic, which could increase the resistance and decrease 
the carrier mobility.  
 
2.3 Epitaxial graphene 
 

The first graphene samples, which started all of the research in this area, were 
produced by exfoliation. This means that one starts out with graphite, and removes 
flakes using scotch tape [1]. Flakes of graphene with sizes up to 1mm can be 
obtained. Other production methods are more suitable to obtain large areas of 
graphene and one of them is epitaxial growth, which is used in this study. The 
graphene is grown on top of a silicon carbide (SiC) substrate, which affects its 
properties.  

One difference between exfoliated and epitaxial graphene is the strain in the 
sample. During epitaxial growth graphene is formed on top of SiC at a high 
temperature. Because graphene and SiC have different thermal expansion coefficients, 
strain can arise when the sample is cooled to room temperature.  

Another effect from the substrate is doping, which influences the electronic 
properties. The Dirac energy at which the valence and conductance band touch is 
shifted below the Fermi energy due to electron doping from the substrate. For the 
growth in argon atmosphere on a semi-insulating substrate, the energy difference is 
0.45 eV [11].  

A description of principle of epitaxial growth is given in the following section. 
 
2.4 The growing process 
 

In the production of epitaxial graphene one starts out with a SiC sample, 
consisting of silicon and carbon atoms. When heated to high enough temperatures, 
silicon atoms evaporate from the surface faster than carbon atoms, and the remaining 
excess of carbon atoms forms a layer of graphene.  

The heating can be done in vacuum or in an inert gas atmosphere. From 
literature it is known that after growth in an argon atmosphere larger domains of 
graphene are found than after growth in UHV (ultra high vacuum) [11], so in this 
study argon will be used. The high pressure in an argon atmosphere tempers the 
evaporation of the silicon atoms, so an even higher temperature is necessary to reach 
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sufficient evaporation for the formation of graphene. A higher temperature enhances 
diffusion, so the surface will be more homogeneous. After this treatment the surface 
of the SiC consists of terraces with dimensions of several microns, covered with 
graphene. 
 

 
Figure 4 Schematic overview of the (theoretical) growth process from literature [12]. 

2.5 Si- and C-side 
 

SiC samples have two non-identical sides; one is terminated with silicon 
atoms and the other one with carbon atoms. This has a large impact on the graphene 
growth. The growth on the Si-side is slower and stops after a relatively short time at a 
relatively high temperature [13]. Growth on the C-side does not seem self terminated 
and thick layers (about 5 up 100) can easily be obtained. The stacking of the graphene 
layers is also different on both sides; because the interaction between the silicon 
carbide and the graphene on the Si side is much stronger than on the C-side, the 
stacking is more regular [14]. Graphene grown on the C-face has a higher mobility 
than graphene grown on the Si-face. Graphene on the Si-side is more homogenous 
than on the C-side, at least after growth in an argon atmosphere, and therefore all 
graphene will be grown on the Si-face in this study.   
 
2.6 Electrical Transport 
 

The resistivity, ρ, is defined in the following way: 
𝜌 = 𝐸

𝐽
, (12)  

where E is the electric field and J the current per square meter. The resistivity is 
determined by the number of charge carriers available and their mobility. A general 
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relation for the specific resistivity can be derived for four electrodes attached to the 
edge of a flat sample: 
 

exp�−𝜋𝑅𝐴𝐵,𝐶𝐷 𝑑/𝜌� + exp�−𝜋𝑅𝐵𝐶,𝐷𝐴 𝑑/𝜌� = 1 (13)  
 
RAB,CD is defined as the potential difference between contacts D an C per unit current 
through the contacts A and B (RBC,DA is defined in a similar way), d is the thickness of 
the sample and ρ is the specific resistance.  

 
Figure 5 Left: general sample with electrodes for a resistivity measurement, right: configuration of a 
sample with electrodes for a resistivity measurement that will be used in this experiment. 

In literature [15] it is proven that relation (13) holds for any shape of sample. 
However, the error in the measurement of ρ does depend on the shape of the sample 
and the attachment of the electrodes.  

Besides that flat samples of arbitrary shapes can be used, another advantage of 
this four probe method is that the resistance of the contacts is not measured. This can 
be explained in the following way: in figure 6 a schematic view of a resistance 
measurement in the conventional two probe method is given. 

 
Figure 6 Schematic view of a conventional two probe resistance measurement. 

The resistance of the contacts is denoted R, and obviously the voltage over the 
contacts is included in the voltage that you measure. This is not the case in a van der 
Pauw setup, figure 7.  

 
Figure 7 Schematic view of a van der Pauw resistance measurment. 
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The current runs for example between the contacts A and B, and the voltage is 
measured between contacts C and D. Of course, there is a voltage over contacts A and 
B in this situation as well. However, this voltage is not measured, and it does not 
affect the current, because the contacts are connected to the sample in series. Though 
the contacts C and D, on the contrary, (almost) no current runs. Therefore there is no 
voltage over these currents, so the measured voltage does not depend on the resistance 
of the contacts. Because both the current and the voltage do not depend on the 
resistance of the contacts, neither does the resistance calculated from it. This is not 
true anymore when the resistance of the contact gets too high, because then it will 
influence the magnitude of the current from the current source.  

This theory was originally developed for flat, but still three dimensional 
samples. Formula (13) cannot be applied to graphene, because its thickness is not well 
defined. Therefore, in this case not ρ, but the sheet resistance, Rs, is measured, which 
is defined as: 

 
𝑅𝑠 = 𝜌/𝑑 (14)  

 
If RAB,CD and RBC,DA are equal, formula (13) together with formula (14) can be 
rewritten as: 
 

𝑅𝑠 = 𝜋𝑅𝐴𝐵,𝐶𝐷
Ln(2)

 (15)  
 
The carrier mobility, μ, will be measured as well. The definition of this 

quantity is given in the following formula: 
 

𝜇 = 𝐸
𝑣𝑑

 (16)  
 
with E the electric field and vd the drift velocity of the electrons. To measure this, the 
Hall effect is used. When a current flows through a flat surface and a magnetic field is 
applied perpendicular to that surface, the electrons (or holes) will experience a Lorenz 
force. This causes a potential difference between the sides of the surface, called the 
Hall-voltage, VH. Its magnitude is given in the following relation: 
 

𝑉𝐻 = 𝐼𝐵/𝑞𝑛𝑠 (17)  
 
Here I is the current, B the magnetic field, q the charge and ns the sheet carrier 
density. This provides us with the opportunity to measure the sheet carrier density, 
because VH can be measured and the other quantities are known. The same setup can 
be used to determine the mobility μ, which is given by the equation: 
 

𝜇 = |𝑉𝐻|
𝑅𝑠𝐼𝐵

= 1
𝑞𝑛𝑠𝑅𝑠

 (18)  
Hall measurements can be conducted in van der Pauw geometry as well. A current is 
applied through two opposite contacts, for example A and C in figure 4 and the Hall-
voltage can be measured between the other two contacts.  
 Mobility measurement have already been performed on various forms of 
graphene obtained via various production methods, see table 1.  
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Table 1 Mobilities for various kinds of graphene. 

conditions Mobility (cm2/Vs) 
Exfoliated graphene [16] 2 000 up to 25 000 
Suspended exfoliated graphene without annealing [16] 28 000 
Suspended exfoliated graphene after annealing [16] 60 000 up to 230 000 
Monolayer epitaxial graphene (Si-side)at room 
temperature [17] 

900 

Multilayer graphene C-side [18] 250 000 
Epitaxial graphene C-side [19] 500 up to 2500 
Graphite [19] 15 000 
 
Our graphene should have mobilties in the order of magnitude of 900cm2/Vs. 
 The mobility is determined by the scattering processes in the material. 
Different scatterers have contributions to the resistivity, and they can be added up 
according to Mathiessen’s rule. One scattering mechanism often becomes dominant in 
the high and low temperature limits. From the temperature dependence of the mobility 
in these limits it can be determined which scattering process is dominant. A fit of the 
form 
 

𝜇 = 𝑎 ∙ 𝑇𝑏 (19)  
 
has to be performed on a part of the curve, either the high or the low temperatures. A 
combination of different scattering effects is also possible, so this does not always 
works.  Table 2 gives an overview of possible scatterers and the behaviour of 𝜇 as a 
function of temperature when this mechanism is dominant.  
 
Table 2 Different scatterers and how the mobility depends on temperature when these scattering 
mechanisms are dominant. Values are found in literature [21] [22]. 

Scatterer Temperature dependence 
Acoustic phonons ~𝑇−3/2

 

Optical phonons ~𝑇−1/2 
Neutral impurities ~𝑇0 
Charged impurities ~𝑇3/2 
Dipole impurities ~𝑇1/2 
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3. Experimental Setup 

3.1 The growth process 
 

Graphene growth in this study is performed with a similar method developed 
at the Friedrich-Alexander-Universität Erlangen-NürnBerg [11]. Undoped batch II-VI 
SiC was used. All graphene used in this report was grown on the Si terminated side of 
the SiC. When silicon carbide is heated, the silicon atoms evaporate and the 
remaining carbon atoms form layer(s) of graphene. However, the samples provided by 
the supplier do not have a surface that is smooth enough for this process. Therefore, 
the sample is cleaned and then subjected to hydrogen etching. This preparation and 
the growing process are thoroughly described in literature [23]. All steps take place 
inside the graphene oven shown in figure 8. 
 

 
Figure 8 The graphene oven in which the hydrogen etching and graphene growth take place. 

This procedure [23], concerns the production of a single layer of graphene. For 
the production of multilayer graphene, the parameters during the growth process have 
to be altered. In literature parameters for multilayer growth in UHV can be found, but 
not in argon atmosphere. Therefore the parameters will have to be determined 
experimentally. It is known that for graphene growth in ultra high vacuum, the growth 
time and temperature are the parameters that influence the number of layers and that 
the temperature is most important [24]. In this study the same parameters will be 
varied. A monolayer graphene sample (1650°C, 15 minutes), a sample with an 
increased growth time (1650°C, 60 minutes) and a sample with an increased growth 
temperature (1700°C, 15 minutes) will be grown and compared. 

It is reported in literature that graphene forms terraces on the surface when 
epitaxial growth in an argon atmosphere on the Si-side is performed [11]. These 
terraces are caused by a combination of the unintentional miss cut of the substrate, the 
hydrogen etching and diffusion at high temperatures. Prolonging the growth time and 
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increasing the growth temperature could affect the diffusion and therefore the terrace 
growth.  
 
3.1.2 Heating and cooling rate 
 

One attempt to grow multilayer graphene will be increasing the growth 
temperature from 1650 to 1700 degrees Celsius as mentioned in the previous section. 
Before this can be done, it has to be investigated what the power setting of the HF 
generator must be, to keep the heating and cooling rates equal to the ones in the 
normal situation. Experiments were carried out under the same conditions as the 
standard growing procedure (pressure = 1000mbar, Argon flow =0.1 l/min), but 
without a sample inside the oven. 
Heating to 1700℃ was done with a power of 7kW, 7.25kW, 7.3kW, 7.35kW and 
7.5kW. Increase in power results in a higher heating rate and a shorter time to reach 
1700℃. It was chosen to try to make the heating rate equal to the one for the growth 
of a monolayer sample. A power of 7.3kW is best (see table 3). 
 
Table 3 Average heating rates for different power settings. 

heating procedure average heating rate 
power = 7 kW 200℃/min 
power = 7.25 kW 220℃/min 
power = 7.3 kW 223℃/min 
power = 7.35 kW 233℃/min 
power = 7.5 kW 238℃/min 
normal heating (to 1650℃) 227℃/min 
 
The temperature as a function of time is shown in figure 9. Note that the measurement 
for p=7kW and normal heating should be exactly the same up to 1650℃. This is not 
the case, indicating an uncertainty in the measurement. 
 

 
Figure 9 Temperature vs time for different heating powers. Not all measured heating powers are 
included because of the surveyability. 
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The cooling from 1700℃ was done in three different ways: 1) set power to 
3kW and decrease with 0.5kW every minute, 2) set power to 3.5kW and decrease 
with 0.5 kW every minute and 3) set power to 3.2 kW and decrease with 0.4kW every 
minute. The results are compared with the normal cooling from 1650℃. Method 3 
seems to be the best, because for the high temperatures, which are most important, 
this slope resembles the slope of the normal procedure the most (but actually all 
methods are quite good). See figure 10. 

 

 
Figure 10 Temperature vs time for different cooling methods. 

In conclusion: for the growth of a sample at 1700℃ a heating power of 7.3kW 
will be used, and cooling down will be done by setting the power to 3.2kW and 
decreasing this value with 0.4kW each minute.  
 
3.1.3 Position in the susceptor 
 

As a side experiment, two samples ,GF-07 and GF-08, are grown at the same 
time. The position in the susceptor is different for the two samples, see figure 11. 
 

 
Figure 11 Top view of the inside of the susceptor with two samples. 

This could affect the graphene growth. The susceptor is not completely inside the coil 
on the right end, because otherwise it cannot be taken out anymore. Therefore GF-08 
might be heated to a lower temperature. Also, the gasses flow from the left to the 
right, so the composition of the gasses at GF-08’s position might be affected by GF-
07. 

 
 
 
3.2 Experimental techniques 
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3.2.1 Atomic Force Microscopy 
 

An atomic force microscope (AFM) is used to measure forces between its tip 
and a sample underneath it. The devise consists of a cantilever with a small tip at the 
end (see figure 12). A laser beam is shone upon the cantilever and detected with a 
photodiode. When the cantilever is bent, the photodiode will detect the laser light on 
another position. A force between the tip and the surface bents the cantilever, and so 
the force can be measured as a function of the position. The tip can be dragged over 
the surface (contact mode), and the measured force will be directly related to the 
height. This can however damage the sample. Another method is to let the cantilever 
oscillate just above the surface with a frequency close to the resonance frequency, 
called tapping mode. In tapping mode (which is used in this study) the tip touches the 
surface when it is closest during the oscillation. The cantilever can be modeled as a 
harmonic oscillator [25]: 
 

|𝑧𝜔| = 𝐹𝜔
𝐶

𝜔02

��𝜔2−𝜔02�
2+(𝜔𝜔0/𝑄2)2�

1/2 (20)  

 
Here z is the displacement of the cantilever, 𝐹𝜔the driving force, C the force constant 
of the cantilever, 𝜔 the frequency, 𝜔0 the resonance frequency and Q the quality 
factor of the oscillator. This way height, phase and amplitude images of a surface can 
be made. 

 
Figure 12 Principle of atomic force microscopy. 

In this study AFM is used to investigate the surface after the graphene is 
grown. This should make the different terraces of graphene visible as reported in 
literature [11]. The width of these terraces can be measured and it can be checked if 
they are in straight lines, because the surface morphology affects the transport 
properties. It can also be checked if there are not too many contaminations or defects 
on the graphene which could influence the transport measurements. The AFM is 
operated in tapping mode and height, phase and amplitude images are acquired. All 
possible forces between the surface and tip are measured (also for example van der 
Waals). A different number of graphene layers has different properties, and can 
therefore have another interaction with the tip. Transitions in the number of layers 
could therefore be visible in AFM images. 
 
3.2.2 Raman spectroscopy 
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Raman spectroscopy is a technique that is based on the inelastic scattering of 

light. Laser light is shone upon a sample, and the shift in wavelength of the scattered 
light is a measure of the vibrational energy levels of the sample. The laser light can be 
seen as an oscillating electric field. This induces dipoles in molecules and causes a 
periodic vibration. When a photon is absorbed by a molecule and its energy is used 
for this vibration, the emitted photon has a lower frequency,𝜈0 − 𝜈𝑚 (this is called 
Stokes scattering). It is also possible that a vibrating molecule absorbs a photon, and 
does not vibrate anymore after emitting the photon (anti-Stokes scattering). The 
photon now has a higher frequency, 𝜐0 + 𝜈𝑚 . Another possibility is that a photon is 
absorbed and emitted without having to do with any kind of vibrations and the emitted 
photon has the same frequency as the absorbed photon, 𝜈0 (Raleigh scattering). This 
last possibility is most common. During Raman spectroscopy, information about the 
vibrational energy levels of a sample is obtained from the Stokes and anti-Stokes 
scattered photons. The three possible mechanisms are schematically depicted in figure 
13. 
 

 
Figure 13 Diagram of the Rayleigh and Raman scattering processes [26]. 

Raman spectroscopy can, among other things, be used to determine the 
number of graphene sheets that are grown on a SiC sample, and this is what the 
technique will be used for in this experiment. Most important is the so called 2D peak, 
which can be found in the Raman spectrum around 2700cm-1. The width and position 
of this peak slightly changes when the number of graphene sheets changes. This effect 
can be used to distinguish clearly between one and two layers. Details about this shift 
and a theoretical explanation can be found in literature [26]. Further, based on the 
relative intensity of the G and 2D peak, one, two, three and four layers can be 
distinguished [11]. For more than four layers, the spectra resemble each other too 
much. Last, with Raman spectroscopy it can be checked whether or not the D peak (at 
1350cm-1) is present in the spectrum or not. The presence of this peak indicates 
defects in the graphene.  
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3.3 Transport measurements 
 

In the transport measurements the mobility, μ, the resistivity, ρ, and the 
density, n, are measured. This is done for different currents, I, magnetic fields, B, and 
temperatures, T.  Measurements are performed in van der Pauw geometry, as 
explained in theory.  

All measurements are performed using the following setup: 
 

 
Figure 14 Setup for transport measurements. 

The sample is mounted on the sample holder using glue with silver particles. The 
same glue is used to make the contacts on the sample. The contacts are attached to the 
corners of the sample like shown in the right side of figure 5. It would be even better 
if the contact were really on the edge, but we like to avoid that the current runs 
through the bottom side of the sample or through the copper plate on which the 
sample is mounted. 
The holder is put inside a chamber isolated from the outside world. The chamber can 
be pumped and flushed with helium to clean the sample. A closed line with helium 
runs through this chamber for cooling. Inside the wall of the chamber a high vacuum 
is created for thermal isolation. Temperatures down to 5K can be reached. Two 
magnetic coils are positioned on the outside of the chamber perpendicular to the 
sample, which are necessary for Hall measurements.  

There is a copper plate with a heater inside between the sample and the sample 
holder. When the measurements are finished, this heater is used for annealing. The 
sample is heated to about 130°C while the sample chamber is pumped. Surface 
impurities, mainly water, are now removed from the sample [27]. It is best if this 
process can continue for about three hours, from experience we know that most 
impurities are removed by then. After this, the measurements are repeated. 
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4. Results and Discussion 

4.1 Growth of multilayer graphene 
 
4.1.1 Monolayer sample (1650°C, 15 minutes) 
 

A monolayer sample was grown under conditions as described in literature 
[23] (1650°C, 15 minutes). This sample will be used later to be compared to samples 
grown with different parameters. First an AFM measurement was done. Figure 15 
shows a typical height image and cross section. The expected terraces appear to be on 
the surface, like reported in literature [11].  
 

 

 
 
 

 

 
Figure 15 Left: a flattened AFM heigth image of a monolayer sample (1650°C, 15 minutes), right: a 
cross section (the line in the flattened image indicates where the cross section was taken). 

The average step height and terrace width are 15nm and 1.7μm respectively. Both are 
averages of ten values, but the standard deviations are quite large, 5nm and 0.47μm 
respectively. On top of the terraces little steps can be observed. Most of them 
correspond to a step of about 0.7nm, but larger steps (up to 2nm) are observed as well. 
These indicate the growth of a second and third layer. When a new layer is grown, 
one layer of graphene is added, and a bit more than three layers of silicon carbide 
have to be removed. From this it follows that the difference in height should be 
0.64nm when an additional layer is grown [28]. Consequently, a lower height 
indicates more layers. An increase in the number of layers could also affect the height 
image in another way: because the density of states is different for different numbers 
of layers, the interaction between the tip and surface. 

AFM also provides us with a phase and amplitude image, see figure 16. 
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Figure 16 AFM measurement of a monolayer sample (1650°C, 15 minutes). Left: phase image, right: 
amplitude image. Typical areas covered with single or bilayer graphene are indicated by “1” and “2” 
respectively. 

In the amplitude and phase images the terrace steps are clearly visible, but other than 
that no variation in colour is observed. Thin lines that are not straight are visible. 
These indicate the growth of a second and third layer (and correspond to the little 
steps measured in figure 15). 

In addition to AFM, Raman measurement was performed. Two typical spectra 
are shown in figure 17 (the background spectrum of the silicon carbide has already 
been subtracted). 

  
 

Figure 17 Raman spectra of a monolayer sample (1650°C, 15 minutes). Left:  a spectrum typical for 
monolayer graphene, right: a spectrum typical for multilayer graphene. 

Two peaks are visible: one at about 1600cm-1 and one at about 2750cm-1. In literature 
these are referred to as the G peak and the 2D peak respectively. The presence of the 
2D peak proofs that there is indeed graphene on the surface of the sample. The ratio 
between the intensities of the two peaks is a measure for the number of layers. When 
the 2D peak is larger than the G peak, this indicates a single graphene layer. On the 
other hand, a G peak larger than the 2D peak indicates multilayer graphene. Both 
kinds of spectra can be found on the sample (see figure 17). Typical single layer 
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spectra are found in the middle of the terraces, multilayer spectra can be found on the 
step edges. 

The number of layers can also be determined from the position or form of the 
2D peak alone. Spectra for all points in a certain area on the sample are measured. For 
all these spectra a fit of the peaks is performed. From these fits, maps can be made, 
displaying the peak position of the 2D peak, width of the 2D peak, area under the 2D 
peak and the ratio between the intensity of the 2D and G peak for each point. The 
results are shown in figure 18. 
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Figure 18 Raman maps of the position, width and area of the 2D peak and the ratio between the 
intensity of the 2D and G peak for a monolayer sample (1650°C, 15 minutes). The scales on the 
horizontal and vertical sides of the maps are the number of pixels, and the dimension of one pixel is 
0.5μm. 

The position map does not provide much information in this case. A possible 
explanation for this is the strain in the sample. The graphene was formed at a 
temperature of 1650°C on top of silicon carbide, and because graphene and SiC have 
different thermal expansion coefficients, strain arises when it is cooled to room 
temperature. This also explains why the measured peak is located at 2750cm-1, while 
it should be 2700cm-1 according to literature. 

The width and area map on the other hand, clearly show the graphene terraces. 
The bright area (which indicates a second layer) seems to take up a much greater part 
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of the surface than the AFM measurement suggests. This is because of the poor 
resolution of the Raman spectroscope; the laser spot is about 1μm wide.  

In the ratio map the terraces are also visible. Some extremely high value can 
be found in this map (the bright points that do not correspond to the area and width 
maps). In these points an overcorrection for the spectrum of the SiC has occurred, 
causing a bad fit for the G peak. Note that dark colours in this map indicate more 
layers (because for more layers 2𝐷

𝐺
< 1).   

 
4.1.2 Sample after increased growth time (1650°C, 60 minutes) 
 

To investigate the influence of the growth time, a sample was heated to 
1650℃ for 60 minutes instead of 15 minutes. AFM and Raman spectroscopy were 
used to determine whether or not this influenced the number of graphene layers grown 
on the sample.  

The expected terraces are visible in the AFM image. The height image is 
similar to that after normal growth, the terraces are straight, see figure 19. 
 

 

 
 
 

 

 
Figure 19 Left: flattened AFM height image of a sample after increased growth time (1650°C, 60 
minutes). Right: cross section (the line in the flattened image indicates where the section was taken). 

The average step height is 21nm (average over 9 values) and the average terrace width 
is 2.0μm (average over 7 values). This resembles the values found for the monolayer 
sample (1650°C, 15 minutes) (step height 15nm and width 1.7μm). Little steps that 
would indicate the growth of more layers could not be observed. 

The phase images are not the same as after normal growth, see figure 20 
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Figure 20 Typical AFM phase images of a sample grown for 60 minutes at 1650°C. 

Contrary to the monolayer sample (1650°C, 15 minutes) where no variation in colour 
was observed, clear colour differences between different terraces are visible. On some 
terraces strange patterns can be observed. The thin lines that indicated the growth of 
more layers after normal growth are now absent. Another colour in an AFM phase 
image indicates another interaction between the surface and the AFM tip indicating 
altered surface properties. In this case the change in colour most likely means a 
change in the number of layers. Raman spectroscopy should show if this is indeed the 
case. 

The 2D peak is visible in the Raman spectrum, indicating graphene on the 
surface, see figure 22. 
 

  
 
 

Figure 21 Raman spectra of a sample after increased growth time (1650°C, 60 minutes). Upper left: 
monolayer graphene, right: bilayer graphene. 

Spectra with a higher 2D peak than G peak are found, indicating monolayer graphene, 
and spectra with a slightly higher G peak than 2D peak are found, indicating bilayer 
graphene. This kind of spectra could also be found after normal growth.  

A map measurement was performed, see figure 22. Because these images are 
taken with another laser intensity of 50% while the images in figure 17 are taken with 
an intensity of 10%, the colours of the area and intensity measurement cannot be 
compared directly. 
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Figure 22 Raman maps of the position, width and area of the 2D peak and the ratio between the 
intensity of the 2D and G peak for a sample after increased growth time (1650°C, 60 minutes). The 
scales on the horizontal and vertical sides of the maps are the number of pixels, and the dimension of 
one pixel is 0.5μm. 

The peak position map is not very clear, just like the map after normal growth. 
In general, the peak position is a bit lower than after normal growth (about 2740 cm-1 
instead of 2750 cm-1). According to literature the position increases when the number 
of layers increases [21]. It is not likely that after longer growth fewer layers have been 
formed. The difference in peak position is probably caused by strain, which also shifts 
the peak to higher wave numbers.  

In the peak width map the terraces are clearly visible. The result is similar to 
the result for the monolayer sample (1650°C, 15 minutes). What is remarkable about 
this map, is that the upper right and the lower left corners resemble the map for the 
monolayer sample, while the middle is in general brighter (this means a larger width 
of the 2D peak), indicating more layers. These brighter areas may correspond to the 
terraces with different colours in the AFM phase images. 

The ratio map is very similar to the result for the monolayer sample; the same 
percentage of the surface seems to be covered with a single layer. 

In conclusion, AFM phase images suggest that after 60 minutes at 1650°C of 
growth not all terraces have the same number of layers on top. However, Raman 
spectroscopy suggests that the majority of the surface is covered with monolayer 
graphene. Increasing the growth time is not a suitable method for obtaining multilayer 
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graphene for this study. Transport measurements for this sample can be found in 
appendix 7.2.3. 
 
4.1.3 Sample after increased growth temperature (1700°C, 15 minutes) 
 

To investigate the influence of the growth temperature, a sample was grown 
for 15 minutes at 1700°C instead of 1650°C. The results are examined in this section. 

In the AFM measurements, again terraces can be seen, though they are 
significantly narrower and not straight compared to the single layer sample. These 
images can be flattened so a cross section can be taken to obtain characteristic 
information about the sample, see figure 23. 
 

 

 
 
 

 

 
Figure 23 Left: flattened AFM height image of a sample grown at 1700° C, right: cross section (the line 
in the flattened image indicates where the cross section was taken). 

The width of the terraces is about 0.6μm and the step height about 8.4nm. Smaller 
steps are clearly visible, which could indicate a difference in the number of layers. 
These little steps are located at the other side of the terraces than on the monolayer 
sample. One could conclude from this that almost the entire terraces are covered with 
at least two layers of graphene. The steps are about 2.0nm high, which probably 
corresponds to more than one layer difference. When examined closely, there are even 
smaller steps on the terraces, with heights of about 0.53nm.   

AFM phase images are shown in figure 24. 
 

   
Figure 24 AFM phase images of a sample grown at 1700 °C. 
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On the terraces areas with different colours can be observed (this is not the same as 
after 60 minutes growth; there one whole terrace was the same colour, but different 
terraces had different colours).  It is difficult to tell whether the dark or the light areas 
indicate more layers. The strange structures found after 60 minutes growth cannot be 
observed. The thin lines indicating the growth of new layers can be observed again, 
like for the monolayer sample. It seems like the number of these lines has increased.  

 
Figure 25 Raman spectrum of a sample grown at 1700 °C. 

Next, Raman measurements are performed, see figure 25. No spectra with a 
higher 2D peak than G peak are obtained. This indicates that the whole surface is 
covered with more than one layer graphene. A map measurement was done for further 
analysis, see figure 26. Again, the length scale is the same as for the other Raman 
measurements, and the colour scales for the position and width maps are also the 
same as in the previous measurements. 
 



27 
 

 
position 

 
 

 
width 

 
area 

 
Ratio 2D/G 

Figure 26 Raman maps of the position, width and area of the 2D peak and the ratio between the 
intensity of the 2D and G peak for a sample after increased growth temperature (1700°C, 15 minutes). 
The scales on the horizontal and vertical sides of the maps are the number of pixels, and the dimension 
of one pixel is 0.5μm. 

What stands out is that the 2D peak is located at 2700 cm-1, while it was located at 
2750 cm-1 after normal growth. According to literature the peak position increases 
when the number of layers increases, but in this case it is more likely that the 
difference in temperature causes a difference in strain, which could account for the 
difference in 2D peak position. This could be caused by the difference in temperature 
or the slight difference in heating or cooling rate, though it was tried to keep these as 
close to the standard values as possible.  

For this sample, the terraces are not visible in the width and area maps like 
they were after normal or long growth. This was to be expected, for the AFM 
measurements already showed that the size of the terraces is smaller than the 
resolution of the Raman spectroscope. What can be seen, is that the average width of 
the 2D peak has become significantly larger (it ranges from 50 to 90 cm-1 instead of 
40 to 65 cm-1 for the monolayer sample). According to literature this is an indication 
that more than one layer was grown [26].  

However, this is not the only explanation. Because the terraces are so narrow, 
the measured spectrum is most likely a convolution of the spectrum at the edge (with 
probably more layers) and the spectrum in the middle of at terraces. If the position of 
these two spectra is a bit different, the combination might look like one wide peak. So 
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from the width it cannot be concluded with certainty that there are more layers on the 
sample. 

A dark area in the ratio map indicates that the 2D peak intensity is smaller 
than the G peak intensity and therefore indicates more layers. This result shows more 
graphene layers after growth at 1700°C than on the monolayer sample, but because of 
the poor resolution, the exact number cannot be determined. 

In conclusion: we have strong indications that after growth at 1700°C for 15 
minutes, multilayer graphene was formed. However, the terraces are not straight and 
very narrow, which makes both AFM and Raman analysis difficult. The precise 
number of layers on the sample can therefore not be determined.  
 
4.1.4 Influence of the position in the susceptor 
 

Two samples are grown at the same time as described in section 3.1.3 at 
1700℃. Both samples are taken from the middle of the SiC wafer. AFM 
measurements are performed, see figure 27. 
 

  
 
Figure 27 AFM measurements of two samples grown at 1700℃ at the same time. Left: at a favourable 
position in the susceptor (GF-07 in figure 11) right: at less ideal position in the susceptor (GF-08 in 
figure 11). 

The position in the susceptor clearly influenced the growth process; the terraces are 
extremely narrow and wavy for the sample at the less favourable position. It is 
difficult to tell which steps indicate a different terrace and which indicate an 
additional layer, so the average step height and terrace width could not be determined. 
Transport measurements (without annealing) will be performed on this bad sample to 
compare to a sample grown at 1700℃ with better terraces.    
 
4.1.5 Conclusion 

 
After analysis of a monolayer graphene sample (1650°C, 15 minutes), a 

sample prepared with an increased growth time (1650°C, 60 minutes) and a sample 
with an increased growth temperature (1700°C, 15 minutes) it is concluded that for 
the growth of multilayer graphene the temperature should be increased. This is in 
agreement with our expectations. However, this conclusion is based on AFM and 
Raman measurements which are not perfectly conclusive in determining the number 
of layers, certainly when the formed terraces are narrow. A LEEM measurement will 
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be performed on a sample after increased growth temperature to obtain more decisive 
information. Unfortunately, the results of this measurement were not yet available at 
the time this report was written. For the remainder of the report it is assumed that a 
sample after growth at 1700°C is covered with multilayer graphene and the precise 
number of layers is unknown. 
 
4.2 Transport measurements 
 

To determine the sheet resistance, mobility and carrier density of the samples, 
van der Pauw measurements are performed as described in the theory section. First 
the properties of a monolayer sample are measured for comparison. After that, the 
properties of a multilayer graphene sample are measured. During the measurements 
the temperature, magnetic field, the annealing time and the current are varied. The 
applied current is 1𝜇mA, see appendix 7.2.1. 
 
4.2.1 Monolayer sample (1650°C, 15 minutes)  

 
The sheet resistance as a function of the temperature is investigated, see figure 

28. 

 
Figure 28 Sheet resistance as a function of temperature for different annealing times. 

Annealing reduces the sheet resistance, almost by a factor of 3. This was to be 
expected, because the annealing removes surface impurities like water that negatively 
influence the conductivity [27]. There is little difference between the results after 1 
hour and 3 hours annealing, so the first hour is most important.  

The mobility increases with increasing annealing times consistent with the 
removal of scatterers, see figure 29. For high temperatures this is only a small effect, 
but at low temperatures the shape of the graph is completely altered. Because the 
shape of the graph gives information about the scattering mechanisms, first the shape 
of the graph before the annealing, and then the shape of the graph after 3 hours 
annealing, are examined in more detail. 
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Figure 29 Mobility as a function of temperature for different annealing times. 

First the results before annealing are examined. A fit of the form 𝜇 = 𝑎 ∙ 𝑇𝑏 of the last 
three points (except for the one at 294 K) gives that b = (-0.508±0.006). This indicates 
that at high temperatures the scattering is dominated by optical phonons, which have a 
characteristic 𝑇−1/2 dependence (see theory section). A fit for the three lowest 
temperatures gives b = (0.148±0.03). This cannot be explained by charged impurities 
with a 𝑇3/2 characteristic or neutral impurities without T dependence. Water on the 
surface, which is a dipole and this would explain why the shape of the curve alters 
after annealing at 130°C, but then the temperature dependence should be 𝑇1/2. The 
observed effect is probably a superposition of multiple scattering mechanisms. 

After three hours annealing the mobility seems to be a linear function of the 
temperature, which could be explained by the phonon equipartition approximation 
[29]. Another approach is to examine the low and high temperatures separately in a 
double logarithmic plot. For low temperatures a fit with the function 𝜇 = 𝑎 ∙ 𝑇𝑏 gives 
b = -(0.03±0.02). This indicates that scattering by neutral impurities (which has no 
temperature dependence) is now the dominant process. At high temperatures the same 
fit gives b = -(0.71±0.06). This is most likely caused by optical phonon scattering, 
𝑇−1/2. 
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Figure 30 Carrier density as a function of temperature for different annealing times. 

Annealing turns out to have a strong effect on the density, N, see figure 30. 
After annealing, N has become independent on T, and has a value of about 1.9 ∙
1013cm2. Before annealing this is different: at low T (lower than 60K) N strongly 
decreases with increasing T, and at higher T it reaches a steady value, about 1.07 ∙
1013cm2. The charge carriers are electrons because for epitaxial graphene the Dirac 
energy is shifted below the Fermi energy [11]. The lower density before annealing can 
be caused by water molecules on the surface, because it is known that water can cause 
hole doping [27]. Freezing out of this doping could explain the increase in carrier 
density at low temperatures. 

Similar measurements can be found in literature [17]. The resistance versus 
temperature graph in [17] has the same shape as our graph. The same is true for the 
mobility versus temperature graphs. Their samples have a higher quality (the 
resistance is a bit lower while the mobility is a bit higher). This could be a 
coincidence; their graph is an average over 51 samples, but they indicate that there is 
some spread in the results. 
 
4.2.2 Multilayer sample (1700°C, 15 minutes) 
 

In this section the electronic transport properties of a multilayer graphene 
sample (1700°C, 15 minutes) are compared to those of a monolayer sample (1650°C, 
15 minutes). First the results before the annealing procedure are examined. 
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Figure 31 Sheet resistance as a function of temperature a multilayer sample grown at 1700°C, 15 
minutes and a monolayer sample (1650°C, 15 minutes). 

Figure 31 shows the sheet resistance as a function of temperature for both a 
monolayer sample and a multilayer sample grown at 1700°C. The behaviour is quite 
different; the resistance of the monolayer sample increases with increasing 
temperature while the resistance of the multilayer sample grown at 1700°C decreases 
with increasing temperature. This difference is unexpected. After annealing the 
multilayer sample exhibits the expected metallic behaviour (will be shown further on 
in this section, figure 35). This is an indication that the observed decrease with 
temperature is caused by molecules on the surface. 
 

 
Figure 32 Mobility as a function of temperature for a sample grown at 1700C and a normal sample. 

Figure 32 shows the mobility as a function of temperature of both a monolayer sample 
and a multilayer sample. In this case the results differ as well. At low temperatures the 
mobility for the multilayer sample is significantly higher. The slope of the graphs at 
high temperatures is not the same, indicating different scattering mechanisms. In the 
formula 𝜇 = 𝑎 ∙ 𝑇𝑏, 𝑏 = (−1.4 ± 0.1) for the multilayer sample. This could indicate 
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scattering by acoustic phonon, which has a 𝑇−3/2 character. Another explanation is 
that it starts to resemble graphite, for which the mobility has a ~𝑇−1.2 dependence for 
high temperatures [19]. However, if this is true, the temperature dependence for high 
temperatures should be the same after annealing. Later in this section it will be shown 
that this is not the case. 

 
Figure 33 Carrier density as a function of temperature for a multilayer sample and a monolayer 
sample. 

The carrier density is different as well, for the multilayer sample the density increases 
with temperature, where the density for the monolayer sample is about constant, see 
figure 33. This could be an indication for more defects or trapped molecules in the 
buffer layer which could dope the graphene because doping can freeze out at low 
temperatures. The density at room temperature is significantly higher than for all 
other samples measured in this study (also see appendix 7.2.3 and 7.2.4) and 
decreases after annealing, as will be shown later in this section. This is an indication 
that more water or other molecules had been adsorbed on the surface of this sample, 
probably due to slightly other environmental conditions in which the sample was kept. 
This could explain the unexpected behaviour of the sheet resistance; a high carrier 
density corresponds to a low resistance. 
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Figure 34 Sheet resistance as a function of temperature of a multilayer sample and a monolayer 
sample, after annealing. 

After annealing the sheet resistances are more similar, see figure 34. For both samples 
the sheet resistance decreases after annealing, both to values around 1500Ω. The Rs of 
the multilayer sample is now increasing with increasing temperature. Except for the 
difference in slope of the graphs, the results are similar for both samples. When a 
second layer is grown the electronic band structure changes from linear to parabolic 
and according to AFM the terraces become narrower. Both mentioned effects would 
increase the sheet resistance. Apart from these effects, the interaction with the 
substrate may be altered, which could influence the resistance as well. From literature 
[19] it was expected that the resistance would decrease when the number of layers 
increases. These measurements were performed at room temperature, and are in 
agreement with our results.  

 
Figure 35 Mobility as a function of temperature for a multilayer sample and a monolayer sample, after 
annealing. 

The results of the mobilities after annealing are also similar, see figure 35. In the high 
and low temperature limits the slopes of the graphs are the same, indicating identical 
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dominant scattering mechanisms. For high temperatures this is scattering by optical 
phonons, for low temperatures scattering by neutral impurities. All data points for the 
multilayer sample are lower than for the monolayer sample, indicating more neutral 
impurities on the multilayer sample. Maybe the neutral impurities are no particles 
adsorbed on the surface, maybe they are the steps between the graphene terraces. 
AFM measurements show the number of these steps is higher for the multilayer 
sample, so this would explain this transport measurement. The transition from a linear 
electronic band structure to a parabolic one could also contribute to the decrease in 
mobility. 
 

 
Figure 36 Carrier density as a function of temperature for a multilayer sample and for a monolayer 
sample, after annealing. 

The carrier density curve shows an increase with increasing temperature indicating 
electron traps, contrary to the normal sample. This can be caused by molecules on the 
surface that cannot be removed by annealing or by a changed interaction with the 
substrate. This result explains the difference in slopes in the sheet resistance curves, 
figure… A higher carrier density decreases the sheet resistance, and that is why Rs for 
the multilayer sample is lower than for the monolayer sample at room temperature. 
 Table 4 shows an overview of the presented results. All values at the highest 
and lowest temperature and before and after annealing are given. Results for two 
samples not discussed before are also given. GF-08 is grown at 1700°C for 15 
minutes, just as the multilayer sample, but at a less favourable position in the 
graphene oven. GF-04 is the sample grown at 1650°C for 60 minutes. Detailed 
transport measurements for both samples and AFM and Raman data for GF-08 can be 
found in Appendix 7.1.2, 7.2.3 and 7.2.4. 
 
 
Table 4 Overview of the measured transport properties for different samples. If a value is not 
measured for a certain temperature, the value for a close other temperature is displayed and this 
temperature is denoted between brackets. 

 monolayer multilayer GF-08 GF-04 
Rs, no annealing, 5K, Ω 2749 3482 (10K) - 1946 
Rs, no annealing, 295K, Ω 4889 1748 - 2982 
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Rs, annealing, 5K, Ω 926 1093 2244 - 
Rs, annealing, 295K, Ω 2030 (250K) 1625 3928 - 
𝜇, no annealing, 5K, cm2/Vs 605 2335 (10K) - 586 
𝜇, no annealing 295K, cm2/Vs 563 165 - 205 
𝜇, annealing, 5K, cm2/Vs 1613 963 784 - 
𝜇, annealing 295K, cm2/Vs 692 (250K) 365 358 - 
N, no annealing, 5K, 1013 cm-2 1.70 0.35 (10K) - 2.47 
N, no annealing, 295K, 1013 cm-2 1.03 9.81 - 4.62 
N, annealing, 5K, 1013 cm-2 1.90 2.69 1.61 - 
N, annealing, 295K, 1013 cm-2 2.01 (250K) 4.77 2.01 - 
 
 

In summary: the increased growth time affects the electrical transport 
properties of the obtained graphene. From the mobility measurements it is concluded 
that the graphene now has more neutral impurities, probably more terrace steps, which 
is consistent with AFM measurements. The carrier density has increased. The sheet 
resistance has remained about the same. This was unexpected, because for multilayer 
graphene grown in UHV, the conductivity increases. The results before the annealing 
procedure are unexpected, and probably caused by large amounts of molecules on the 
surface which cause doping. 
 
4.3 Recommendations for further research 
 

It turns out that little things can have strong effect on the quality of the 
graphene. See for instance section GF-08 in the appendix, where it is shown that the 
surface morphology of a sample drastically changes when the position in the oven is 
different. In the section “strange transport measurement” in the appendix transport 
measurement results that are different from the ones presented in section 4.2.1, though 
the sample was prepared in the same way. Therefore the reproducibility of the results 
presented in this study should be checked, which is the first thing I would recommend 
for further research. 

An obstacle in this study was the determination of the number of layers 
graphene on a sample. The used characterization techniques (AFM and Raman 
spectroscopy) are not fully conclusive. For further studies I would recommend to use 
other methods as well (for instance LEEM). 

Though increasing the growth time turned out to be unfit to grow homogenous 
few layer graphene, the AFM phase images showed unusual colour variations and 
structures. It might be interesting to further investigate a sample grown in this fashion, 
to determine the origin of these observations.  

It is useful to understand the growth process in more detail. The most accepted 
theory at this moment is shown schematically in the theory section. The graphene 
growth always starts at a step (after hydrogen etching the surface consists of terraces). 
A second or third layer would start at a step as well, and grow underneath the first 
layer. The layers grow over the steps like a carpet. It has been shown that after growth 
graphene indeed covers the steps like a carpet, using STM [30]. It is also reported that 
for the formation of more layers silicon atoms can diffuse through the graphene sheet 
[26]. I doubt this, because other sources report that graphene is impermeable to 
gasses, even helium [31]. A study of samples after an increased growth time might 
shed some light on these issues. It could be investigated after how much time the 
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growth process is terminated (if it is terminated at all). It would also be interesting to 
examine a sample using other characterization techniques (for instance LEEM). 

This study showed strong indications that multilayer graphene can be grown 
by increasing the growth temperature. It would be useful to which temperature results 
in a perfect bilayer, which temperature results in exactly three layers and so on. To 
achieve this, samples will have to grown many different temperatures. I would 
recommend using another technique, additional to AFM and Raman spectroscopy, to 
determine the number of graphene layers on a sample. 
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5. Conclusion 

The goal of this study was to grow multilayer epitaxial graphene on the silicon 
terminated side of a silicon carbide substrate in an argon atmosphere. To accomplish 
this, the growth time and temperature were increased. Increasing the temperature 
turned out to be the most promising route to obtain a homogenous sample of 
multilayer graphene. This conclusion is based on analysis of AFM measurements and 
Raman spectra. These methods are not fully conclusive, and a LEEM measurement 
will be performed for verification.  

Transport measurements were performed on a monolayer sample and a 
multilayer sample. The sheet resistances and their dependence on temperature are 
comparable (1625Ω at room temperature and 1093Ω at 5K for the multilayer sample). 
This could be a combination of the effect that the resistance decreases for more layers 
of graphene and increases if the surface morphology is of poor quality. The mobilities 
display similar behaviour as well, though the mobility of the multilayer sample is 
significantly lower. This could be explained by the increase of terrace steps (observed 
in AFM) which could cause increased scattering. The carrier density for the 
multilayer sample is about 3 ∙ 1013cm-2 and increases slightly with increasing 
temperature. For the monolayer sample this value is about 2 ∙ 1013cm-2 and does not 
depend on temperature. This indicates that growth at a higher temperature causes 
more doping from the buffer layer. Another possibility is that scatterers that cannot be 
removed by annealing were present on the multilayer sample. 
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7. Appendix 

7.1 AFM and Raman data not included in the report 
 
7.1.1 Sample for LEEM 
 
To determine the number of layers that are grown after heating to 1700℃, a LEEM 
measurement will be performed. A new sample was grown (GF-07) for this 
measurement, and first it was checked by AFM and Raman measurements if the new 
sample is similar to the first one. The AFM results are shown in figure 37. 
 

  
 
Figure 37 AFM images of a sample grown at 1700℃, left: height image, right: phase image. 

The results are indeed comparable to the results obtained earlier: the terraces are wavy 
and colour differences can be observed in the phase image. The width of the terraces 
is different: it is about 2.0μm while it used to be about 0.6𝜇m. Probably the sample 
was taken from a better part of the wafer this time. The wider terraces may be 
convenient for the Raman measurement. 
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Figure 38 Raman maps of the position, width, area and ration of the intensities of the 2D and G peak  
for a sample grown at 1700C.  

Figure 38 shows the results of the Raman map measurement. The position and 
width maps are again to the same colour scale as the other maps in this report. The 
position is about 2750cm-1, which is strange because another sample grown under the 
same conditions had a peak position of about 2700cm-1. It is hard to see the terraces 
and the number of layers in these maps, though AFM measurements showed that the 
terraces should be wide enough. An explanation could be that the whole surface is 
covered with at least two layers, in which case it is not expected to see terraces using 
Raman spectroscopy. Another explanation is that the width of the terraces depends on 
the potion on the sample and the Raman map may be measured on a position where 
the terraces are narrow. A LEEM experiment will be needed to determine the actual 
number of layers. 
  
 
7.1.2 Sample GF-09 
 

Sample GF-09 was grown at 1700℃, and was used to perform the transport 
measurement. AFM and Raman measurements are performed to check the quality of 
the multilayer graphene. These results are presented in this section. 

In figure 39 AFM height images on two different positions on the sample are 
shown. The terraces are narrow and wavy, similar to observations on the other 
samples grown at 1700℃. A cross section was taken to obtain more quantitative data. 
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Figure 39 Left: flattened height image, right: cross section (the line in the height image indicates were 
the section is taken). 

The average terrace width is 0.70μm (an average over 5 values). The average step 
heigt is 8nm, but because it is difficult to see what the actual terrace steps are, this 
number could be an overestimation. In the cross section it can be seen that the little 
steps are not on the same side of the terraces as for the monolayer sample. Again, I do 
not think a double tip would be a probable explanation, because in that case the small 
steps should precisely follow the shape of the large steps. In figure 39 it can be seen 
that this is not het case.  
 

  
Figure 40 AFM phase images taken on different positions on a sample grown at 1700℃ (mind the 
different scale size). 

Phase images are shown in figure 40. Areas with different colours (probably 
indicating different numbers of layers) can be found. 

Because the AFM images show very narrow terraces, it is not expected that 
terraces will be visible on Raman maps. The measurements are performed anyway to 
get an idea of the number of graphene layers on the sample. A typical spectrum is 
shown in figure 41. 
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Figure 41 Single shot Raman measurement of a sample grown at 1700C. 

The 2D peak at 2750cm-1 proves that graphene is present on the sample. The fact that 
this 2D peak is smaller than the G peak (at 1600cm-1) indicates multiple layers. At 
some points spectra are found with a higher 2D peak than G peak (indication 
monolayer graphene), but this is a minority. 

A map measurement is performed, see figure 42. 
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Figure 42 Raman maps of the position, width, area and intensity ratio of the 2D peak of a sample 
grown at 1700C. 

The position and width maps are to the same colour scales as the ones shown earlier 
in this report. The position map shows that 2D peak is around 2740cm-1 everywhere 
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on the sample. The width and area map are useful to see the distribution of the 
number of layers. Light area’s indicate more layers than dark areas. Though areas 
with a single layer can still be found, the larger part of the sample seems to be covered 
with multilayer graphene. Due to problems with the substraction of the spectrum of 
the substrate, a map of the ratio of the 2D and G peak could not be made for this 
sample. 
 
7.2 Transport results not included in report 
 

Some transport measurements led to results that were not of direct importance 
for the goal of this study. Therefore they are not included (in detail) in the report, but 
in this appendix section. 
 
7.2.1 Current dependence of transport properties of a monolayer sample 
 

All transport measurements on the monolayer sample were conducted at three 
different currents; 1, 10 and 100μA. The results for the sheet resistance are shown in 
figure 43 for different annealing times. 

 

 

 

Figure 43 Sheet resistance as a function of temperatures for different currents. Left: before annealing, 
middle: after 1 hour annealing, right: after 3 hours annealing. 

 
Only in the case before the annealing, the current has an effect on the sheet 

resistance. For higher currents the measured points seem to be more random and with 
a lower value than the points for lower currents. For the mobility and density 
measurement similar results were found. The influence of the current seems to 
increase with increasing temperature. The most likely explanation is bad contacts. 
This would cause a lower resistivity, and the effect would increase with higher 
temperatures. Bad contacts cause errors when the resistance of the contacts is not 
negligible to the resistance of the current source anymore. Assuming normal 
behaviour, the resistance of the contacts will go up if the temperature increases. 
Because the current source is always at room temperature, the influence of the 
contacts is higher if the sample is at a high temperature. The effect vanishes after 
annealing. An explanation could be that the contacts are bad because the silver glue 
has not dried completely before annealing. High current can cause local heating of the 
contacts, which increases their resistance even more. This could explain why the 
effect is stronger for higher currents. It was decided to use only the measurements 
conducted at 1μA in the remaining part of this study. 
 

To check the hypothesis that the contacts are bad if the silver glue is not yet 
dry, another experiment is performed. A sample is mounted to the transport devise, 



47 
 

and left to dry for a day. After that measurements of the resistance at 1 and 100μA are 
performed without annealing first. 

 
Figure 44 Sheet resistance as a function of temperature, measured with two different currents. The 
silver glue contacts are dry, but not annealed. 

The values measured with 100μA now form a smooth curve. However, this curve 
does not coincide with the curved measured with 1μA, as was the case after 
annealing. This can be explained by heating of the contact by the high current, which 
causes the contact resistance to be higher. 
 
7.2.2 Influence of the magnetic field 
 

All measurements on the monolayer sample have been performed in two 
different magnetic fields: the resistivity measurements at 0 and 4 kG, and the mobility 
and density measurements at 4 and 8 kG.  
 

  
 
Figure 45 Influence of the magnetic field on the sheet resistivity. Left: before annealing, right: after 3 
hours annealing. 



48 
 

The magnetic field does not seem to affect the sheet resistance either before or after 
annealing, see figure 45. 
 

  
Figure 46 Influence of the magnetic field on the mobility. Left: before annealing, right: after annealing. 

Before the annealing a higher B field increases the mobility, the general shape 
of the graph remains the same, see figure 46. At low temperatures the effect of the 
field is much stronger than at high temperatures. Later, the same results were obtained 
in a measurement to reproduce this measurement and for the sample after 1 hour 
growth. This indicates that it is not some random error that causes the difference 
between the two magnetic fields, but a real physical phenomenon. However, we 
cannot explain this at this time. After annealing, the B field does not affect the 
mobility anymore.  
 
7.2.3 Sample after 1 hour growth (GF-04) 
 

Though from the AFM and Raman measurements a longer growth time did not 
seem suitable to obtain multilayer graphene, the sample after 60 minutes growth 
seemed to have some unusual features (see chapter 5.1). Though most terraces seem 
to be covered with monolayer graphene some might have more layers on top. 
However, a LEEM experiment should be performed to be certain of this.  
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Figure 47 Sheet resistance as a function of temperature for a sample after 1 hour growth and for a 
monolayer sample. 

The sample after 1 hour of growth clearly has a lower sheet resistance than the 
monolayer sample. It was kept in air before the transport measurement for a longer 
time than the normal sample, so molecules adsorbed on the surface should cause an 
opposite effect. Maybe multilayered graphene has a lower resistance and because 
some parts of this sample seemed to be multilayered (see section 4.1.2) the total sheet 
resistance is lower. 

 
Figure 48 Mobility as a function of temperature for a sample after 1 hour growth and after normal 
growth. 

The mobility seems to be lower after 1 hour growth, see figure 48. Maybe the fact that 
not all terraces have the same number of layers is important; perhaps this 
inhomogenity induces more scattering and therefore a lower mobility. It seems like 
the difference is biggest for high temperatures, but for low temperatures the mobility 
is about the same. The slopes in the high and low temperature limits give information 
about the dominant scattering mechanism. The function 𝜇 = 𝑎 ∙ 𝑇𝑏 was used for the 
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fits. For low temperatures 𝑏 = 0.054 ± 0.002. This indicates that scattering by 
neutral impurities, which is temperature independent, is dominant. 

 
Figure 49 Density as a function of temperature for a sample after 1 hour growth and after normal 
growth. 

After 1 hour growth the density seems to be higher than before, see figure 49. 
For low temperatures the general shape of the graph seems to be the same, but for 
high temperatures the density seems to increase with temperature, indicating doping 
from the buffer layer which freezes out at low temperatures. 
 
7.2.4 Sample GF-08 
 

Sample GF-08 was grown at 1700℃ together with another sample. A less 
favorable position in the susceptor was used, causing bad quality graphene (see 
appendix sample GF-08). Transport measurements are performed. This sample was 
not mounted on top of the heater, and therefore annealed at a lower temperature than 
the other samples (probably around 70℃). The results are compared to other 
(annealed) samples in this section, the “good” sample grown at 1700℃ and the 
monolayer sample grown under normal conditions. 
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Figure 50 Sheet resistance as a function of temperature for three different samples. 

The sheet resistance turns out to be a factor two larger than for monolayer 
sample or a good sample after growth at 1700℃. Because AFM measurements 
showed that the graphene was of poor quality, this was to be expected. The general 
shape of the graph is the same as for the other samples. Another explanation could be 
the lower annealing temperature; more molecules may have remained on this sample 
than on the other samples, increasing the sheet resistance. 

 
Figure 51 Mobility as a function of temperature for three different samples. 

  The graph of the mobility has the same shape as for the other samples, 
indicating optical phonon scattering at high temperatures and neutral impurity 
scattering at low temperatures. The mobility is lower than for the other samples. This 
is probably caused by the large number of terrace steps observed in AFM 
measurements. Because there is little temperature dependence at low temperatures, 
and therefore no scattering by charged particles or dipoles, the annealing probably has 
been efficient even at this lower temperature. 
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Figure 52 Carrier density as a function of temperature for three different samples. 

The carrier density turns out to be approximately constant. 
 
7.3 Strange transport measurements 
 

Before transport measurements on the multilayer graphene samples were done, 
measurements on normal samples were done for comparison. One of these 
measurements produced some unexpected results. These are presented in this part of 
the appendix. 

Resistance, mobility and density measurements have been performed on a 
graphene sample grown under standard conditions on batch II VI (undoped silicon 
carbide) to produce monolayer graphene. This has been done before, but the goal of 
this experiment was to see if the earlier results are reproducible. However, there is a 
slight difference: the first sample was a week old when the measurements were 
performed and was kept in a vacuum chamber until that time. This new sample was 
only one day old when the transport measurements were performed.  

The same parameters as for the first measurement were chosen, only the series 
after an annealing time of 1 hour are not repeated. Therefore, the same kind of graphs 
are plotted and investigated, plus of course a comparison between the old and new 
data. 
 
7.3.1 Influence of the annealing time 
 

Next the influence of the annealing time will be investigated. Because the 
previous analysis showed that the 1μA measurements give the best results, only these 
measurements will be used to investigate the annealing time. During the resistivity 
measurements the magnetic field was 0 kG and during the mobility and density 
measurements 4 kG.  
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Figure 53 Influence of the annealing time. Left: sheet resistance vs temperature, right: mobility vs 
temperature. 

Annealing reduces the sheet resistance, almost by a factor of 3,5. This was to 
be expected, because the annealing removes impurities that probably negatively 
influence the conductivity, and in the case of a 2D system it is logical that this 
influence is quite large. Before annealing there is a kink at T = 108K, which 
disappears after annealing. 
The mobility increases with increasing annealing times. Also the shape of the graph is 
altered. After annealing the graph resembles our earlier measurements. Before 
annealing the mobility strongly decreases around T=60K. I cannot explain this. 

Fits are done for the results after annealing, both for high and low 
temperatures, see figure 54. 

  
Figure 54 Mobility vs temperature after 3 hours annealing. Left: low temperatures, right: high 
temperatures. 

𝜇~𝑇−0.06 for low temperatures, which corresponds to scattering by neutral impurities 
which has no T dependence. 𝜇~𝑇−0.67 for high temperatures which is best explained 
by optical phonon scattering, ~𝑇−0.5. These results are consistent with our earlier 
measurements as presented in section 4.2.1. 
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Figure 55 Influence of annealing time on the density. 

Annealing turns out to have an effect on the density, see figure 55. This has 
probably the same cause as the difference in the mobility measurements. In general, 
the density decreases after annealing. 
 
7.3.2 Influence of the magnetic field 
 

All measurements have been performed in two different magnetic fields: the 
resistivity measurements at 0 and 4 kG, and the mobility and density measurements at 
4 and 8 kG. It will now be investigated if this field has any effect. The measurements 
at I=1μA will be used.  

  
Figure 56 Influence of the magnetic field on the sheet resistance. Left: before annealing, right: after 
annealing. 

The magnetic field does not seem to affect the sheet resistance after annealing. 
Before annealing, the resistance is increased a little with a higher B field, but this is a 
relatively small difference and the shape of the graph is not altered.  
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Figure 57 Influence of the magnetic field on the mobility. Left: before annealing, right: after annealing. 

Before the annealing a higher B field shifts the strange peak, and also the slope 
of the graph at low temperatures changes. This would indicate that the magnetic field 
influences which scattering mechanism is dominant, but this seems strange to me. 
After annealing, the B field does not affect the mobility anymore. This indicates that 
the strange minimum and its B-dependence are caused by molecules on the surface. 

  
Figure 58 Influence of the magnetic field on the density. Left: before annealing, right: after annealing. 

Before the annealing, a higher magnetic field results in a lower density and 
shifts the strange peak from 60K to 200K. After annealing the B field does not seem 
to have any effect on the density anymore.   

It turns out that the influence of the current and annealing time on the mobility 
is different for B=4kG (discussed earlier) and B=8kG. The current does not influence 
the mobility and does not change the position of the peak. Annealing still removes the 
peak, but it does not influence the values at low temperatures anymore.  
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Figure 59 Left: influence of the current on the mobility for a magentic field of 8kG, right: influence of 
annealing on the mobility for a magnetic field of 8 kG. 

 
7.3.3 Comparison with earlier measurements 
 

The results are compared to results obtained earlier, to check the 
reproducibility. The measurements in the upcoming section are all performed at a 
current of 1μA. The sheet resistance measurements are performed at B=0kG, the 
density measurement at B=4kG and the mobility measurements at 4 and 8kG. Results 
before and after annealing are shown. The earlier measurement are denoted as 2 May 
and the new measurements as 15 May (named after the dates of the measurements). 
 
 

  
Figure 60 Difference in sheet resistance between old and new sample. Right: before annealing, left: 
after annealing. 

The sheet resistance is in the same order of magnitude for both samples, both 
before and after annealing. Before annealing the 2 May sample is a bit better, because 
its resistance is lower and it does not have any strange kink. After annealing the 
samples have about the same resistance, only their slopes differ. You can also see that 
before annealing the resistance stops decreasing at very low temperatures for both 
samples, and that this effect vanishes after annealing. 
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Figure 61 Difference in mobility between old and new sample for a magnetic field of 4 kG. Left: before 
annealing, right: after annealing. 

After annealing the mobility of both samples displays the same behaviour, but 
the 2 May sample is slightly better. Before annealing the graphs are completely 
different. The 2 May sample is much better and does not have a strange peak.  

Because the results for the mobility are a bit different for a higher magnetic 
field, these results are also included in this appendix: 

  
Figure 62 Difference in mobility between old and new sample for a magnetic field of 8 kG. left before 
annealing, right: after annealing. 

At a higher magnetic field, the mobility is still about the same for both 
samples after annealing. Before annealing, it turns out that now the 15 May sample is 
better for low temperatures. This means that the dominant scattering mechanism for 
the 2 May sample (probably water molecules) is less present in the 15 May sample. 
This could be because in one week more water can be attached to the sample than in 
one day. 
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Figure 63 Difference in density between old and new sample. Left: before annealing, right: after 
annealing. 

Before annealing the strange peak is visible for the 15 May sample again and 
it is absent for the 2 May sample. After annealing the graphs are more similar. From 
the 2 May results the conclusion was that N had become constant after annealing, but 
this is certainly not true for the 15 May results. Maybe the N increases for the 2 May 
sample as well, just not as strong. An increase of the carrier density with temperature 
could indicate doping that freezes out at low temperatures. This doping might be 
caused by molecules on the surface that cannot be removed by annealing, or by the 
substrate. The difference in slope of the N curves here, can also explain the difference 
in slope of the Rs curves in figure 60 because a higher carrier density causes a lower 
resistance. 
 
 
7.4 Correctness of the transport measurements 
 

The formulas for van der Pauw transport measurements are derived under the 
assumption that the sample is flat and the contacts are on the edge. This is only true 
for our setup if graphene is only grown on top of the sample. If the bottom side and 
the edges are covered with graphene as well, the current can go through that as well, 
or even through the silver glue and copper beneath the sample. This is not unlikely, 
because during the growth the bottom side and edge are heated to the same 
temperature as the upper side. This problem is investigated by measuring resistances 
using a multi meter.  
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Figure 64 Setup for checking whether or not the edges of a sample are conductive after growth. Left: 
checking conductivity of a plane, middle: checking conductivity between the two planes, right: 
checking conductivity of the edge. 

It can be checked whether one side is conductive, whether the edge is 
conductive and whether current can flow from one side to the other. First this is tried 
for a SiC sample without graphene. For all of the setups presented here, the resistance 
was higher than the multi meter can measure. After that, as sample which has 
undergone the growth procedure was used. It turned out both sides were conductive. 
The edges turned out to be conductive as well, and when the electrodes where put on 
the different surfaces of the sample, a finite resistance was measured as well. After 
this, sandpaper was used to clean the edges of the sample. After this, the edges were 
not conductive anymore, and both sides were still conductive. The result of the 
measurement with the electrodes on different sides was not very clear; most of the 
time the resistance was too high to measure, but when the electrodes are moved over 
the surface, some positions can be found for which the multi meter measures a finite 
resistance. This probably indicates that there are some spots left on the edge that are 
not sanded properly.  

Further research is done. While a (batch II-VI) sample is mounted on heater 
measurements are performed using a multi meter. The resistance between two 
contacts is about 1 kOhm. The resistance between a contact and the copper on which 
the sample is mounted is about 1 kOhm as well. The sample is unmounted and the 
resistance between the bottom and top side is checked using the setup in figure 64. It 
turns out that there is conductance between the bottom and top side indeed. It is tried 
to remove the silver glue using the ultrasonic bath, but unsuccessfully. A clean sample 
(batch II-VI, growing procedure for a monolayer, no silver glue on top) was used. 
This time there is no conductance between the top and bottom side. The conductance 
measured earlier for the mounted sample must be a result of the silver glue between 
the top side of the sample and the copper plate. 

Because of these results the reliability of the performed transport 
measurements has to be considered. Contamination by silver glue that cannot be 
detected by eye can cause conduction between the graphene on top of a sample and 
the copper of the heater. This only affects the measurements if it happens on more 
than one position, and it would be clearly visible in the measured values (the 
resistance would be very low). So the measured samples up to now are probably 
reliable, but it would be advisable to use a non-conductive glue in the future.   
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