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1. Abstract 

Two-dimensional (2D) materials are a new class of systems that exhibit many 
interesting electrical, electronic and optical properties and display interesting 
condensed matter phenomena. In particular, 2D materials such as graphene and 
transition metal dichalcogenides display electrical characteristics that are useful for 
nanoelectronic and spintronic devices. In this project, we explore these materials, 
understand device fabrication methods, and perform electrical characterization of 
such 2D crystal-based materials.  

 

2. Introduction 

Over the last decades, condensed matter physics research has focused on 2D 
materials to study diverse optical, thermodynamical, and electrical properties at an 
atomically thick dimension. A variety of such 2D materials have been explored in 
terms of their synthesis, characterizations, and their properties proving their 
potential in fields such as medicine, technology, optics, or engineering. Although 
electronic transport in bulk layered semiconductors has been studied for over forty 
years, the effects of reduced dimensionality and quantum confinement in the 2D 
limit are only starting to be unravelled. Research in 2D materials has opened an 
inconceivably big field in carrier dynamics and electronic transport, presenting 
materials with incredible intrinsic carrier mobility capacity in this flat state. 
 
2D research initiated in the year 2004 with the discovery of graphene, a material 
with exceptionally high conductivity and its integration with a wide range of other 
materials. Graphene is an atomically thick sp2 hybridized carbon atoms arranged in 
a hexagonal pattern. These carbon atoms are linked by three inplane σ bonds to 
their neighbours and one out of the plane π bond. Dispersion relation of graphene 
follows a linear relation and hence conduction band and valence band of graphene 
touch each other at a point called Dirac point leaving it as a zero bandgap material. 
Due to this exceptional dispersion relation charge carriers in graphene behave like 
massless Dirac Fermions. Due to this, graphene has extraordinary electrical 
properties such as ballistic transport, high electronic charge mobility and an 
incredibly long spin relaxation length.1 Promising such excellent properties, 
graphene becomes the centre of research at that time, and several top-down and 
bottom-up synthesis methods have been developed. However, among all the 
synthesis methods, chemical vapour deposition (CVD) synthesis of graphene has 
proven its superiority in terms of continuous and wafer-scale growth for electronic 
applications. 
 
Although graphene has exceptional electronic properties, the absence of bandgap 
limits its applicability for device applications.2 The ways to get rid of this graphene 
drawback are the bandgap opening in graphene or switching to some other 2D 
material having graphene-like electrical properties but with a finite bandgap. 
Numerous attempts have been made to open a bandgap in graphene but obtained 
very little success along with the degradation in graphene properties. So we left with 
the other option that is to look for some other 2D materials with graphene-like  
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*1: Figure taken from https://www.graphene-info.com/ 

*2: Figure taken from https://www.ossila.com/ 

properties but with a finite bandgap. In this series, transition metal dichalcogenides 
(TMDs) rise as an alternative to graphene.3 This group of molecules has a structure 
MX2, where M is a transition metal (mainly Mo, W, or Ta) and X is a chalcogen atom 
(S, Se, or Te). Compounds based on Mo and W have commonly a semiconductive 
behavior and they show many interesting properties such as atomic-scale thickness 
and large band gaps (between 1 and 2 eV). In the vast family of TMDCs, molybdenum 
disulfide (MoS2) and tungsten disulfide (WS2) have proven their flagships for many 
commendable applications.4,5 
 
WS2 possesses strong thermal stability and it exhibits larger valence band splitting 
compared to some other semiconductive TMDCs like MoS2.5 WS2 exists in 
semiconducting (2H phase) as well as metallic (1T phase) nature. In between this 
two 2H phase is thermally stable. Metallic 1T phase is metastable and distribution 
shows a conductivity 107 times bigger than the 2H phase. 1T phase of exfoliated 
MoS2 nanosheets exhibited a memristive behaviour, whereas a bulk MoS2 in the 2H 
phase possesses ohmic feature. This happens because electrical fields could induce 
lattice distortions in 1T phase leading to a resistant change that can be used for 
memristors.2 

 
The electron mobility of a certain material characterizes how quickly an electron 
can move through the material while in the presence of an external biasing. Charge 
carriers in different materials behave differently under the influence of an external 
applied electric field. The carrier mobility depends on the structure, composition of 
the channel lattice, and the temperature of the channel. A channel at higher 
temperatures shows smaller carrier mobility due to the thermal agitation of atoms. 
For a graphene device, the minimum value of the mobility is reached at the Dirac 
point and by modifying this gate voltage we can regulate the electron/hole mobility 
of the material up to certain limits. 
 
On the other hand, the performance of 2D material devices has improved 
significantly due to the development of the electrical contacts that are connected to 
these materials to inject and detect charge carriers.6 Electrical contacts are the link 
that connects the 2D channel to the rest of the world and it allows us to calculate the 
mobility, the conductivity, and the current density limit of these materials. The 
application of these contacts has changed the way we see the condensed matter 
physics and it made possible the characterization of different materials. This fact has 
enriched some areas of research such as spintronics and it has developed the study 
of crystals, including graphene and its analogous. 
 

Figure 1.1: Graphene structure*1 
Figure 1.2: WS2 layer structure*2 
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However, the connection between the metallic contact and the 2D device generates 
a resistance that must be considered. In many cases, it is convenient to reduce this 
contact resistance which in result promotes the charge carrier flow within the 2D 
channel. Factors affecting the contact resistance are quality of the metal used to 
make the contacts, geometry of the metal-channel interface, and type of bonding 
between the metal and channel material. In the present thesis work, we will try to 
minimize this contact resistance which could possible by reducing the Schottky 
Barrier Height ΦB (SBH) of the interface, narrowing the tunnel barrier, and strength 
the orbital overlap to promote orbital hybridization. 
 

2.1. Strategies to reduce contact resistance 

In contact engineering, lots of strategies have been followed to obtain good contact 
with low resistance between the contact and the channel. The location and the shape 
of the contacts in the 2D material determine its contact resistance depending on the 
strength of the bonds between metal and channel. There are two fundamental 
interface geometries between bulk metal contacts and the 2D materials are top 
contacts and edge contacts and depicted in Fig. 2.1 and 2.2. (Figures taken from Ref. 
7). 

 
In purely top contact metals are located above the surface of the 2D material and 
can be placed in any part of the channel. They can only be bonded by van der Waals 
gaps that produce large tunnel barriers. As a result, the bond will be weak and the 
contact resistance in the interface will be higher. On the contrary, in edge contacts 
metals are located near the edges with a fractional touch to the 2D material. It will 
have a shorter bonding distance with a stronger hybridization between the metal 
and the 2D materials, due to the formation of covalent bonds. This results in a better 
carrier transmission and a reduction of the tunnel barriers. So the contact resistance 
will be better in edge contacts than in purely top contacts.8,9 

As it was explained before, edge contacts are characterized by more favourable in-
plane carrier injection with a higher degree of covalency and smaller tunnel barrier 
widths. One method to fabricate edge contacts is using an insulating layer that is 
printed underneath the contact regions as it is shown in Fig. 3a. These layers prevent 
that the metal is deposited in the top of the channel material, resulting in the 
formation of edge contacts. The most common material that is used for this kind of 
task is h-BN due to its properties such as its bandgap (∼5.9 eV). 

Furthermore, ferromagnetic one-dimensional edge contacts can be useful for carrier 
injection/detection (Figure 3b). Carriers can be introduced into the channel in an 
extremely precise region. Moreover, the charges can be injected and detected more 
homogeneously and the interface-induced spin dephasing is reduced. In other 
words, using ferromagnetic 1D edge contacts, the injection of charge carriers is 
more accurate and it generates a lower contact resistance.10 

Figure 2.1: Top contact Figure 2.2: Edge contact 
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Nevertheless, the contact resistance does not depend only on the geometry of the 
contacts, but the strength of the bonds between the metal and the 2D material will 
also determine the contact resistance. The transmission of the charge carrier in the 
interface depends on the composition of the channel. The interaction between the 
metal contact and the bulk material is not the same as the one between the metal 
and a 2D lattice. It is easy to see that covalent bonds produce a powerful orbital 
overlap and, as a result, they are stronger than van der Waals interactions, which 
have large tunnel barriers. That is why we need to recognize an appropriate metal 
for making contacts that bonded covalently with 2D material. 

 

Most of the bonds are made between a metal contact and the semiconductor. The 
metals used for doing these contacts are usually Ti, Ni, or Pd. In Figure 4 different 
types of bonding between the metals and channel materials. In Fig. 4a and b, the 
metal contact is connected to the bulk semiconductor by covalent bonds over the 
top surface of the material. The second type of bonding is a connection between the 
metal and a monolayer semiconductor using van der Waals gaps represented in Fig. 
4c and 4d. Due to the presence of van der Waals interaction, there will be a relatively 
higher tunnel barrier at the interface which makes it more difficult for the transfer 
of charge carriers from metal contacts to channel. The third type of bonding is a 
connection between the metal and a monolayer semiconductor by covalent bonds 
shown int Fig. 4e and 4f. By hybridization, the Ti and the MoS2 surface creates an 
alloy that develops into a metalized 2D semiconductor with a small tunnel barrier 
at the interface. This easily promotes the transfer of charge carriers from metal 
contacts to channel. 

Figure 3: Contact engineering strategies using edge contacts. (a) Application of h-BN for the 

fabrication of edge contacts. (b) Schematic of the 1D edge contacts. (Figures taken from Ref. 11) 

Figure 4: Different types of bonds depending on their Schottky Barrier height. (Figure 

taken from Ref. 7) 
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Furthermore, the Schottky Barrier Height (ΦB) can be lowered considerably by 
adding a layer of insulating material between the metal contact and the 
semiconductor. This reduction of the ΦB allows a better flow of the charge carriers 
in the interface and a diminution of the contact resistance. A layer Ta2O5 is 
commonly used to achieve this condition. The depinning of the Fermi level is more 
successful using an insulator between the metal and the 2D channel, but it has to be 
considered that the width of this layer affects the flow of the charge carrier since it 
is an insulating material as can be seen in Fig. 5. 

 

Another strategy to reduce the contact resistance is by using a metal which strongly 
interacts with the semiconductor through covalent bonds (Fig. 6a). Strong bonding 
between the metal contact and the 2D channel lowers significantly the Schottky 
Barrier Height (ΦB). It was also reported that some metals create better bonds with 
certain materials, leading to lower contact resistance. For example, in the case of 
MoS2 the Ti turns to be one of the best metals that can be used for charge carrier 
transmission due to very small Schottocky Barrier Height (ΦB) at the interface. On 
the other hand, annealing Ag contacts to the semiconductor surface also lowers the 
contact resistance. The silver atoms are set between the layers as in Fig. 6b, 
producing better contact with low resistance value. 

 

Apart from the 3D metals, some other materials can be also used as contacts to inject 
and extract charge carriers to the 2D material. For example, carbon nanotubes 
(CNTs) are metallic allotropes that can be used as contacts due to their metallic 
behaviour. Layers of graphene nanoribbon (GNR) can be also bonded with other 
structures of graphene such as CNTs or wide surfaces of graphene as it is shown in 
Fig. 7a and 7b. Moreover, TMDs in the 1T phase have a metallic behaviour and hence 
can be also used as a contact with a layer of TMD in the 2H phase (Fig. 7c) resulting 
in a contact with a very small contact resistance due to their similarity in the 
composition. 

Figure 5: Reduction of the Schottky Barrier height by the application of an insulating layer. 

(Figure taken from Ref. 11) 

Figure 6: Hybridization in the metal-semiconductor interface by using certain metals. (a)Use of strongly 

interacting metals with a certain semiconductor. (b) Annealing of Ag contacts to the semiconductor. 

(Figures taken from Ref. 11) 
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Besides the above, many other methods can be used to lower the contact resistance 
in the interface between the metallic contact and the semiconductor in devices with 
2D channels. These strategies are used to increase the flow of the charge carriers in 
the interface and to reduce the Schottky Barrier without changing the properties of 
the semiconducting channel below the metal contact. The simplest contact 
engineering strategy is to modulate the Schottky Barrier height by changing the 
composition to metal contacts with a lower work function. The MIGS Theory states 
that the Fermi level is pinned by states intrinsic to the metal-semiconductor 
interface called metal-induced gap states (MIGS). It holds that the first layers of the 
2D material near to the interface have a metallic behaviour. 

The development of the electrical contacts for obtaining a lower contact resistance 
in a contact-2D semiconductor interface is now one of the most important topics for 
its commendable application in spintronics. The improvement of the metallic 
contact and the use of different strategies to reduce the contact resistance can be 
applied to find more properties of these two-dimensional materials and it will lead 
to an evolution in condensed matter physics, being materials such as graphene or 
TMDs the main characters of this rise. 

As we have seen, the mobility of a 2D channel and the contact resistance between its 
surface and the metal contacts are interesting characteristics that can lead to useful 
advances in many areas of science. That is why the characterization of these 
materials is so important and the reason for this report. Our first goal is to compute 
the electron mobility of some graphene devices and compare our results with the 
values obtained in other experiments. We will also discuss the significance of this 
information and possible applications for other materials such as TMDs. 

On the other hand, we will also analyse the resistivity of some 2D materials and the 
contact resistance that will be generated with their metallic contacts. Finally, we will 
compare the results obtained with the ones seen in other publications to contrast 
our data. 

2.2. Dependence of the contact resistance 

The contact resistance between a metallic contact and a channel depends on a lot of 
different factors. The contact resistance is a value measured in Ohms that depends 
on the specific contact resistivity ρcsp (measured in Ωµm2), the width W of the 
channel. and the width of the contact D between one contact and another. 

�� � ρ����	
�	
 

 

Figure 7: (a) CNT-GNR contact. (b) Graphene-GNR contact. (c) 1T phase- 2H phase TMDC connection. 

(Figures taken from Ref. 7) 

(1) 
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Hence, having a device like the one shown in Fig. 8 we can see a representation of 
the parameters where ρcsp can also be expressed in terms of the contact resistivity 
ρc (measured in Ωµm). 

ρ� � ρ��� � �	
 

When a current flows through a 2D material, it generates a resistance that is 
proportional to the length of the channel travelled. However, there is a quantity that 
is invariant under the alteration of the channel length. This value is called square 
resistance (or sheet resistance) and it is a characteristic of the material. The relation 
between the channel length resistance R obtained in the measurements and the 
value of the square resistance Rsh is given by 

������� � R��
�
� 

The width of the channel is supposed to be constant all over the lattice. In Fig. 8, it is 
shown a representation of a two-dimensional graphene device with six contacts 
connected to the lattice. The channel resistance measured when the current moves 
a distance d2 is smaller than for a distance d5 because the length is different. 
However, both parts of the graphene surface will show the same square resistance.12 

In a network model, there is a resistance at the interface between the channel and 
metallic contact. It means that the current would preferably flow through the edge 
of the contacts and it drops drastically if the distance of the interface increases. This 
feature is called current crowding and the length at which the current drops to 1/e 
of the edge value is called the transfer length LT.  

The contact resistance depends on the transfer length LT between the metallic 
contact and the semiconductor and the relation between this quantity and the width 
of the contact D will determine the units we use to measure the contact resistance. 
When graphene is involved in the contact, it has been demonstrated that the contact 
resistivity ρc remains almost constant while the specific contact resistivity ρcsp 
increases with the contact area for D>LT. This shows that the contact resistance 
arising at the graphene/metal interface depends on the contact width W and not on 
the area of the contact W·D. However, for D<LT, the contact resistance depends on 
the contact area and it is expressed in terms of resistance times unit of area Ω·m2 
(usually in Ω·µm2). Depending on the length of the contact we will use one quantity 
or the other. But the value Rc is the contact resistance and it is measured in Ω. 

Figure 8: Representation of a graphene device over a Silicon substrate. (Figure taken from 

Ref. 12) 

(2) 

(3) 



10 

 

In general, we approximate the contact width to the sample width. Furthermore, it 
will be considered the fact that D>LT. The total resistance related to the two-
dimensional lattice can be expressed as the sum of the resistance of the channel 
Rchannel, the metal contacts RM and the contact resistance in the interface of both 
materials Rc (Fig. 9a). The resistance of the metals can be neglected because its value 
is considerably small compared to the others. The contact resistance, which can be 
comparable or higher than the channel resistance can be expressed in terms of the 
transfer length LT. Therefore 

�� � R��
��
�  

�� � ������� � 2�� � 2�� � ��
W �� � 2��� 

 

Using this expression, we can plot the total resistance vs the distance between the 
two contacts we are using to do the measurements as a straight line (Fig. 9b). When 
the carriers do not travel any distance in the channel the resistance is two times the 
contact resistance. The linear behaviour of the RT vs d curves is preserved when the 
temperature changes, but their slope decreases by increasing T. This is because, at 
higher temperatures, the electrical and magnetic properties of the channel change 
and the graphene square resistance Rsh decreases. Moreover, the transfer length can 
be determined by looking at the point of the straight line where the total resistance 
vanishes. 

As it was explained previously, contact resistance varies with the distance between 
the metallic contact and the semiconductor, expressed by the transfer length LT. But 
also the length of contact D is important for determining the contact resistance By 
changing the contact length concerning the transfer length we can variate the 
contact resistance. Considering the contact length D constant (since it is a magnitude 
that we cannot modify in the lab), we can manage to reduce the transfer length to 
reduce the contact resistance of the interface. It can be expressed by the following 
formula

�� � �ρ����� � � !"#ℎ % �
��

& 

This means that when the transfer length is much bigger than the contact length, the 
contact resistance is incredibly large and it follows the relation ρcsp/D. However, 
when the value of the contact length becomes much bigger than the transfer length, 
the value of the contact resistance converges to its lowest value at '�(�) � *� . This 

Figure 9: (a) Representation of the different elements of the contact and their resistances. 

(b) Linear plot of the total resistance of the contact. (Figure taken from Ref. 12) 

(4) 

(5) 

(6) 
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*3: Figure taken from http://www.directvacuum.com/sputter.asp 

behaviour can be seen in Figure 10, where the asymptotes are represented by dotted 
lines. 

 

3. Experimental methods 

Regarding the experimental methods used in this report, we should first start 
explaining the fabrication of graphene devices.13 For the fabrication of graphene 
devices commercial graphene purchased from Graphenea has been used.14,15 
Similarly for WS2 device fabrication sputtered WS2 film has been used. In this case, 
I will focus on the fabrication of WS2 samples, but the steps are almost the same for 
graphene and other TMDCs.

3.1. Device fabrication 

The fabrication of the WS2 samples is long and it takes a lot of different steps. Firstly, 
a big surface must be created and stuck to a silicon substrate by using a method 
called physical vapour deposition. This substrate is introduced into a machine called 
magnetron sputtering at high vacuum (around 10-8 mbar), so there are no impurities 
inside of it. An inert gas like Argon is introduced and ionized applying an external 
electric field. As a result of this differential of potential, the Ar+ is stuck to the 

Figure 10: Variation of the contact resistance in relation to the contact length. 

Figure 11: Physical Vapor Deposition using Magnetron Sputtering*3 
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substrate and the Ar- does it to the WS2 target. When this electric field stops, ions try 
to join again and the Ar- stuck to the target takes pieces of WS2 from the bulk sample 
of this material and hit them against the substrate, creating a layer of this 
semiconductor over the silicon surface as it can be represented in Figure 11. 
Depending on the time of exposure and the intensity of the potential created 
between anode and cathode, the width of the sample can be adjusted. In the end, we 
have a single layer of WS2 over a silicon substrate.16 

Firstly, the WS2 surface must be cleaned by applying acetone at 70 ºC for 10 minutes 
and Isopropyl Alcohol (IPA) for 5 minutes at room temperature. Then, the sample 
does not have impurities so we can start creating the islands by using a photoresist 
called S1813 and a mask aligner. The photoresist must be spread correctly in all the 
surface of the semiconductor, so the sample is put in a spin coat machine where it 
spins with 3000 rpm for 60 seconds with an acceleration speed of 1000. This 
spreads the photoresist all over the surface of the sample. In addition, it is baked at 
90 ºC for 120 seconds to make sure the product sticks to our monolayer. 

Once the photoresist is spread, we put the sample into a mask aligner. What this 
machine does is basically expose the sample to UV radiation. When it is introduced 
into the aligner, a photomask is also positioned over the sample in such a way that 
the UV radiation passes through the photomask in some parts drawing a pattern in 
the sample. The UV exposure removes the photoresist in those places where the 
sample gets radiated. In other words, the pattern of the photomask is drawn in the 
photoresist of our sample. A clear picture of the process can be seen in Figure 12. 

After the exposure, we develop the sample with AJ351 for 50 seconds and the WS2 
that is not covered up by photoresist can be removed by exposing the surface to 
oxygen using O2 plasma etching. In the end, we get some islands of the 
semiconductor with the photoresist above. Now the photoresist can be removed by 
cleaning the sample with acetone and IPA as it was explained before, leaving the 
semiconductor exposed in small islands. Once the contacts are set into the devices 
and the samples are placed in the chip carriers, it is ready to be measured (Fig. 13). 

Figure 12: Diagram of the drawing pattern in the mask aligner. 
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3.2. Optical characterization 

In condensed matter physics and chemistry, several methods can be used to 
characterize materials. This means that we can study their composition and 
structure by using different types of spectroscopy. Raman spectroscopy is a useful 
method because we can identify the composition of the material by identifying its 
Raman modes. Knowing the Raman spectrum of the semiconductor we can even 
know the height of the channel and hence the number of layers of the two-
dimensional lattice. We have done the Raman spectrum of the sample we have 
fabricated to see its characteristics such as the composition of the islands, its purity 
or its number of layers. The results we got are shown in Figure 14. As it can be seen, 
for an excitation wavelength of λexc = 532 nm, we obtain that the main peaks in the 
Raman shift are in 176 cm-1, 356 cm-1 and 427 cm-1, which correspond to the LA(M), 
E12g(G) and A1g(G) Raman modes, respectively.13,17,18 

 

Comparing these results with the ones obtained in several papers about the peaks 
in the Raman spectrum of WS2, our Raman modes show that the material is WS2.19 
As it can be seen in Figure 14, the second peak is the greatest, this means that the 
sample is made by a single layer of this semiconductor.20,21 Using this method, we 
have checked that the fabrication of the device was successful and we can apply 
these results to determine the width of the channel or the type of bond that our 
sample makes with the electrical contact. 

Figure 13: Picture of the WS2 sample taken by an optical microscope 

Figure 14: Raman Spectrum of the WS2 sample. 
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3.3. Electrical measurements 

In our new sample, each device contains 6 different contacts named from a to f 
separated over the channel. These contacts can be used to inject and detect charge 
carriers to do different types of measurements: electron mobility, breakdown 
current limits, the resistivity of the semiconductor, contact resistance, spin 
transport. All of these contacts can be connected to an external circuit to measure 
the current and the voltage at the different points of the semiconductor. The contact 
that injects the charge carriers is called I+, the one that detects them is I-, then the 
difference of potential is measured between two points of the lattice V+ and V-. We 
have three different distributions of the connections depending on what we want to 
measure. They are called two-terminal (2T), three-terminal (3T), and four-terminal 
(4T) measurements. 

The 2T measurements are represented in Fig. 15a and it shows that only two 
contacts are used, one for I+ and V+, and another for I- and V-. This structure is used 
to measure the resistance of the channel and the metallic contact when some current 
passes through them. 3T measurements (Fig. 15b) uses only three contacts, one for 
I+ and V+ and two for I- and V-. This distribution is really useful to measure the value 
of the contact resistance since the difference of potential is measured in a part of the 
channel where no current flows. 

4T terminal measurements (Fig. 15c) use four different contacts and it is based on 
two external contacts which inject and detect charge carriers (I+ and I-) and two 
contacts in the middle that measure the difference of potential in that piece of 
semiconductor to determine the resistance of the channel. This distribution is 
necessary for determining the mobility by doing a 4-terminal measurement 
applying a gate voltage on the sample. Using these three distributions we can also 
calculate the resistance of the 2D material and the resistance that is produced by the 
metallic contact.  

 

4. Results 

Once the devices are completely fabricated and mounted in the chip carriers, we 
have everything we need to calculate the mobility of the charge carriers in our 2D 
material, the contact resistance and the resistance of the channel. In this case, we 
are going to work with graphene samples and the results will be compared with the 
ones obtained in other publications in order to discuss them. To do this we are going 
to work with some calculations we have done by using 2-terminal, 3-terminal and 
4-terminal measurements. Some examples of these measurements can be seen in 
Figure 16, where the three different configurations are shown. Taking the values of 
these plots we can calculate the slope to determine the resistance in each 
configuration and use these results to obtain the parameters we want. 

Figure 15: Distributions of the connections on the circuit depending on the amount of 

contacts that interact. (a) 2T (b) 3T (c) 4T measurements 
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4.1. Mobility measurements 

Every time an electric field is applied to a material, charge carriers move through 
the material. The drift velocity that these particles have is defined by their mobility. 
For insulators, this quantity is small whereas for conductors the carriers move faster 
since they have a higher conductivity (σ). The mobility can be calculated linearly 
fitting the following equation at the point where the gate voltage is equal to the Dirac 
point. 

+, � -,., /#0, � 1,234 5 3678��9,:  3< � 3�=*"�>???????@  . � +
-# � 1

-
�+
�# 

To measure the carrier density we used a method called field-effect measurements. 
As it was explained before, our samples are placed over a silicon-based surface 
having a SiO2 layer.  So making a perfect environment for a FET.22 The thickness of 
the SiO2 layer is around 285 nm and the conductivity can be expressed as the inverse 
of the square resistance. The mobility is calculated by applying a constant current 
across the device and measure the voltage in one part of the channel changing the 
gate voltage.23 The gate voltage is an additional difference of potential applied from 
the silicon surface to the channel that can modify the value of the square resistance 
of the graphene sample. So we can plot the value of the square resistance versus gate 
voltage applied and the result is given by Fig. 17. 

Taking the inverse of the square resistance we obtain the carrier density. With this 
in mind, we can plot the Dirac curve showing the carrier density as a function of the 
gate voltage (subtracting to the gate voltage the value at the Dirac point). Fitting the 
plot in Fig. 18 and taking n as 2·1012 cm-2, we reach the value for the mobility 
expressed in cm2 V-1 s-1. 

Figure 16: Plots of the IV measurements in the different distribution. a) 2T b) 3T c) 4T 

Figure 17: Square resistance as a function of gate voltage 

(7) 
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This result is very approximated to the ones obtained in other publications since 
they all have an order of magnitude ∼103 cm2 V-1s-1. 7,11 In some other articles it is 
shown that the mobility can be even bigger reaching values over 105 cm2 V-1s-1 by 
changing the temperature.12 However, something that is clear is that graphene is a 
two-dimensional macromolecule that has very high mobility and many other 
properties that make this material extremely interesting for condensed matter 
physics. Graphene’s mobility is much higher than other 2D semiconductors such as 
WS2 and MoS2 that presents values around ∼102 cm2V-1s-1.7,11 

 

4.2. Contact resistance and channel resistance measurements 

On the other hand, we will use the results obtained in IV measurements to determine 
the value of the square resistance of the graphene samples. As it was mentioned 
before, the results given by the 2T measurements include the contact resistance of 
the injector and the detector and the channel resistance of the graphene. 

�� � ������� � 2�� � 2�� � ��
W d 

In this expression, the contact resistance and the term Rsh/W are constants to be 
determined. This is verified considering that all the contacts have approximately the 
same contact resistance. This curve can be expressed as a linear function on the form 

K �  "L � M     Nℎ-*-     " � ��
�M � 2��

 

Figure 18: Dirac curve showing the carrier density as a function of the gate voltage. 

(8) 

(9) 

(10) 
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Using some IV measurements of graphene samples with the contacts at different 
distances we can make a regression to determine the values of a and b. Using the 
results of seven different devices we get the following results for 2T and 3T 
measurements expressed in Fig. 19. 

As we can see in Fig. 19, the distances between contacts are on the range of 3 µm to 
60 µm, but in general, most of the contacts are very close to each other (< 10 µm). 
The results obtained are not precise since the points are quite spread, but the values 
of a and b are 

" � ��
� � �2.5 G 1.7� � 10P  �m 

M � 2�� � 24000 G 5100  � 

Let’s analyze both parameters considering the width of the channel is 5 µm. So the 
value of the square resistance that we got is 

�� � 1230 G 860  � 

This result is very close to other values of the graphene sheet resistance observed 
in other articles.7,24 All of them show a sheet resistance around 103 Ω. This value 
expresses the sheet resistance of graphene when there is no gate voltage (Vgs = 0 V). 
The square resistance of a material can be reduced by applying a gate voltage to the 
sample. 

On the other hand, the value of the parameter b which represents the contact 
resistance is 

�� � 12000 G 2600 � 

Consequently, we can use this value to determine the contact resistivity ρc by 
multiplying this result by the width of the contact (D = 200 nm). 

U� � �� � � � 2.40 G 0.52 1�μm 

This is a good result for the contact resistance of a graphene-metal contact device 
since it is around 103 Ω. Similar results have been observed in other publications so 

Figure 19: Total resistance obtained by 2T measurements as a function of the distance 

between the contacts. 

(12) 

(11) 

(13) 

(15) 

(14) 
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it can be said that our fabricated graphene devices have a good metal-channel 
interface.24 Conventional ohmic contacts between graphene and various metals 
might show large contact resistance ranging from a few hundred to thousands of Ω 
µm. Applying the methods described in the first section of this report we can reduce 
considerably the contact resistance of our contacts. A low contact resistance for 
graphene-metal contacts can be considered below 100 Ω µm. The minimum value 
that was reached is around 50 Ω µm and they allow us to study the properties of the 
material in detail.12,25 

Furthermore, for this report we have used multiple-metal contacts (0.8 nm TiO2, 60 
nm Co, 5 nm Al, 5 nm Au) in order to create contacts with small tunnel barrier and 
fewer contact resistances and our results cannot be compared with the ones from 
other publications since the others are made of just one metal. 

5. Conclusion and Future prospects 

In this thesis, we have characterized 2D materials such as graphene and WS2 

samples. As we have seen during this thesis, graphene has incredible properties that 
have made it to be in the spotlight for the last 15 years. It has incredibly high 
mobility and also its sheet resistance is very low, making this two-dimensional 
material one of the most interesting components to use for electrical conduction. On 
the other hand, we have calculated the contact resistance of the contacts connected 
to the graphene channel, and approximate values were obtained. This means that 
the contacts used in our devices are like others obtained in different publications. 
However, some of the strategies mentioned in the introduction can be implemented 
to reduce this contact resistance. A low contact resistance enables the study of 
intrinsic graphene properties and increases the performance of graphene devices.  

In the following years, more properties of graphene have been discovered and this 
will have amazing applications for technological applications. Although here we 
performed the characterization of graphene devices mainly, it would be extremely 
interesting to study these properties for other materials. As was mentioned in the 
introduction, research in semiconductors and TMDs is growing and these materials 
are showing fascinating characteristics for 2D electronics. Therefore, the study of 
the mobility and the sheet resistance of WS2 could be a future aspect of this work.  
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