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Abstract 
 

Graphene, as a 2D material with unique relativistic nature of charge carriers, is one 
of the most attractive materials for sensing molecular adsorbants. The conical band 
structure of graphene, in particular the coexistence of both electron and hole states in the 
vicinity of zero energy level, makes graphene resistivity strongly sensitive to the changes 
of charge carriers (type and density) induced by molecules assembled on its surface.  

Therefore, this Master project was devoted to building and studying graphene-based 
devices for sensor application.  

Within the project we developed an Ar/H2 cleaning procedure for removing 
polymer contaminations left by the lithography steps on the graphene surface. We also 
showed the possibility of controlled shift of the Dirac point position towards a desired 
value of gate voltage and increase of carrier mobility in graphene by annealing the device 
at 150 oC in vacuum. The Hall effect in a graphene-based device was successfully 
measured, showing strong sensitivity of the Hall resistivity to the charge carrier density, 
promising feature for sensor applications. We also showed that a misalignment of 
graphene contacts led to the asymmetry for hole and electron regimes. We measured a 
non trivial magnetic field dependence of graphene longitudinal resistance. 

The sensitivity of graphene-based devices to water and ethanol vapors was 
investigated. The changes in the longitudinal and Hall resistances under water exposure 
showed that water molecules act as acceptors on graphene, decreasing the mobility of 
carriers. However, the ethanol, in contrast to reported results, acted as weak charge 
acceptor and a decrease of carrier mobility was detected. Based on the results, a model of 
water molecules penetrating below the graphene sheet was suggested.  
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I. Introduction 
 

For long time graphene was an “elusive” 2D form of carbon. However, ironically it 
was one of the best theoretically studied carbon allotrope. The graphene model was used 
as a starting point for studying of many carbon-based systems: graphite, fullerenes, 
carbon nanotubes. Nevertheless in 2004 a stable 2D sheet of carbon atoms was isolated 
(A.Geim et al.) by using the technique of micromechanical cleavage [1]. Since then 
electron transport in graphene is the subject of intense interest. The specific band 
structure of graphene, with its valley structure and Dirac neutrality point separating hole 
states from electron states, has led to the observation of new electronic transport 
phenomena such as anomalously quantized Hall effects, absence of weak localization and 
the existence of minimum conductivity [2]. In addition, the injection of spin polarized 
current into graphene was reported [3], showing a broadening of the scientific directions 
where specific graphene properties can be used. In this work devoted to studying 
graphene-based sensors, we will use the very recent discovery that graphene conductance 
can be manipulated by molecules assembled on its surface [4].  

 
1.1. Theoretical descriptions 
 
Because of the symmetry of the honeycomb lattice, the electrons in graphene 

effectively obey the relativistic Dirac equation. However, the “speed of light” that is 
usually found in this equation is replaced by the Fermi velocity of the electrons, which is 
about ~106 m/s. As a consequence, the solution of the Dirac equation gives a linear 
dispersion relation for the fermions. From this point of view, the fermions can be 
considered as massless particles inside the graphene.  

This chapter briefly presents the calculations of the electronic energy bands of 
graphene using the tight-binding approximation which is usual for the theory of solids. 
We also show that the tight-binding model gives a Dirac-like spectrum for the 
quasiparticles in graphene. 

 
1.1.1. Tight-binding model 
 

We will be talking about the tight-binding model in a sense where three electrons of a 
carbon atom, which take part in s-bonds, are tightly bound to the atom, while the fourth 
electron creates rather weak p-bonds with its neighbors, giving rise to two p-energy 
bands called bonding and anti-bonding p-bands in the Brillouin zone. The first tight-
binding description of graphene was given by Wallace in 1947 [5]. He considered 
nearest- and next nearest- neighbor interaction for the graphene pz orbitals, but neglected 
the overlap between wave functions centered at different atoms (Fig.1.1). 

The other, nowadays better known, tight-binding approximation was developed by 
Saito et al. [6]. It considers an overlap between the basis functions, but includes only 
interactions between nearest neighbors within the graphene sheet. The nearest neighbor 
Hamiltonian does not accurately reproduce the p and p* graphene bands over a 
sufficiently large range of the Brillouin zone.  
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However, if up to third-nearest neighbors are included, the tight-binding 

approximation quite accurately describes first-principles results over the entire Brillouin 
zone [7]. 

But the most important results of the intersection point in the valence and 
conduction bands is independent of the approximations. Let us give a brief description of 
the tight-binding model for the honeycomb structure and emphasize on some important 
points. 

In Fig.1.2 we show the unit cell and the Brillouin zone of graphene, where 1a
�

 and 

2a
�

 are unit vectors in real space, 1b
�

 and 2b
�

 are reciprocal lattice vectors, while 1q
�

is a 
distance between the center and edges of Brillouin zone (the Dirac point). In the x,y-
system of coordinate the real and reciprocal lattice vectors will be expressed as 

 
Lattice vectors: 

( )1,0

2
1

,
2
3

2

1

aa

aa

=

�
�
�

�
�
�
�

�
-=

�

�
 

Reciprocal lattice vectors:  

( )

�
�
�

�
�
�
�

�
=

=

2
3

,
2
1

3

4

0,1
3

4

2

1

a
b

a
b

p

p

�

�

 

Vectors connecting three 
nearest neighbors: 

( )

�
�
�

�
�
�
�

�
-=

�
�
�

�
�
�
�

�
--=

=

2
3

,
2
1

3

2
3

,
2
1

3

0,1
3

3

2

1

a
f

a
f

a
f

�

�

�

 

 
 

f3

f2

f1

a2

a1

A   B 
 

-q 1 

q 1 

b 1 

b 2 

Fig.1.1 Graphene hexagonal lattice. 
Vectors a1 and a2 are the unit-cell 
vectors of graphene with a lattice 
constant a=2.461 Å. The unit cell 
contains two carbon atoms A and B 
belonging to the two sublattices. An 
atom A0 has three nearest neighbors 
B1i, six nextnearest 
neighbors A2i , and three second-
nearest neighbors B3i [7]. 

Fig.1.2 The unit cell (a) and reciprocal vectors of graphene (b). 
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The unit cell of the hexagonal lattice contains two atoms A and B, they are not 
equivalent between each other, because there is no reciprocal vector in the reciprocal 
space which may connect these two points. Thus, the honeycomb structure could be 
present as a superposition of two sublattices (valleys), containing either A or B atoms. 

The translation vectors of sublattices A and B are 2211 ananxn

���
+=  and 

anfn fxx
a

���
+=+ , correspondingly. The Hamiltonian of the tight-binding model has the 

form 

� +
++

+ +=
s

ssss
,,

,,,, )(
an

fnnnfn aa
baabtH ,   (1) 

where ss ,, ,
afnn ba +  are annihilation operators of the electrons on the corresponding 

sites of A and B sublattices. As one can see from Eq.(1) the Hamiltonian has the particle-
hole symmetry on a honeycomb lattice: it remains invariant upon the substitutions of 

+® ss ,, nn aa  and 
+
++ -® ss ,, aa fnfn bb . This means that for every electron state 

with energy e the Eq.(1) also describes the presence of the state with  - e. Therefore, in 
contrast to condensed matter physics where electrons and holes are normally described by 
separate Schrödinger equations which involve different masses for the particles, the 
electron and hole states in graphene are interconnected [8]. The “Particle-hole symmetry” 
in graphene is the analog of charge-conjugation symmetry in quantum electrodynamics 
(QED); or in other words, “electron-hole” pair is an analog of “electron-positron” pair. 

In the momentum space Eq.(1) has the form  
 

[ ]� ++ +=
q

qqqqqq abbatH ������ *xx ,       (2) 
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Here we took into account only three nearest neighbors. The function 0=±q
�x , when 

kqq
���

+= 1  for 1<<ka   in case of such small deviations the function behaves 
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Substitution of these simplifications into Eq.(2) gives  
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where 
2
3at

v f =� , and fv  has a meaning of Fermi velocity of charge carriers.  

 
Using the notification of Pauli matrices, /,/ yx sss =

�
, sz, one can show, that 
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The method to obtain Eq.(4) is detailed in the next session.  
Eq.(4) shows one of the most important properties of graphene’s quasiparticles: 

they have a linear energy dependence on wave vector (linear dispersion) in the vicinity of 
Dirac points. This equation was first time confirmed experimentally by Geim et al. [9]. 
Eq.(5) actually represents the before mentioned quasiparticles, described by two-
component wave functions (y 1,y 2) which are needed to define the relative contributions 
of the A and B sublattices in the quasiparticles’ make-up [9]. This two-component 
description for graphene is very similar to the spinor wave function in quantum 
electrodynamics, but here the “spin” index indicates the subblattice rather than real spin 
of the electrons and is usually named “pseudospin” s [10,11]. This allows one to 
introduce chirality – formally a projection of pseudospin on the direction of motion – 
which is positive for electrons and negative for holes. 

The linear energy dispersion in the vicinity of Dirac points, and the zero-energy gap 
in these points, are consequences of the symmetry of the lattice and are independent on 
the approximations considered [5,7]. The solution of Eq.(2) in the whole region of 
Brillouin zone gives cosine like eigenvalues of energy [5,6,10,11]. 
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In Fig.1.3 the upper half of the energy dispersion curves describes the p*- energy 

anti-bonding band (conduction band), and the lower half is the p-energy bonding band 
(valence band). The conduction and valence bands overlap at the Dirac points; here lies 
the Fermi energy level as well. The existence of the zero-gap comes from the symmetry 
requirement that the two carbon sites A and B in the hexagonal lattice are not equivalent 
to each other [6]. 
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Thus fermions have the conical spectrum inside graphene, where an electron with 
energy e propagating in the positive direction originates from the same branch of the 
spectrum as the hole with energy -e propagating in the opposite direction. At zero 
temperature the valence zone is completely filled, and the conduction band is completely 
empty. At nonzero temperature the Fermi surface will be smeared in an amount 
comparable to kT. 

 
1.1.2. Dirac equation. Massless fermions 
 
Most of the literature devoted to graphene either takes as a starting point the 

relativistic nature of the electrons inside the graphene [9,12] or gives QED based 
derivations which are rather cumbersome to those who are not familiar with this field in 
theoretical physics [10,11,13]. Therefore here I would like to present simple but 
important logical steps that connect the tight-binding model results with the Dirac 
Hamiltonian.  

The classical Dirac Hamiltonian is given by 
2mcpcH ba +=

��
  (6) 

where the hermitian, dimensionless matrices a
�

 and b are to be determined and 

p
�

denotes the three-dimensional momentum vector [14].  

The requirements to a , b as to hermitian matrices are: 

12 =b ;  0=+ baba ii ;  12 =a ;  jijiij ,2daaaa =+    (i=x,y,z). 

In the two dimensional case the Dirac matrices can be identified with the Pauli matrices:  

xsa =1 ; xsa =2 ; zsb =  yielding Eq.(4): 

�
=

+=
2,1i

iif pvH yay
��

 

Let’s show that the Dirac Hamiltonian gives the same results for massless particles.  

E 

ky 

kx 

EF 
kx Fig.1.3. Illustration of the graphene 

band-structure in the k-space. 
 
The conical spectrum of fermions in 
the vicinity of the Dirac neutrality 
points can be seen. 
  



 11 

From (6) we get  

[ ] )(ˆ 32242222 babaaabba iiijiji pmcppccmmcpcH +++=+=
��

 

and applying the properties of Pauli matrices we obtain 
22422ˆ pccmH

�
+= , 

thus  
2242 pccmp

�
� +±=e  

For massless particle 0=m  and replacing speed of light with Fermi velocity fv ,  

pv fp

�
� ±=e  

or more commonly used equation by graphene society 

kvfp

�
�� ±=e  

 
All massless particles have the same energy dispersion as photons. Therefore, the 

quasiparticles in graphene behave like massless particles described by the equation (4). 
Their speed is the Fermi velocity and equals approximately 1/300 of the speed of light. 

We have seen thus, that charge carriers in graphene mimic ultrarelativistic particles 
and may be described by the Dirac equation which is typical for QED. The tight-binding 
model, by which the system is described, gives an intersection of valence and conduction 
bands of the materials in the vicinity of Brillouin zone edges. The existence of the zero 
band gap comes from the symmetry requirements of the honeycomb lattice. As the 
fermions’ spectrum near intersection points is conical, these behave like massless 
particles obeying a charge-conjugation type of symmetry. 



 12 

 
1.2. Carrier transport in graphene  
 
The specific nature of the charge carriers in graphene makes graphene a zero band 

gap semiconductor with remarkable electronic properties. In particular, the theoretical 
absence of backscattering [11] has led to the assumption, that carrier mobility in these 2D 
monolayers could be extremely high even at room temperatures. Indeed, already within 
the first six months since the first isolation of a graphene flake, mobilities as high as 
1.5� 104 cm2/Vs have been reported at room temperature, which are comparable to the 
mobility in the best available Si MOS-FET samples. The latest achievement in mobility 
values is 2� 105 cm2/Vs and was obtained for free hanging graphene membrane after 
“ultracurrent treatment” [15].  

In Fig.1.4a we plotted a schematic view of a typical electronic device based on 
graphene. To separate the graphene layer from the “gate” material (n++Si) a layer of SiO2 

insulator is placed in between. This resembles a typical field effect transistor (FET) 
scheme. By applying voltage to the gate (Vg), one can induce either positive or negative 
charge carriers in graphene. The charge carrier density in this case will be determined as 

 
 

)( Diracg VVn -= a      (8) 

The coefficient 1210102,7/ --×»= VcmeCga  for a silicon oxide layer of 300 nm 

thickness [1] (for 500 nm the a has to be multiplied on 3/5), where Cg is the gate 
capacitance and Vg-VDirac represents the actual gate voltage compared to the voltage 
needed to reach the Dirac neutrality point. 
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Fig.1.4.  
a) Schematic view of the device used for the observation of electric field 
effect in graphene: Hall bar geometry (violet). The distance between 
electrodes (yellow) is about 1 mm [1]. The n++-doped Si substrate is used for 
gating (charging) the graphene. 
b) Graphene conductivity dependence on gate voltage. 
c) Electronic spectrum of graphene. The point of vanishing charge carrier 
concentration is shown. The Fermi level EF can be shifted by applying a gate 
voltage. 

A B C 
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In Fig.1.4b two remarkable electronic properties of graphene can be seen: i) high 
accuracy linear dependence of conductivity on the concentration of carriers (induced by 
Vg); ii) presence of finite minimal conductivity (smin) at the neutrality (Dirac) point, 
when the density of carriers vanishes. These experimental discoveries triggered an 
outbreak of theoretical activities, which showed that specific nature of charge carrier 
transport in graphene is determined by the symmetry of the system (as has been discussed 
above) and the nature of disorder introduces scattering in a graphene system [14].  

 
1.2.1. Scattering mechanisms limiting conductivity 
 
Without going into theoretical details, we note that there are scattering mechanisms 

which can limit graphene conductivity: 
i) scattering by short- and long-range potential disorder; 
ii)  electron-phonon scattering. 
The best agreement between theoretical predictions and experimental data is 

achieved by considering the long-range disorder as a major reason for limiting 
conductivity [14,16]. The disorder equally scatters electrons in both sublattices (Fig.1.2) 
but only within one valley. The scattering length is large in comparison with the lattice 
constant ( 46,2=a Å), but is still smaller than the Fermi wavelength. In graphene this 
type of disorder can be caused by randomly distributed charged impurities in the 
substrate near the graphene surface. Theoretical studies taking into account scattering by 
these impurity centers (with density ni) give a linear dependence of graphene 
conductivity on charge carrier density (n). This may be understood intuitively: the more 
charge carriers in graphene, the better is the screening effect of impurities by the 2D 
electron gas [17]; thus the probability of scattering events decrease. The formula for 
graphene conductivity is 

s ~
impn

ne2

     (9) 

where as shown below, an important role in carrier transport for doped graphene is 
played by density of charge impurities nimp.  

The mobility of carriers, as an average velocity of each electron per unit applied 
electric field, can be calculated from experiments as  

r
m

××
=

ne
1

    (10) 

where r  is the measured graphene resistivity. 
However, there is an interesting remark in Ref.16: for very high mobility samples 

one finds a sub-linear conductivity. Such high quality samples presumably have a small 
charge impurity concentration and it is more likely that graphene lattice defects here play 
a dominant role. These defects are an example of the short-range disorder in the potential 
which leads to the scattering of electrons within the same sublattice only. The defects, in 
contrast to the previous case, give rise to a constant conductivity. Such kind of defects 
would dominate in the situation of either large carrier density or low charge impurity 
concentration. 



 14 

Thus currently, mobility of graphene on the substrate at low and room temperatures 
is considered to be mostly limited by electron-phonon scattering [18]. There are two 
types of these phenomena, as we will discuss here.  

 

 

Acoustic phonon scattering which is independent of carrier density plays a 
dominant role at low temperatures. As can be seen in Fig.2.2a the temperature 
dependence of resistivity in graphene below ~150 K has the same constant slope at 7 
different values of gate voltage (i.e. different carrier densities). The scattering gives an 
intrinsic limit on the resistivity in graphene of only 30 W at room temperature. At a 
technologically-relevant carrier density of 1012 cm-2, the mean free path for electron-
acoustic phonon scattering is more than 2 microns, and the intrinsic mobility limit is 

Fig.2.1. Temperature-dependent resistivity of graphene on SiO2 

 
a, b) Resistivity of two graphene samples as a function of temperature � (Vg,T) 
for seven different gate voltages from 10 to 60 V on a linear scale. Short-dashed 
lines are fits to linear T-dependence. 
c,d) Same data on a logarithmic scale. Solid lines are fits which includes 
acoustic phonon scattering in graphene and optical phonon scattering due to the 
SiO2 substrate. [18].  
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2� 105 cm2/Vs, exceeding the highest known mobility in inorganic semiconductors (InSb, 
~7.7� 104 cm2/Vs). 

The second type of scattering is an extrinsic scattering by surface phonons 
(remote interfacial phonons) of the SiO2 substrate. This adds a strong temperature 
dependent resitivity above ~200 K (Fig.2.2B). This type of scattering results in long-
range potential disorder, which gives rise to a density dependent resistivity in graphene, 
similar to charge impurity scattering. If the number of charge impurities can be reduced 
in the SiO2 surface, the mobility will be determined by the remote interfacial phonon 
scattering. The calculated limit of mobility in this case is ~4� 104 cm2/Vs, indicating the 
potential in free hanging graphene membrane by eliminating this type of scattering.  

 
1.2.2. Minimal quantum conductivity 
 
An important feature of graphene is the presence of minimal conductivity (smin), 

which means that a graphene based FET is impossible to fully “gate”: the device will 
always have a non-zero current flow even at the Dirac point with vanished density of 
carriers. There are many theories explaining the nature of smin, but most yield a value 

ps he /4 2
min = , which is about p times smaller than the typical values observed 

experimentally.  
A few possible explanations of the minimum conductivity are:  

i) smin can result from the fact that localization effects caused by disorder in the 
graphene system are strongly suppressed. This can be qualitatively explained as 
follows. The mean free path l of charge carriers in a metal can never be shorter than 
the de Broglie wavelength kF

-1. Then, s  = nem can be rewritten as s  = (e2/h)kFl, so s 
cannot be smaller than e2/h for each type of carrier. This argument is known to have 
failed for 2D systems with a parabolic spectrum, in which disorder leads to 
localization and eventually to insulating behavior. For 2D Dirac fermions, however, 
the spectrum being linear no localization is expected [11], thus they can obey this 
principle. 

ii)  another explanation is based on the consideration that charged impurities are a 
determinant factor. Charge impurities lead invariably to large scale density 
inhomogeneities in the 2D carrier system. These inhomogeneities lead to the 2D 
density fluctuations being larger than the average density in this regime. The system 
therefore breaks into a random network of 2D electron and hole conducting puddles 
(Fig.1.6.), producing a finite conductivity at zero gate voltage [16]. 

 

Neutral puddle 

Holes puddle 
Electrons puddle 

Fig.1.6. Breaking of graphene 
system into 2D electrons and 
holes conducting puddles. 
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iii)  the most specific explanation related to graphene system symmetry is given by 

Katsnelson in Ref.13, where he suggests that the Zitterbewegung effect (the 
relativistic “jittering” of electrons) is responsible for the minimal conductivity, 
which is physically explained as the impossibility to localize ultrarelativistic 
particles and to measure their coordinates. This relativistic “jittering” of electron is 
due to the interference between positive and negative energy states (especially at 
the Dirac point where electron and hole states merge), and could be interpreted in 
terms of classical physics as an interaction of electrons with some potential caused 
by the presence of disorder in crystal. Thus the Zitterbewegung effect introduces the 
“intrinsic” disorder in the system which leads to a minimal conductivity even for 
ideal (scattering free) crystals at low temperatures.  
 
In summary, the dominant limiting factor for conductivity and the reason for its 

linear dependence on carrier density in graphene is the scattering mechanism induced by 
charged impurities in substrate (mainly SiO2). Only on impurity free substrates or in free 
hanging graphene membranes the intrinsic defects start playing a major role in transport 
processes leading to density independent conductivity. While the temperature dependence 
of the graphene conductivity can be explained by electron-phonon scattering, the 
presence of minimal conductivity (smin) seems to be an intrinsic property of electronic 
systems described by the Dirac equation. The exact nature of smin and its value still 
remains an open question, often mentioned as the “mystery of a missing pie”. 
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1.3. Detection of gas molecules adsorbed on graphene 

 
Due to charge carrier oneness, the graphene-based electrical sensors have the 

potential to revolutionize sensor technology. Very recent research shows the possibility to 
detect individual gas molecules adsorbed on graphene [4,19]. 

Such a high level of sensitivity gained in graphene sensors comes from the following 
characteristics:  
i) graphene is a true 2D material, it offers its whole volume to the surface adsorbates, 

providing maximal sensitivity in terms of surface/volume ratio; 
ii)  it is highly conductive and exhibits low Johnson noise even in the limit of few 

charge carriers, thus several extra electrons can cause notable relative changes in 
charge carrier density; 

iii)  graphene is an easily accessible material for performing electrical four-probe 
measurements yielding contacts that are Ohmic and have low resistance. 

In this section we will discuss the graphene interaction with different adsorbates, 
influence of these adsorbates on the charge transport in graphene and graphene-based 
device geometry for the detection of the changes in graphene resistance. 
 

1.3.1. Gas molecules on graphene surface: acceptors and donors 
 
The idea of graphene-based sensor operation is similar to the ordinary solid-state 

gas sensing. The conductivity of graphene can be changed by the gas molecule adsorbed 
on the surface, which acts as a donor or acceptor depending on the interaction with the 
graphene lattice. A number of theoretical studies were done on the interaction of different 
gas molecules with graphene surface [19-21]. For understanding experimental results one 
needs to have a clear knowledge of the molecules’ behavior on graphene surface: where 
is the minimum energy for a molecule to stick on the surface, what is the value of charge 
transfer in a graphene/molecule system. 

These calculations provide us a picture of the behavior of gas molecules on the 
graphene surface. In particular, with the help of Density functional theory (DFT) one can 
estimate the adsorption energy of the molecule and its position in relation to carbon 
lattice when it arrives to the surface [20]. In the following manner let us define the 
adsorption energy (Ea) as the energy of the isolated graphene sheet and isolated 
molecules minus the energy of fully relaxed graphene sheet with molecule adsorbed to it. 
Within this there are two charge transfer mechanisms:  
i) A charge transfer can occur due to the relative position of the molecular orbital to 

the Fermi energy of graphene. If the highest occupied molecular orbital (HOMO) of 
molecule is above the Fermi level of pure graphene, there is a charge transfer to 
graphene (Fig.1.7a). If the lowest unoccupied molecular orbitals (LUMO) is below 
the Fermi level, the charge will transfer to the molecule (Fig.1.7b).  

ii)  The charge transfer between molecule and graphene is also partially determined by 
the mixing of the HOMO and LUMO with the graphene orbitals (hybridization). 
This mixing scales with the overlap of the interacting orbitals and the inverse of 
their energy difference.  
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Below we include a table of studied molecules with Ea and their electrical properties, 
which correspond to the minimum energy (or maximum of adsorption energy) for a given 
adsorption site. All calculations where taken from Ref.20, 21. 
 
Table 1. Gas molecules on graphene. 
 

 
 

Gas 
molecules 

Doping: 
acceptor (A) 
or donor (D) 

Adsorption 
energy 
(Ea), meV 

Charge 
transfer, e  

Adsorption sites on graphene 

H2O A 47 -0.025 the center of carbon hexagons, 
while one O-H bond is parallel to 
the surface and another one is 
oriented orthogonal the surface 

NO2 A 67.4 -0.099 the center of carbon-carbon bond, 
with N-O bonds oriented 
orthogonal the surface 

NH3 D 30.8 0.027 the center of carbon hexagons, the 
N-H bond is oriented out of the 
surface 

CO 
 

D 14.1 0.012 the center of carbon hexagon, with 
C-O bond parallel to the surface 

NO D 28.5 0.01 the center of carbon-carbon bond, 
with C-N bond parallel to the 
surface 

C2H5-OH D - - - 

 

LUMO 

HOMO EF 

 

LUMO 

HOMO 

EF 

B A 

Fig.1.7. Scheme of the charge transfer in molecule/graphene system. 
a) Transfer from a molecule to graphene, if HOMO of the molecule is above Fermi 

level of graphene; 
b) Transfer from graphene to a molecule, if Fermi level of graphene is above of 

LUMO of the molecule. 
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Such gases as NO2, NH3, CO, NO are toxic, therefore building of highly sensitive 
graphene-based sensors carries a major industrial interest. As was showed by F.Schedin 
et al. [4], the micrometer-size senor made from graphene is capable of detecting 
individual events of a gas molecule (NO2) attaching to or detaching from the graphene 
surface. Studying other molecules (of simple geometry like: H2O, ethanol) might give an 
indication of the behavior of complicated molecules on the graphene surface. 
Nevertheless, so far there are no sufficient experimental results studying these molecules. 

 
1.3.2. Carrier transport in doped graphene 
 
In order to be able to develop graphene-based sensors, we have to answer the 

fundamental questions about the mechanism by which adsorbates change the transport. In 
the first experiment with gases [4] it was already noticed, that chemical doping of 
graphene does not influence the mobility of carriers, in contrast to what was expected 
from the considered theories of impurity scattering. As discussed above an adsorbate 
molecule may donate or take away a (partial) charge from the graphene surface. This 
increases or decreases the charge carrier density n, but at the same time dopants also 
induce the impurity concentration Dni in graphene. By comparing formulas (9) and (10) 
one can conclude, that the mobility m has to decrease, due to the increasing number of 
impurities. Nevertheless, experiments show no significant changes in m. The curve of 
resistance versus gate voltage (the Dirac curve) shifts as a whole due to the graphene 
exposure to gas, without any significant change in its shape (Fig.1.8). The shift of the 
Dirac point is determined by change in n, while the curve shape proves that the chemical 
doping does not affect scattering rates. Note, that in the majority of the experiments the 
Dirac curve is shifted to large positive gate voltages (>20V), indicating that even without 
any electric field doping (Vg=0V) the graphene acts in the hole conduction regime. This 
shift can be attributed to water molecules adsorbed on the surface, which act as acceptors, 
and the curve can be moved back closer to zero voltage by annealing in vacuum. These 
observations raise doubts about charge impurities being the scatterers that currently limit 
m in graphene.  

 

Fig.1.8. Constant mobility of charge 
carriers in graphene with increasing 
chemical doping.  
Doping is increased from zero (black 
curve) to 1.5×1012 cm�2  (red curve) 
through an exposure to NO2 [19]. 
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Fig.1.9. Schematic representation of the 
Hall effect in an electric conductor.  
The ”Lorentz force deflected” electrons result 
in a net charge build-up on the opposite faces 
of the conductor as illustrated. 
 

There are a few possible explanations for these experimental results:  
iii)  charged impurities introduced by chemical doping can neutralize random ion 

impurities of the opposite sign, which are already present at the graphene/SiO2 
interface [22]. This assumption also predicts the increased mobility regime, due to 
the compensation of main scatterers, which has not been observed in experiments 
even for long exposing times to gas, when the number of adsorbates should have 
been sufficient to induce the m changes.  

iv) adsorbtion sites can be at sample edges or at some distance above the graphene 
surface. The former is unlikely for the lack of a sufficient number of broken bonds 
to accommodate all the dopants along the edges. The later might be possible due to 
adsorbed water layer above or below graphene (even in high vacuum SiO2 surface 
has 2 to 3 nm of water). This has a large dielectric constant (e = 80) and can provide 
additional screening of charged impurities formed during charge transfer into 
graphene. However, in this case it is hard to find a mechanism by which this water 
layer can act as a transfer medium for charges. 

v) another explanation is based on an alternative mechanism limiting mobility in 
graphene. Together with Coulomb impurities there cloud be another mechanism for 
scattering: random nanometer size ripples of graphene sheet that involve a large 
elastic strain of ~ 1% and result in random vector and electric potential [23]. Taking 
this in account as one of the possible sources of scattering, one can end up with m 
practically independent on n, ni [4]. The presence of these ripples was shown for 
free hanging graphene membranes, however it is unknown whether graphene 
preserves the flexibility of the ripples when deposited on substrate, and what kind 
of ripples are formed in that case. 

 
1.3.3. High sensitivity of graphene devices; Hall effect 
 
The highly dopant-sensitive measurement on graphene-based devices is facilitated 

by a special measurement geometry: the Hall geometry. Measuring the Hall effect in 
graphene [1] allows for an optimal detection of any change of carrier density of the 
graphene channel. The detecting of charge carrier density fluctuations via the Hall effect 
gives an information of molecules adsorbed on the graphene surface. 

The Hall geometry we used for our experiment is illustrated in Fig.2.5a and can be 
explained in the following way. An electrical conductor through which a current I is 
flowing is placed in a magnetic field. This magnetic field (Bz) is directed perpendicular to 
the direction of the current (x) flowing through the conductor (Fig.1.9).  
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As a result, a Lorentz force  
[ ]BveFL ´=  

is established. Here, e is the magnitude of the charge and v is the velocity of the 
charge carriers. The Lorentz force deflects the electrons in the conductor such that a net 
negative charge accumulates on one facet and a net positive charge on the other facet, 
respectively. These net charges give rise to an electrical field, called the Hall field (~Ey). 
As soon as the electrostatic force due to the Hall field cancels the Lorentz force,  

[ ] 0=+´=+= yticelectrostaLtotal eEBveFFF  

a Hall voltage is established. The Hall voltage is given by Eq.11,  

dne
BI

VH

×
=   (11) 

where d represents the thickness of the conductor, n stands for the charge carrier density 
and e is one electron charge. The Hall coefficient is defined as  

ne
RH

1
=   (12) 

If we defined the graphene conduction channels of a sensor in the above described 
geometry, there are two possible regimes of operating it [4]: 

1) registration of changes via the longitudinal resistivity r xx with a gate voltage set 
to an offset about 10 V from the Dirac point (where the carrier density 
n ~ 1.2·1012 cm-2 is already high). In this case the maximum signal-to-noise 
ratio can be obtained; 

2) registration of changes in the Hall resistivity r xy at gate voltages in the vicinity 
of the Dirac point (±100 mV). See Fig.1.10. 

In both regimes the carrier density can be tuned either by gate voltage or by the presence 
of the molecules on top of graphene. While the first regime (r xx) allows detecting linear 
changes of resistivity with increase of the number of adsorbed molecules, the second 
regime (r xy) gives the highest efficiency of detecting because of the steep response of r xy 
on any adsorption event. Even though in this regime, the noise in terms of Ohms is not at 
its lowest, this is compensated by the steepest response in � xy.. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.1.10. The dependence of longitudinal 
rrrr xx and Hall rrrr xy resistivities on gate 
voltage [4]. 
The r xx reaches its maximum value at the 
Dirac point. Away from Dirac point the 
dependence on gate voltage can be 
considered as linear.  
At the fixed magnetic field the r xy has two 
maxima. The positive (negative) sign of 
the maximum indicates electron (hole) 
doping. In the vicinity of the Dirac point, 
r xy has the steepest slope. 
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In the supplementary info of Ref.4 the devices’ sensitivity dependence on their sizes 
is discussed in detail. The optimum size of graphene sensor area was found to be ~1� m. 
Smaller devices exhibited higher 1/f-noise, whereas larger sizes lead to smaller relative 
changes in � xy in response to the same number of exchanged electrons. As an indication 
of a sufficiently low noise level the authors demonstrated detection of changes with 
varying gate voltage by less than 1mV. This corresponds to gain/loss less than one 
elementary charge e inside the sensitive area of the Hall cross of 1� 1� m2 in size. 

 
In summary, recent experiments have showen that the conductance of graphene 

can be manipulated by gas molecules adsrobed on its surface. The unique properties of 
charge carriers in graphene and the two-dimensionality of the crystal, allow reaching the 
detection down to the ultimate single-molecule level. On the surface of graphene the 
adsorbtion of gas molecules leads to changes in the charge carrier density, due to 
donor/acceptor type interactions of molecules with the surface. The magnitude of change 
is determined by the strength of molecular doping and can be detected with high 
sensitivity measurements of graphene resestivity in a Hall bar geometry. Nevertheless, 
despite successful exploitation of the sensitivity, the mechanism of charge transport in 
molecular doped graphene is still an open question. Therefore, exposure to different gases 
and a more systematic study of graphene-sensors with different sizes should be 
performed.  
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II. Device preparation 

 
2.1. Isolation of graphene flakes: optical microscopy 
 
A number of methods to obtain graphene were developed such as: chemical vapor 

deposition [24], isolations (by applying high voltage between bulk graphite and silicon 
surface) [25], but so far the most reliable and efficient method for obtaining graphene 
flakes of large sizes (on the micrometer scale) is micromechanical cleavage of bulk 
graphite [26, 27].  

In order to get a clean surface of graphite, a scotch tape is pressed on the graphite 
surface and pulled off. This procedure leaves freshly cleaved graphite pieces glued to the 
tape. Then the scotch tape together with the graphite piece is pressed against the SiO2 
surface, which leaves behind a number of flakes. Among the obtained flakes the single 
layer graphene pieces can be identified using optical microscopy.  
Despite its simplicity, the described cleavage technique has several nonobvious 
disadvantages: 
i) monolayers are in a minority among thicker flakes; 
ii)  single layers are completely transparent to visible light and cannot be seen with an 

optical microscope on most substrates (e.g., on glass or metals), except of Si/SiO2 
surfaces with a well defined thickness; 

iii)  glue is left behind by the tape, which complicates further steps in device 
preparation; 

iv) the position and size of the flakes is not controllable. 
The possibility to observe one atom thick graphene flakes on SiO2 is only due to the 

interference effects of light at the SiO2/graphene interface. Thin graphite flakes are 
sufficiently transparent to add to an optical path, which changes their interference color 
with respect to an empty substrate. For certain wavelengths determined by the thickness 
of silicon oxide, even a single graphene layer can be visible. The diagrams of a contrast 
as a function of wavelengths (400-750 nm) and silicon oxide thickness (up to 1 µm) were 
calculated by Geim [28] and Tombros [27].  

For our devices we used strongly n-doped silicon wafers with 500 nm thick SiO2 
layer, which give maximum contrast for single graphene layers at the wavelength of 
450 nm; green filter (550 nm) yield already a sufficient contrast to identify single layer 
flakes versus double layer ones. The graphite used to obtain flakes is commercial highly 
ordered pyrolytic graphite (HOPG, Advanced Ceramics, grade ZYB). 

For further device preparation one needs to determine the exact position of 
graphene on the silicon wafer, which we have accomplished by patterning the substrate 
with markers. The pattern of gold markers was made by electron beam lithography (EBL) 
and standard lift-off technique The distance between markers was 14 mm, designed to fit 
into an AFM scanning window and to allow measuring the exact position of the flake on 
the surface (Fig.2.1). 
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We noticed that the deposition goes more efficiently (gives bigger yield of single 
layer graphene flakes) if the patterned substrate is etched in oxygen plasma prior to 
graphite cleavage. This was done for the cleaning the surface of SiO2 from organic 
contaminants using a power of 40 W, 9 sccm gas flow and a pressure of 2 mbar for 2 
minutes. 

 
2.2. Identifying the single layer flakes: Atomic Force Microscopy 

(AFM) 
 
After a coarse preselection of the thinnest flakes by looking at their contrast in an 

optical micsroscope image, a selection of the single layers has to be done. Moreover we 
need the exact coordinates of our flake on the silica surface in order to deposit electrical 
contacts. This can be done by atomic force microscopy (AFM). AFM is a powerful tool 
of imaging sample details on the nanoscale inaccessible by visible light due to the 
diffraction limit. The Digital Instruments Nanoscope IVa was used.  

The AFM is a surface scanning apparatus that operates by the physical interaction 
between a mechanical probe (a needle) and the sample surface. The main idea of AFM is 
the  following. An atomically sharp tip is moved over a surface with feedback 
mechanisms that enable the piezo-electric scanners to maintain a constant force between 
surface and sample (to obtain height information), or constant height (to obtain force 
information), see Fig.2.2.  

For studying soft materials the AFM tip should not come into direct contact with 
the surface, in order to avoid damaging the sample. Therefore we use tapping AFM 
mode. In this mode the cantilever tip is stimulated to vibrations near the resonance 
frequency (~300kHz). On approach to the surface, the vibration amplitude of the 
cantilever will decrease, since the interaction force with the surface shifts the resonance 
frequency. Instead of scanning the sample at constant height, the surface is scanned 
keeping this shift constant. 

Fig.2.1. Optical image of single graphene layers. 
Large graphite pieces together with single layer graphene (indicated by the arrow) 
on a Si/SiO2. The graphene flake was etched in oxygen plasma to get a Hall bar. 
Dark dots are gold markers of the pattern. 

14 µm 
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As a result the tip is never in mechanical contact with the surface during the scan. 

The reduction of amplitude oscillations can be transformed into morphology, while the 
shift in a phase of oscillations tells about the strength of tip interaction with surface, 
depending on the materials that are scanned. Therefore, the outcome of AFM 
measurements can give information about both the morphology of the sample and the 
different materials present on the surface. 

With respect to the graphene on SiO2, the AFM measurements are a good tool for 
distinguishing single layers and determining the level of contaminations on the surface 
through the roughness analysis. The Nanoscope software is able to determine the 
standard deviation (RMS) of the Z values of surface, calculated as follows: 

N

ZZ
RMS averagei� -

=
2)(

  (11) 

where Zi is the current Z value, Zaverage is the average of the Z values on the surface that 
scanned, and N is the number of points considered.  

The evidence of single layer is a step height of 0.3-0.4 nm from the graphene layer 
to the substrate or another layer [28]. This corresponds to one atom thick sheet of carbon. 
The graphene/SiO2 step height can be increased by a water layer on the silica. Finally, the 
graphene on the substrate follows the substrate roughness, which in case of SiO2 is in 
order of 0.3 nm [29,30]. Higher roughnesses occasionally visible in phase contrast 
pictures indicate contaminations on the graphene.  

Thus, a special procedure of cleaning has to be performed on the surface 
(Section 4.1). 

 
2.3. Electron Beam Lithography (EBL): making contacts to 

graphene 
 
After isolating a graphene flake and mapping its exact position relative to the 

pattern of markers we are ready to fabricate electrical contacts. Since the size of contacts 
is in the sub-micrometer range, optical lithography cannot be performed. To obtain 

Fig.2.2. A schematic representation of 
AFM. 
 
The attraction/repulsion of tip by the sample 
surface causes a cantilever bending. As a 
result the reflected laser beam changes its 
position on the detector, which can be 
recalculated either into morphology of the 
surface or strength of tip/sample interaction.  
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sufficiently high resolution the Electron Beam Lithography (EBL) is used, following 
these steps: 

·  Baking the sample in the oven at 170o C for few minutes. This step helps to get 
rid of water molecules, leading to better adhesion of polymer. 

·  The PMMA resist (Polymethylmethacrylate, 950 k, 4%) is spun at 4000 rpm on 
the piece of wafer, resulting in a thickness of approximately 70 nm. 

·  Then the sample is placed into the oven at 170o C for 1 hour to remove the 
solvent and harden the polymer. 

·  The designed pattern of contacts will be written by EBL. In this technique a 
focused beam of electrons exposes the required pattern of contacts on the 
sample covered with polymer. The commonly used positive resist (polymer) 
gets its chains broken in the regions exposed by electron beam. For EBL 
exposure we usually use 10 kV of accelerating voltage for electrons.  

·  The sample is developed for 1 minute in a 3:1 (60 mL: 20 mL) mixture of IPA 
(propan-2-ol) and MIBK (4-methyl-2-pentanone) at 20o C. For further cleaning 
the sample is washed consequently in two baths of IPA. To avoid drying of any 
liquid on the sample surface, the sample is blown dry with nitrogen. After EBL 
exposure the broken chains become soluble in the developer. The end result is a 
wafer covered with polymer except of the places where the contacts have to be 
deposited. 

·  Next step is to evaporate metal on the sample. The evaporation is done in 
vacuum (~1� 10-7 mBar) by electron beam evaporation of a target material. We 
evaporate 3 nm thick layer of Ti (for better adhesion of gold to the surface) and 
45 nm of Au. 

·  The last step is lift-off: the sample covered with metal is dipped into warm 
acetone followed by washing in IPA. Acetone starts reacting with polymer 
underneath the metal and breaks it down lifting up the metal layer. Only those 
regions of the sample surface that were uncovered with polymer remain 
contacted by metal. The sample with a pattern of metal contacts (Fig.2.3) is 
mounted and wire bonded on a chip-carrier and is ready to be measured. 

 

 
 

Fig.2.3. A schematic drawing 
of the preparation of a 
graphene device. 
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The width of the contacts depends on the size of the contacted flakes. In general we 

use two EBL write fields: one for small contacts which form contact to the flake and have 
a width of 0.5-2 mm; one for large contacts that connect the small contacts with the pre-
deposited bonding pads and have a width of 8-16 mm. Large electron beam doses increase 
the efficiency of breaking polymer chains, but they also lead to formation of secondary 
electrons which spread out of the directly exposed regions reacting with polymer and 
making the contacts wider. Therefore the narrow structures we expose with small dose 
(1-1.5́ 100 µC/cm2), while large contacts are exposed with doses of 2´ 100 µC/cm2. A 
typical design for graphene-based devices is presented in Fig.2.4. 

 

 
 
 
 

 
 

Every graphene device is unique, since the contacts were designed specifically for 
each given flake avoiding crossing of graphite pieces and contamination that was still on 
the SiO2 surface. If the contacts cross one of these contaminations, the electrical 
connection might be broken.  

 
2.4. Device geometries 
 
We have prepared several graphene devices on one chip. We will discuss two of 

these; we will refer to them as device A2 and E3. The schematic drawing of these is 
presented in Fig.2.5. Device A2 had a Hall bar geometry with two additional contacts 
(number 16 and 11) to perform 4-Probe measurements of both the Hall and the 
longitudinal resistance. The device E3 had a simple geometry with contacts passing 
across the graphene flake, where only 4-Probe measurements of the longitudinal 
resistance can be performed. 

 

Fig.2.4. Optical image of typical graphene-based device.  
The bonding pads and large contacts of the device can be seen. In the top right 
corner one of the crosses for write field alignment is also visible.  
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2.5. Ar/H 2 cleaning of graphene devices 

 
Exposing graphene to photoresist (polymer) will result in surface contaminants 

which, like any chemical adsorbate, may modify the electronic transport properties and 
may play a large role in the reported graphene response to gas exposure [4]. In this 
research project our goal is to make graphene-based sensors with specific “graphene-
window” design. The entire surface of graphene devices will be covered by a polymer 
layer (PMMA) or some other insulator to protect the contacts from molecules adsorbtion, 
except a window between the contacts to detect the adsorbtion mechanisms on graphene. 
The schematic diagram of this design is presented in Fig.2.6. 
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Fig.2.6. Schematic diagram of the “graphene-window” design. 
a) Side view; b) Top view. 
n-doped Si is used as a gate insulated by a SiO2 layer. The contacts are Ti/Au 
covered with polymer. The “window” is an open area for exposing a part of 
graphene to the molecules of interest. A magnetic field can be applied 
perpendicular to the surface to measure the Hall effect. 
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µm 

Fig.2.5. Graphene based 
devices. 
 
A2 – Hall bar with six contacts: 
Hall effect and 4-Probe 
longitudinal measurements can 
be performed; 
E3 – design of contacts allows 
performing only 4-Probe 
longitudinal measurements. 
The distances and contact 
widths are marked. 

A2 

E3 
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 µm 
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A crucial step in the preparation is obtaining a clean graphene surface ready for gas 
exposure or, in future, for assembling organic molecules. There are a few known methods 
for cleaning graphene surfaces. 

i) Annealing in ultrahigh vacuum 
The graphene sample is placed into an ultrahigh vacuum (UHV) chamber and 

annealed for 6 hours at 280o C. After such treatment an atomic resolution STM picture of 
the graphene [30] confirms that the annealing removes the resist residue and other 
contaminants. The method takes rather long and was not yet checked with electrical 
devices built on graphene. Such a long heating at this temperature removes completely a 
PMMA layer around the window and can influence the structure of the metallic contacts, 
which is not desirable in the measurements.  

ii)  Current induced cleaning of graphene 
Current induced cleaning of graphene consists of applying a current of several mA 

through the graphene device. This ultrahigh current density is able to remove 
contaminations adsorbed on the surface due to the local heating of the graphene [31]. The 
method is applicable for low temperature measurements, where cleaning such a 
procedure can be performed inside the cryo-chamber. Although graphene-based devices 
are very stable, in our experience sending such a high current through the flake increases 
the probability of damaging the device. Therefore, the method is not desirable. 

iii)  Heat treatment in Ar/H2 atmosphere 
Another reported method is baking the graphene sample in Ar/H2 atmosphere at 

400o  C [29]. The used flow rates were 1700 mL/min for argon and 1900 mL/min for 
hydrogen. The reported baking time was 1 hour maintaining the Ar/H2 flow through this 
time. This method is very effective: after the cleaning the graphene roughness measured 
by AFM has a value similar to the one before the device preparation and an atomic 
resolution STM image of the graphene can be obtained. The advantage of Ar/H2 cleaning 
is that it does not need UHV and long annealing times.  

Therefore for the graphene-sensor preparation we decided to employ the last 
described cleaning procedure, optimizing it to lower temperatures and different gas flow: 
a mixture of Ar/H2 (95/5 %) gases at 100 mL/min was used. The reason of going down in 
the temperature was to be able to protect the PMMA layer outside “graphene-window” 
and also avoid to changes in contacts morphology: already at 350 oC the atoms of gold, 
for example, start intensively migrating on the surface and the influence of this migration 
has to be taken in account.  

We have performed a set of experiments to optimize this cleaning procedure, which 
we will describe in the following paragraphs. We deposited graphene flakes on SiO2 and 
performed usual EBL exposure on the sample, simulating four lines with different doses: 
(2.5; 2; 1.5; 1́100 µC/cm2) were written (Fig.2.7). The width of lines and separation 
distances were 7 mm each. Then the sample was developed and cleaned in warm acetone 
(40o C) followed by IPA washing.  
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The lines were written in such a way that each of them contained both areas with 
graphene of different thickness and bare SiO2 surface. This allowed us to study the 
dependence of graphene and SiO2 roughness on the EBL dose and also monitor the 
changes of the roughness in different conditions of Ar/H2 cleaning (time, temperature). 
During the surface analysis performed by AFM we focused on different regions: within 
every EBL exposed line and outside of EBL treated areas, as shown in Fig.2.7. 

The results of our experiment on cleaning graphene-based devices, together with 
the optimized recipe, will be presented in Section 4.2 of Chapter IV “Results and 
discussion”. 
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graphene 
Fig.2.7. Schematic drawing of EBL 
lines exposed with different doses. 
The graphene flake below the polymer 
layer is also shown. 
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III. Measurement setup 

 
3.1. Electrical measurement scheme 
 
The measurements of graphene resistance were done  using the 4-Probe longitudinal 

configuration of the contacts. The current I was sent through the outer contacts 1� 4: 

I+� I- and the voltage drop was measured between inner contacts 2� 3: V+� V- (Fig.3.1a). 

This configuration allows us to avoid a contribution of the metal leads and any contact 
resistance, thus “pure” graphene resistance can be obtained. 

 
 

   
 
 
 
 

 
 
To measure contact resistances, we also used 3-Probe configuration of the contacts. 

The current was sent through contacts 2� 1: I+� I- and the voltage drop was probed 

between contacts 2� 3: V+� V-. In this case the measured resistance is determined by 

resistance of contact number 2. 
An electrical scheme of the experimental setup is presented in Fig.3.1. Working 

with graphene devices requires a highly sensitive setup: signals of a few microvolts have 
to be measured. Therefore a lock-in technique was used. The lock-in amplifier (Stanford 
SRD 830) produced an ac-voltage, a sinusoid with frequencies of 17.2 Hz (variable). This 
ac-voltage was used as reference for generating the ac-current in the “Delft” box (IV-
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Fig.3.1. An electrical scheme of the experimental setup. 
a) 4-Probe configuration; 
b) 3-Probe configuration of the contacts. 
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measurement box, practically a strongly stabilized current supply) with amplitudes of 100 
nA (4-Probe configuration) and 1 µA (Hall measurements). Then current passed through 
the filter box (1 kW resistance and 10 nF capacitance); the filters reduced pick up noise 
and cut out the high frequency spikes from the network environment. From the filter box, 
the electrical current was connected to the sample: through the electrodes (1,4) into the 
graphene flake. The voltage drop measured between contacts 2 and 3 was pre-amplified 
in the Delft box and sent to the lock-in amplifier. The lock-in amplifier compared the 
input signal to its internal sine wave at 17.2 Hz and was set to amplify only the 
component with this frequency, filtering out the noise. 

 
3.2. Chip holder with heater 
 
After the graphene-based device is prepared we glue it on a 16-pin chip carrier 

using silver paint. After this the chip is placed into the constructed holder. For our 
devices we prepared a special holder (Fig.3.2), that can be heated up to 300 oC and the 
cavity around sample can be pumped down to a pressure of several nanobars. This allows 
us monitoring the graphene resistivity in function of the temperature and atmosphere. 

 

 
 
 
 
 
 
3.3. Exposure of graphene to vapors 
 
In our experiments we exposed graphene devices to the vapors of: water (H2O) and 

ethanol (C2H5 -OH) that, according to reported results, have to affect differently the 
graphene charge transport. Water molecules appeared to have donor properties, while 
ethanol molecules have acceptor properties (Table 1). 

Heater 

Chip 

Contact wires 

Vacuum can 

Fig.3.2. A specially constructed sample holder. 
The entire holder with heater element below the chip is visible. The heat 
controller and contact wires to the chip are also shown.  
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For performing the vapor exposure experiment a system containing a T-splitting 
pipe with valves was constructed (Fig.3.3). The T-splitting pipe connected sample holder, 
the vacuum pump and a low pressure glass vessel with liquid inside. A set of valves 
allowed us to manipulate the volumes we wanted to pump or pressurize.  

 
 

 
 

 
 
 
 
The experiment was done in the following steps: 

·  First, we pumped down the sample containing vacuum can to the pressure of 
5´ 10-6 mbar, while the valve to the liquid is closed. 

·  Then, we closed the valve to the sample and pumped the line to the liquid. 
The boiling pressures of liquids at room temperature is well defined and can 
be found in literature (pwater= 20 mbar, pethanol=100 mbar). Pumping for 10 
minutes more assures us that no air from atmosphere is left in the line and it 
is filled with liquid vapor. 

·  The valve to pump is closed and the valve to the sample is opened. Either 
we can let small amount of vapor by opening valve only for one second 
keeping the valve to the liquid container closed, or we can directly connect 
sample line to the liquid leaving the valves of these lines open (flooding the 
sample with vapors). 

 
 

Fig.3.3. A T-splitting pipe with a set of valves. 

To the sample 

To the liquid 
container 

To the vacuum 
pump 
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IV. Results and discussion 
 
4.1. The Ar/H 2 cleaning procedure 
 

During the preparation of our graphene-based devices the surface of the sample 
(graphene/SiO2) goes through multiple steps of coating with polymer and washing in 
acetone/isopropanol (IPA) solvents. The left over polymer rest on graphene surface can 
reduce sensitivity of device to adsorbates. In particular, the surface purity is an important 
issue for our “graphene-window” design, where we are going to use polymer protected 
contacts with only a window of graphene open to gas exposure. Therefore we performed 
preliminary experiments monitoring the surface roughness of graphene and SiO2  

throughout the fabrication steps and developed a cleaning procedure to obtain optimal 
results. In this chapter we will compare the efficiency of an ordinary acetone/IPA 
cleaning with the effect of a special Ar/H2 heat treatment. The surface tests were done 
using AFM on the graphene and the bare SiO2 after each fabrication step. 
 

4.1.1. Step one: graphene flake on SiO2 surface 
 

As a starting point for comparison we take the roughness of graphene and silica 
surface just after deposition of graphene. The AFM image of a freshly deposited single 
layer graphene on SiO2 surface is presented in Fig.4.1, together with an image of a bare 
SiO2. 

 

 
 
 
 

 
 
The calculated roughness of silica surface is ~(0.25-0.3) nm and corresponds to 

literature values [29]. The graphene flake follows the silica surface and in most samples 
showed a roughness value slightly less than the substrate (~0.26 nm), due to graphene 

Fig.4.1. AFM images of bare SiO2 (a) and graphene (b) surfaces. 
No further processing was done yet.  

A B 

RMS~0.3 nm 

graphene 

SiO2 
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stiffness. The goal we have set for the sample preparation was to reach the initial 
roughness of graphene in all finalized devices, i.e. when the graphene has RMS~0.3 nm 
despite all processing steps, the sample is considered to be clean enough for sensor 
applications.  
 

4.1.2. Step two: sample after development 
 

As it was described in Chapter 2.4, we deposited graphene flakes on silica surface 
and spin coated the sample with polymer, baked; then we defined with EBL four lines 
with different relative exposure doses: 2.5; 2; 1.5; 1́ 100 µC/cm2. Then sample was 
developed (IPA/MIBK), washed in IPA and the surface roughness of the developed areas 
was checked.  

First of all, the results show that after development the surface of developed regions 
is strongly contaminated with polymer rests. Second important observation, the 
distribution of polymer rests does not depend on the material (graphene or SiO2) and does 
not depend on EBL dose. The AFM image leading to these observations, on both 
graphene and SiO2 surfaces, is presented in Fig.4.2. 

 

 
 
We have measured a roughness of ~1.5 nm on this sample. The roughness also does not 
depend on number of graphene layers, as can be seen in Fig.4.2. 

In conclusion, the IPA/MBIK development procedure leaves polymer rests 
increasing surface roughness, independent on the EBL dose. Thus without applying 
further cleaning the “graphene-window” can not be used for sensing molecules.  
 

4.1.3 Step three: acetone/IPA bath 
 

After development a commonly used procedure of cleaning up polymer rests was 
performed: warm acetone bath followed by washing in IPA. Normally this would be a 
final step in sample preparation (lift-off), when the metallic contacts are already 
deposited and the unexposed polymer is removed. For our purpose of testing the cleaning 

Fig.4.2. AFM image of graphene/SiO2 
surfaces within the developed region 
which was exposed with dose 2.5. 
The polymer rests can be visible as high 
grains (light colored), that are 
homogenously distributed over SiO2, single 
graphene (SGL) and double graphene 
(DGL) layers. 
The roughness~1.5 nm. 

SiO2 

SGL 

DGL 
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procedures, metallic contacts were not needed. The areas within different EBL lines were 
analyzed.  

After the acetone cleaning the sample surface was still covered with polymer 
residues. Moreover, there was a remarkable dependence of the roughness on the EBL 
dose: from dose 1 to dose 2.5 the RMS values of the roughness increased from 0.5 nm to 
0.9 nm, correspondingly. No pronounced roughness difference of the silica and graphene 
surfaces was observed. There was only one difference already mentioned above: the 
graphene roughness was always about 0.05 nm smaller the silica one. We assume that 
this results from graphene stiffness and a different interaction of the AFM tip with 
polymer rest on graphene surface in comparison to silica one. During the scanning we 
noticed, that once the AFM tip arrives to the graphene surface the stability was changing. 
Further scanning with larger window showed a trace from previous scan, confirming that 
the tip was picking up polymer from the surface and dragging it along the scanning line 
(Fig.4.3b).  

 

 
 
 
 
 
 
 

 
 
 

In Fig.4.3 the AFM images of regions written with dose 1.5 and dose 2.5 are 
presented after the acetone bath. Two bright squares in Fig.4.4a are the gold markers. 
Large straight-edge shapes seen in the images are graphene flakes of variable thicknesses. 
The scanning positions were chosen in such way that the regions exposed by EBL versus 
unexposed ones can be compared. As seen from the images the step between exposed and 
unexposed regions was well pronounced for both doses. The dose 1.5 region had RMS of 
0.6 nm, while the dose 2.5 region had RMS of 0.9 nm. The acetone/IPA cleaning gave 

Fig.4.3. AFM images of the EBL exposed regions versus unexposed ones 
after acetone bath: 
a) Dose 1.5: RMS~0.5 nm; 
b) Dose 2.5: RMS~0.9 nm. 
The step between exposed and unexposed regions is marked. The area affected 
by tip scanning can be seen as a 2� 2 mm2 square of different roughness on the 
graphene flake.  

2� 2 mmmmm2 area of 
graphene affected 
by tip scanning 

A B 

Unexposed 
Un-
exposed Dose 1.5 

Dose 2.5 
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the best results in the unexposed regions, where roughness was only of 0.4 nm showing 
obviously less polymer residues on the surface. 

Concluding this step, the acetone cleaning procedure is not enough for obtaining a 
graphene surface suitable for molecular detection. In addition, the dependence on the 
EBL exposure dose indicates that only the unexposed regions can be used for “graphene-
window” preparation without further steps of cleaning. 

 
4.1.4. Step four: heat treatment in Ar/H2 atmosphere 
 
First, we tried cleaning the sample at 100 oC for 1 h in Ar/H2 atmosphere. No 

essential influence on sample roughness was observed. Then at 250 oC the method started 
to be working: the gas molecules broke residual polymer chains, which immediately 
reduced the roughness of studied surfaces.  

This treatment led to the reduction of roughness for every region on the sample 
(Table 2): unexposed areas and areas within the EBL lines for every dose. But only the 
surface roughness of the unexposed region decreased to its initial value RMS~0.29 nm 
and the roughness of line with dose 1 became 0.36 nm, which is rather close to the value 
before device processing.  

Then, further increasing the temperature to 300 oC for 1 hour brought the roughness 
of the line exposed with dose 1 to RMS~0.32 nm. In Fig.4.4 the images of the same 
graphene flake within exposed dose 1 are presented after each step of cleaning. 

The comparison of the images a) and b) show that actone/IPA bath left noticeable 
amount of polymer rest (RMS~0.4 nm), while next step of cleaning for 1h at the 
temperature of 250 oC in Ar/H2 atmosphere led to the less rough surface 
(RMS~ 0.36 nm), which is already comparable to the sample before processing. One 
more step at 300 oC brought the surface roughness to its initial value (Fig.4.4c). However, 
the better exposed regions (with higher doses) retained a higher roughness.  

In Table 2 the comparison of roughnesses in different regions is presented for each 
step of cleaning we performed. 

 
Table 2. Graphene roughness: RMS (nm) for each cleaning step and exposure dose, the 
later is given in relative dose (absolute dose=relative dosé100 µC/cm2). 
 
 

 
 

Before 
processing 

Development: 
IPA/MIBK 

Acetone/ 
IPA 

Ar/H2 
1h,  
250 oC 

Ar/H2 
1h, 250 oC 
+ 1h,  
300 oC 

Unexposed 
regions 

0.26 - 0.4  0.3  0.25  

Dose 1 0.26 1.5 0.5 0.36 0.32 
Dose 1.5 0.26 1.5 0.6 0.38 0.35 
Dose 2 0.26 1.5 0.68 0.49 0.4 
Dose 2.5 0.26 1.5 0.9 0.6 0.5 
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In Fig.4.5, similar to Fig.4.3, the same regions of exposed versus unexposed areas 

for dose 1.5 and dose 2.5 are presented after: 1h, 250 oC (a,b) and 1h, 250 oC + 1h, 
300 oC (c,d) of Ar/H2 treatment. After this treatment at 250 oC the step of unexposed 
region versus exposed one within dose 1.5 became smoother, but it still remained well 
pronounced within dose 2. The next step of Ar/H2 treatment at 300 oC resulted in 
disappearing of the difference between unexposed and exposed regions within dose 1.5, 
while it did not change much within the dose 2.5. This was confirmed by the 
measurements of roughness. After 300 oC the RMS within dose 1.5 reaches a value of 
0.36 nm, that is close to initial one before any device preparation treatment. However, 
within the line of dose 2.5 the RMS~0.5 nm, that is still high for performing any sensitive 
measurements.  

The sample was placed for one more hour in Ar/H2 flow again with the same 
temperature of 300o C. The results showed that increasing of cleaning time does lead to 
decreasing of surface roughness to its initial value within the regions exposed with doses 
lower than 2, but dose 2 and dose 2.5 remain contaminated. To achieve more effective 
cleaning, one might need to use higher temperatures, which are not desirable in our case 
since this could damage the rest of the device.  

Fig.4.4. A graphene flake within dose 
1 after each step of cleaning we 
performed: 

a) Acetone/IPA; 
b) + 1h, 250 oC in Ar H2 

atmosphere; 
c) + 1h, 300 oC in Ar H2 

atmosphere. 

A B 

C 

graphene  
flake 
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In summary, an ordinary acetone/IPA cleaning does not clean graphene and SiO2 
surface from polymer contaminations left behind by the device preparation steps. 
Therefore, we have developed an Ar/H2 (95/5 %) cleaning procedure that yields efficient 
cleaning of the graphene surface. We observed that 1 hour at 250 oC in in this 
environment is already enough to reduce the surface roughness of regions not exposed by 
EBL to the initial value of 0.3 nm. Increasing temperature to 300 oC lead to reduction of 
surface roughness (to the value of 0.35 nm) of the EBL exposed regions as well, for doses 
less than 2, however regions with higher doses need a further increase of the temperature 
above our safe limit of 300 oC. Therefore, for the preparation of graphene-based sensor 

A B 

Fig.4.5. AFM images of the EBL exposed regions versus unexposed ones 
after each step of Ar/H2 treatment: 

a) Dose 1.5 after 1h at 250 oC: RMS~0.38 nm; 
b) Dose 2.5 after 1h at 250 oC: RMS~0.6 nm 
c) Dose 1.5 after 1h at 250 oC + 1h at 300 oC: RMS~0.35 nm; 
d) Dose 2.5 after 1h at 250 oC + 1h at 300 oC: RMS~0.5 nm. 

Dose 1.5 Unexposed 

C D 

Dose 2.5 Unexp
. 

Dose 1.5 Unexposed Dose 2.5 Unexp
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devices we will be using EBL exposure with doses not more than 1.5́100 µC/cm2 

followed by Ar/H2 cleaning procedure for 1.5 h at 300
 C. 
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4.2. Electrical measurements 
 
In the following paragraph we will present the electrical measurements on 

graphene. We will discuss the influence of temperature on the resistance of graphene and 
its mobility. The classical Hall effect in this material was observed. We will discuss the 
role of the Hall bar geometry in the asymmetry in the regimes of holes and electrons 
conductances. We will also present the experiments on the sensitivity of graphene 
resistance to ethanol and water vapors. 

 
4.2.1. Graphene resistance: Dirac charge neutrality point 
 
The graphene-based device has three different operating regimes: hole and electron 

regimes, where current is conducted by either holes or electrons (similar to intrinsic 
semiconductors); and the regime at the point of maximum resistivity - the Dirac 
neutrality point, where the charge carrier density approaches zero and current is carried 
neither by holes nor by electrons. By applying gate voltage to the device one can 
manipulate the charge carrier density (Eq.8) and carrier type in graphene, switching the 
device from one conduction regime to another (Fig.4.6).  
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4.2.2. The influence of baking of graphene on its electrical 

resistance and mobility 
 
In our earlier experiments the majority of devices we prepared had shown a 

maximum graphene resistivity at the positive gate voltages (from 5 V to 50 V) [4,32]. 
This means that at zero gate voltage graphene conducts via holes and to reach the Dirac 
neutrality point one needs to apply positive gate voltage (negative charging of graphene) 
which neutralizes these charges. As it was discussed in Chapter 2.2, the suggested reason 

Fig.4.6. The characteristic 
graphene resistance dependence 
on gate voltage.  
Three regimes of device 
operation: hole and electron 
regimes and the Dirac neutrality 
point are marked. The operating 
regimes are also illustrated by the 
electronic spectra of graphene 
(cones). 
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for this shift in charge levels is a layer of water molecules either on top or below 
graphene flake. The molecules can act as charge acceptors introducing holes into the 
graphene electronic band. One way to clean the graphene surface from these adsorbates is 
to heat the sample up to temperatures where the water molecules start desorbing. 
Therefore, we studied the reaction of the graphene resistivity to baking at certain 
temperatures for certain times.  

For this experiment the graphene device E3 in the geometry of 4-Probe contacts 
was measured (Fig.2.5). Increasing the temperature to 50 oC did not show any effect on 
the graphene resistance; however when T reached 100 oC the curve representing the gate 
voltage dependence of the resistance (the “Dirac curve”) started shifting to the left during 
the annealing. In Fig. 4.7 an evolution of the graphene resistance at 100 oC is presented 
during a 60 minutes annealing procedure.  

The black curve represents the resistance versus gate voltage measured within 5 
min. after reaching 100 oC. Its irregular shape indicates an immediate reaction of the 
resistance to the heating. Further heating led to a general increase of the resistance and 
hysteresis (difference between sweeping the voltage in opposite directions: trace and 
retrace), see red and blue curve. We assume that a reason for hysteresis is charge 
impurities in SiO2 layer or some adsorbates on the graphene surface, which are fixed at 
room temperature, but become more mobile at higher temperatures. Under an applied 
gate voltage the impurities can move and the full device capacitance can change. After 60 
minutes the Dirac curve stabilized: the distance between trace/retrace curves was 
minimized and intensities became equal (green curve).  
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Fig.4.7. Temporal evolution of graphene resistance versus gate voltage at 
T = 100 oC. 
The colors of curves correspond to: black- 5 min (VD = 50V); red- 20 min 
(VD = 18V); blue- 40 min (VD = 8V); green- 60 minutes (VD = 3.5V) of the sample 
annealing at 100 oC. The direction of sweeping the voltage is shown with arrows. 
The values of the gate voltage where we reach the Dirac points are indicated for 
the traces. 
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Thus in one hour the Dirac neutrality point (corresponding to a gate voltage VD) for 
trace shifted from 50 V to 3.5 V gate voltage. The shift corresponds to the change in the 
carrier density (introduced by adsorbates and impurities) of Dnad/imp~2� 1012 cm-2.  

We calculated the mobilities for each of the measured curves depending on the 
charge carrier density using formulas 8 and 10; the results are presented in Fig.4.8. To 
compare the values of mobility for each curve we took these values at a density 
n=abs(1.4́1012) cm-2. The calculations show that, in contrast to reported results 
[4,21,22], we do observe changes both in charge carrier density (shift of the Dirac curve) 
and in the mobility of the carriers (shape of the curve). One hour baking at 100 oC led to a 
60 % increase in mobility µ (from 5500 to 8600 cm2/Vs). In the inset of Fig.4.8 the 
changes of µ with the time of annealing are presented. The steepest changes in mobility 
occurred during the first 20 min. (40 %), while for next 40 min. only small changes in 
mobility were observed. 
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Further increase of the temperature to 150 oC and annealing the sample for one hour 
more caused the shift of Dirac curve to negative voltages (Fig.4.9). Similar to T=100 oC a 
hysteresis was observed for each measurement. The hysteresis at 150 oC was 
considerably stronger. And while at T=100 oC the shift of the Dirac curve was continuous 
during the annealing at T=150 oC the trace quickly shifted to show a Dirac point at -9V 
(red curve) and for the next 40 minutes it only shifted with 1 V. The retrace reacted on 
temperature much slower, continuously changing its maximum from 29V to -0.5V. After 

Fig.4.8. Temporal evolution of carrier mobility curve  at T = 100 oC. 
Colors correspond to Fig.4.7: black- 5 min. (µ=5500 cm2/Vs); red- 20 min. 
(µ=7800 cm2/Vs); blue- 40 min. (µ=8300 cm2/Vs); green- 60 min. 
(µ=8600 cm2/Vs) of the sample annealing. 
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one hour the hysteresis was still large: 9.5 V difference between trace and retrace maxima 
(green curve).  

The calculations of mobilities showed no further changes with time. We can  
assume that at this temperature the mechanisms responsible for changes of carrier density 
versus the mechanism of introducing impurities as scatterers play a major role in charge 
transport.  

 

-20 -10 0 10 20 30 40 50
1

2

3

4

5

6

7

T=150oC
dV

/d
I, 

kW

V
g
, V

 

 
 
 
 
 
 
 
 
 

During our further experiments with exposure of graphene to vapors (to be 
discussed later), we needed to bake the sample again in order to clean the graphene 
surface from the adsorbates introduced via those experiments. Therefore we annealed the 
sample for 2 h at 150 oC without performing any electrical measurements during the 
annealing. Then the Dirac curve was measured again (green curve, Fig.4.10a). The 
baking did not affect the Dirac point position (probably due to the absence of applying 
gate voltage during the annealing time), but it increased mobility of charge carriers 6 
times (µ=35000 cm2/Vs) in comparison to its very first measured value (µ=5500 cm2/Vs). 
The comparison of the Dirac curves and mobilities at each stage of annealing is shown in 
Fig.4.10.  

In conclusion, the annealing of graphene at 100 oC led to the shift of the Dirac 
curve to lower voltages (changes in charge carrier density) and increase of mobility with 
60 %. The result can be explained by the model of graphene doping (Chapter 2.2). At this 
temperature gas molecules (polymer contaminations) started desorbing from graphene 

Fig.4.9. Temporal evolution of graphene resistance versus gate voltage at 
T = 150 oC. 
The colors of curves correspond to: black- 5 min. (VD=-5(29)V); red- 20 min 
(VD=-9(23)V); blue- 40 min (VD=-10(21)V); green- 60 min. ((VD=-10(0.5)V)) of 
the sample annealing at 150 oC. The direction of sweeping the voltage is shown by 
arrows. The values of the Dirac points for trace (retrace) curves are indicated. 
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surface, resulting in decreasing the density of dopants thus, a change in carrier density; in 
the meantime, the disappearing of impurities which were introduced by adsorbtion 
yielded an increase in mobility.  
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Raising the temperature up to 150 oC leads to the stabilization of the Dirac point (at 

-10 V), that no longer shifted even after cooling the sample down. After such annealing 
the hysteresis was minimized: changes in the position of the Dirac neutrality point versus 
gate voltage were less than 1 V and in the values of resistance less than 5 %. As it was 
already mentioned no changes of mobility were observed at T=150 oC for first hour of 

Fig.4.10. Influence of heatingon: 
a) graphene resistance. The Dirac points for each temperature are indicated; 
b) carriers mobility. The values of mobility at every temperature are 

indicated. 
Colors of curves correspond to annealing for 1 h at 50 oC (black), 100 oC (red), 
150 oC (blue) and 2 h at 150 oC (green).  
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annealing, however after 2h of baking the sample without applying gate voltage we 
observed an increase in mobility by 6 times without any shift in the Dirac point position. 
The explanation of this is not so trivial. Maybe an important difference between these 
two annealing stages is, that for the first case (1h, 150 oC) we were monitoring the 
resistance changes versus gate voltages during the baking, therefore continuously moving 
temperature activated charged impurities; while for last baking (2h more at 150 oC) we 
did not sweep the gate voltage till the sample cooled down. 

 
4.2.3. Hall effect in graphene 
 
As was described above (Section 1.3.3) the highest sensitivity of graphene 

resistivity to the charge carrier density was detected in the regime of the Hall 
measurements. For this purpose a device (A2) with the Hall geometry contacts was 
prepared (Fig.2.5).  

Thus the Hall effect in graphene was measured on sample A2. The current was sent 

through the contacts 13� 5: I+� I- and the Hall voltage was detected at the contacts 

12�� 4: V+� V- in function of an orthogonal magnetic field Bz. The measured magnetic 

field dependence of Hall resistance (Rxy) for different gate voltages is shown in Fig.4.11.  
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Fig.4.11. Hall resistance dependence on magnetic field. 
The lines correspond to different regimes of device operation: hole conduction 
regime at Vg=-18 V (red); electron regime at Vg=-0.9 V (blue) and the Dirac 
neutrality point at Vg=-9 V (black). The Hall coefficient (Rh) for the different 
regimes is calculated. 
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The measurements were done for a set of applied gate voltages, out of which three 
important cases are plotted, corresponding to 3 different carriers regimes in graphene-
based device:  

·  Vg= -18V induced a hole density nh = 3.89� 1011 cm-2; 
·  Vg= -9V was at the Dirac neutrality point with vanished charge carriers; 
·  Vg= -0.9V induced an electron density ne = 3.49� 1011 cm-2. 
We tried to choose gate voltage of hole and electron regimes in the position 

symmetrical around the Dirac point, to induce comparable amount of holes and electrons 
while working in these two regimes.For both regimes we calculated the Hall coefficient 
(Rh) as a slope of the resistance dependence on field (Eq.11), and from these values the 
charge carrier density was extracted (Eq.12):  

·  Holes: Rh = -839 W/T, nh = 7.45� 1011 cm-2 
·  Electrons: Rh = 826 W/T, ne = 7.57� 1011 cm-2 
The values of the coefficients are close to each other, because we choose symmetric 

positions of gate voltages around Dirac point and the opposite signs of the Hall 
coefficients indicate the different signs of charge carriers. The values of charge carrier 
density extracted from Hall coefficient was overestimated in comparison to the induced 
density (Eq.8). Such a big difference (almost twice) in density can not be explained by 
misalignment of the sample in the magnetic field, otherwise this would require a 
misalignment of 300 between the magnetic field direction and sample surface, which was 
not the case in our experiment.  

As it can be seen from the graph at the Dirac point position (black line) no field 
dependence was observed, proving the vanishing of charge carriers in this measurement. 
The presence of a 70 W offset, showed the presence of background resistance in studied 
graphene system (probably due to contacts asymmetry). The crossing of three curves at a 
non-zero field value can be explained by asymmetry in the contacts of the prepared Hall 
bar, as it will be discussed below. 

We calculated the Hall coefficient for many Rxy(B,Vg)-curves, which correspond to 
variations of charge carrier density in graphene. The dependence of Rh on the charge 
carrier density (n) is plotted in Fig.4.12a. The steepest changes in the Hall coefficient 
happen in the vicinity of the Dirac point, where the coefficient changes its sign passing 
from hole regime to electron regime. Similar behavior was observed for Hall resistance 
with sweeping gate voltage at the fixed magnetic fields (Fig.4.12b). Switching the 
direction of the field caused the change in the sign of Hall resistance, resulting in 
symmetrical (relative to X axis) picture of Rxy dependence for opposite magnetic field 
directions. We also observed an asymmetry in the Rxy maxima in hole and electron 
regimes. We explain this by the asymmetry in the contacts 12 and 14. Contact 12 is 
positioned on the way of the current passing from contact 13 to 5 and the measurements 
are influenced by moving carriers, while the contact 14 is positioned far from the current 
path, which assures the detection of only field deflected carriers by this contact.  
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The confirmation of this explanation we found by measuring the longitudinal 

magnetoresistance of graphene in 4-probe geometry and the magnetic resistance of the 
contacts in 3-probe geometry. The magnetoresistance of graphene, when the current was 

sent through the contacts 13� 5: I+� I- and the voltage drop was detected between the 

contacts 12� 11: V+� V- is presented in Fig.4.13a. We obtained a set of curves at 

different values of fixed gate voltages. The results are presented in 3D graphs, where Z-
axis is the longitudinal resistance (4-Point) or the contact resistance (3-Point geometry); 
X-axis is the magnetic field and Y-axis is the applied gate voltage.  

The presence of the Rxx dependence on magnetic field in graphene is already a 
surprising fact. This dependence was symmetrical around zero field and the amount of 
changes in Rxx from zero to higher magnetic fields was also influenced by the value of 
applied gate voltage, in such a way that maximal changes in resistance were observed for 
the region in the vicinity of the Dirac point. The projection on the YZ plane shows the 
shape of the usual resistance-gate dependence (Fig.4.10a, for example). The same set of 
data in the geometry of 3-Probe contacts were measured for each of the contacts in Hall 
bar. The resistance of “longitudinal” contacts number 5 and 13 had Rxx behavior similar 
to graphene. The “transversal” contact 14 had less symmetrical resistance behavior 
around zero magnetic field (Fig.4.12b), however the cross section of the graph at the 
given magnetic field gives a curve similar to the one obtained for graphene Rxx.  

 

Fig.4.12. Charge carrier dependence of: 
a) Hall coefficient (Rh); 
b) Hall resistance (Rxy): at magnetic field of -0.45 T (blue) and +0.45 T (red). 
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Fig.4.12a.  
Magnetoresistance of graphene. 

Fig.4.12b.  
Magnetoresistance of  
the contact 14. 

Fig.4.12c.  
Magnetoresistance of the 
contact 12. 
At different fixed gate voltages. 
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This means that the resistance of the contact (Rcont) number 14 was strongly 
influenced by graphene. The same measurements for contact 12 gave different results 
(Fig.4.12c): Rcont is strongly asymmetric showing weak field dependence for negative 
magnetic fields in electrons regime and for positive magnetic fields in holes regime. 

 
In summary, we successfully measured the Hall effect in a graphene-based device. 

We determined the slopes of the Hall resistance (Hall coefficient, Rh) for three regimes of 
device operation: hole, electron conduction and at the vicinity of the Dirac point. At fixed 
magnetic field, when sweeping the gate voltage, polarity change of the Hall resistance 
was detected, indicating the smooth change from positive to negative charge carriers in 
graphene. The observed asymmetry in the measurements was caused by the “non-ideal” 
Hall bar geometry of the contacts on graphene flake. We also measured a magnetic field 
dependence of graphene longitudinal resistance, which at the current stage of our 
knowledge can not be explained. The strong sensitivity of the Hall resistance to charge 
carrier density looks promising for the purpose of building sensor type devices. 
 

4.2.4. Graphene sensitivity to water molecules 
 
In this Paragraph, we will introduce the sensitivity of graphene longitudinal and the 

Hall resistances to the vapor of water molecules. We will compare these two regimes of 
device operation and calculate number of water molecules on graphene surface that can 
be extracted from the data. 

The electrical measurements described in the Paragraph were performed on device 

A2 in the 4-Probe geometry, where the current was sent through the contacts 13� 5: 

I+� I- and the voltage drop was detected at the contacts 12� 11: V+� V-.  

We studied the influence of water vapors on the resistivity of graphene versus gate 
voltage. The conditions of the experiment are described in Section 3.3. The curves were 
measured (Fig.4.13) and the mobility of charge carriers was calculated (Fig.4.14) for each 
step of the following experiment: 

·  After baking the sample for 20 min at 150
 C (Paragraph 4.2.2) and series of 
Hall experiments the Dirac point was situated at -7.5 V (Fig.4.13a). The 
mobility of charge carriers was about 10000 cm-2/Vs at the density value 
n= 9́ 1012 cm-2 (Fig.4.14, black). In our further discussion we will compare 
values of the mobilities corresponding to the same density of charges. No 
hysteresis was observed. 

·  A small amount of water vapor was let in (valve to water container was open 
only for one second). The irregular shape of the Dirac curve and its shift to the 
left indicates an immediate reaction of the resistance on the water vapor 
(Fig.4.13b, red). The shift of the neutrality point to -17.5 V after exposure to 
vapors shows the change of the charge carrier density in graphene, an indication 
of charge transfer between adsorbed water molecules and graphene. We also 
observed a large hysteresis that completely distorted the shape of a back trace of 
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the curve. However, the calculated value of the mobility did not change from 
the previous step, as far as we were able to calculate it. 

·  The vacuum can around the sample was pumped for one hour reaching the 
pressure of 10-5 mbar. In the resistivity measurement we performed at this stage, 
we noticed that the curve moved towards its initial position, stabilizing the 
Dirac point at -12.5 V (Fig.4.13b, blue). The shape of the Dirac curve stabilized 
and only weak hysteresis is observed. The mobility value somewhat became 
smaller (µ= 9000 cm2/Vs). Further pumping of the sample did not lead to full 
“recovery” of the Dirac curve, indicating, that not all the water molecules were 
possible to remove. 

·  In the next step we opened a valve from the sample to water container 
completely, which led to the “flooding” of the sample with water vapors, i.e. 
establishing of the water’s partial pressure in the entire line. The Dirac curve 
measured after this step is presented in Fig.4.13c (magenta). Similar to the 
effect of exposure to a small amount of the vapors the Dirac curve became 
broad and irregular with noticeable hysteresis. 
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Fig.4.13. Changes in the Dirac curve under exposure to water vapors. 
a) After 1h at 150o C of baking (black); starting point for the measurement step; 
b) Exposed to a small amount of vapors (red), pumped afterwards (blue); 
c) Flooded with vapors (magenta), pumped afterwards (dark blue); 
d) Baked for 20 min at 150o C.  
The values of the Dirac points are marked. 
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However, these features were much more pronounced this time and the curve 
shifted to the right. As one can see the irregularity of the curve does not allow to 
determine the exact position of the neutrality point, we will consider it to be at 
approximately -1V. The calculations of the mobility in the presence of this 
amount of water showed the essential decrease of the mobility to 6000 cm2/Vs 
(Fig.4.14, magenta). The result confirms theoretical suggestions that presence of 
the adsorbates on graphene surface lead to both changes in charge carrier 
density and decrease of mobility due to the introduced impurities. These two 
changes depend on the concentration of water molecules around the sample. As 
we have shown above a small amount of water did not lead to large changes in 
the mobility, which corresponds to already reported results, however a large 
amount of water does change mobility as well.  

·  Finally, the valve to water container was closed and the sample was pumped for 
2 h down to pressure of 10-5 mbar. The pumping stabilized the Dirac curve and 
made it narrower (mobility increased to 8200 cm2/Vs, Fig.4.14, dark blue); 
however the Dirac point remained at -1V. The increase in the mobility during 
the pumping can be explained by the model described in Paragraph 1.3.2: 
although we detected the presence of induced carriers in graphene (the Dirac 
point position), the mobility of carriers increased due to the neutralizing charge 
impurities in SiO2 by adsorbed molecules. 

 
Qualitatively the behavior of the graphene resistance was observed for device E3, 

confirming similar tendency of mobility changes for different devices under the influence 
of water molecules.  

Let us discuss now the observed hysteresis in the curves measured for device E3 in 
4-Probe geometry. We studied the dependence of the hysteresis on the measurement 
speed, trying to grasp the physical reason behind it. The experiment was done in this case 
in a different way: if before we were continuously monitoring the changes in the 
resistance versus gate voltage during the exposure to water and pumping the sample, in 
the following experiment we flooded the sample with water vapors and started sweeping 

Fig.4.14. Changes in carrier 
mobility by exposure to water 
vapors. 
The colors of curves correspond 
to the steps described in caption 
of Fig.4.13. The values of 
mobilities at different steps are 
marked. 
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the voltage only after 20 min. The first measured Dirac curve in this experiment was 
recorded with a step 0.5V/s and shown in Fig.4.15a (magenta). It had the usual 
irregularity in the shape and pronounced hysteresis. After this we measured 4 more 
curves with different steps: 1, 0.5, 0.25, 0.1V/s (Fig.4.15), which changed the time 
necessary for the voltage scan from 41 to 401 s. Note, that all these measurements 
performed after the first one did not show any irregularity in the curves. With the 
decrease of scanning speed the hysteresis was increasing: the distance between the 
maxima of trace and retrace increased from 6.5V for 1V/s s to 23.5V for 0.1V/s, 
moreover the retrace curve was developing an asymmetry for the slower measurements.  

We have two possible explanations for this result: 
1) The explanation was suggested in private communications with M. Katsnelson 

(Theory of Condensed Matter, Radboud University of Nijmegen) and based on 
reorganization of water molecules under applied electrical field. First 20 min, 
when we did not sweep the voltage, the water molecules were randomly 
adsorbing on the graphene surface. Applying a gate voltage started arranging 
the water molecules as dipoles (dipole moment is 6.2´ 10-30 C·m), which led to 
the irregularity in the Dirac curve during the first sweep.  

 

-20 -10 0 10 20

0,5

1,0

1,5

2,0

 

R
xx

, k
W

R
xx

, k
W

V
D
=-13.5(-7) VA

-20 -10 0 10 20

0,5

1,0

1,5

2,0

 

C

B V
D
=-11(0) V

 

-20 -10 0 10 20

0,5

1,0

1,5

2,0 V
D
=-13.5(4) V

 

V
g
, VV

g
, V

-20 -10 0 10 20

0,5

1,0

1,5

2,0 D V
D
=-15.5(8) V

 

 
  

 
 
 
 
 
 
 

Fig.4.15. The resistance of graphene versus gate voltage during the exposure to 
water vapors. Measurements with different voltage scan rates. 
a) first measurement with step 0.5V/s (magenta), 0.1V/s (black); 
b) 0.5 V/s; 
c) 0.25 V/s; 
d) 0.1 V/s. The values of the Dirac points for trace (retrace) are marked. 
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Within this, such arrangement of water molecules can be considered similar to 
the structure of the ferromagnetic domains in magnetic field. Once the 
molecular layer is oriented in the electrical field, it reacts differently on the 
directions and speed of sweeping the voltage. Fast scan with 1V/s showed the 
smallest hysteresis of the Dirac curve, which can be explained by the short fast 
change in the electrical field for the water molecules to reorient; while the curve 
with slowest sweep of the voltage had the largest hysteresis, the time for 
changing the field direction was long enough for the molecules to reorganize on 
the surface and change the capacitance of the graphene-device. However, the 
obtained results did not confirm this theory directly. The absence of control of 
water molecules amount in the sample cavity, did not allow us estimating a 
number of the molecules on the graphene after flooding with vapors. Thus we 
do not know whether we could have been measuring the reorientation of one 
molecular layer or several of them. 

2) Another possible explanation of the hyteresis is the presence of charged 
impurities in SiO2 layer below graphene. If the change of electric field is slow 
enough, these impurities start moving while we are sweeping the gate voltage, 
leading to the change of device capacitance. However, this theory could not 
explain, why the hysteresis minimized after the system was pumped down (see 
below). 

Further, the valve to the water container was closed and the sample was pumped for 
12 h at the pressure of 10-5 mbar. We repeated the same set of measurements with 4 
different steps of recording the gate voltage dependence (Fig.4.16). After 12 h the Dirac 
curve shifted from negative values of gate voltage to positive ones, which corresponded 
to inducing holes in the graphene, however despite such pronounced charge transfer in 
the system graphene/water molecules the observed hysteresis was minimized. It was 
almost invisible for the measuring steps of 1V/s and 0.5V/s (the hysteresis effect seams 
smaller, but due to large step of scanning we can not determine the difference with better 
accuracy then 0.5V); while for the step of 0.25V/s the difference in the maxima of trace 
and retrace was only 0.25V; and for the step 0.1V/s the difference was 0.4V. The 
resulting curves are plotted in Fig.4.16. 

The results are somewhat contradictory. According to the first explanation, from 
one side we would expect the desorbtion of water molecules from the graphene surface 
during the pumping, which confirms the less pronounced hysteresis; from another side, 
the large shift of the Dirac curve corresponds to a charge transfer happening in the 
graphene/molecules system during the pumping, which should not happen while the 
reduction of molecules in the sample’s environment is happening. The second suggested 
explanation concerning moving charged impurities does not provide us with an 
explanation for this result. 
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We performed a simple calculation to estimate the amount of water molecules on 

the graphene surface needed for such a shift. We measured a shift of the Dirac point from 
-13.5V to 6.5V, which means 20V in total. Applying formula 8, we calculated an amount 
of induced charge carriers of 8.64´ 1011cm-2 in the graphene. From Table 1 we also know 
that the amount of charge transfer from one water molecule to graphene is 0.025´ e. 
Dividing the number of induced charges on the amount of charge transfer we get a 
number of water molecules in unit cm2, which is 3.46́1013 cm-2. We know the size of 
graphene cell (hexagon ring), which can be calculated from a formula 

2

2
33

aSg = , where a=245.6 pm is carbon-carbon interatomic distance in graphene. 

Then Sg=1.56́ 10-15cm2, this means that in unit cm2 there are 6.4́1014 graphene 
cells.  

Fig.4.16. The resistance of graphene versus gate voltage during the pumping of 
the sample in the vacuum can. Measurements with different voltage scan rates. 
a) 0.1V/s; 
b) 0.5 V/s; 
c) 0.25 V/s; 
d) 0.1 V/s. The values of the Dirac points for trace (retrace) are marked. 
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Thus we had 0.05´ H2O molecules per graphene unit cell, i.e. one water molecule 
per 20 graphene hexagons. Energetically, the most favorable for the H2O dipoles is to sit 
in the center of hexagons. 

Let us return to the shift of the Dirac point. The shift after pumping was much 
larger than the shift during the flooding with water vapors. However, the concentration of 
water molecules was 105 smaller in comparison. Considering the rearrangement of water 
molecules on the graphene we can assume, that there was a slow mechanism (that 
depended on the water concentration in the vacuum can), which led to substantial charge 
transfer in the graphene/water system, but in the meantime the number of water 
molecules decreased on the graphene surface. Such a situation can be described by either 
water molecules or hydrogen atoms penetrating below the graphene surface; or these two 
mechanisms together. Note, this is just a simplified model which takes in account a 
theoretical possibility of H+ ions tunneling through the graphene sheet. Another question 
would be, where the H+ comes from. There are several ways for these to appear: 

i) H+ ions can appear after substitution of C-H bonds that exist at the edges of 
graphene with hydrogen groups from arrived water molecules on graphene 
surface under exposure. However, this is unlikely for the lack of a sufficient 
number of broken bonds to provide large contribution into the doping process; 

ii)  Other source of H+ might be a dissociation reaction of water molecules under 

applied electrical field: H2O� H++OH-. However, this process can not be 

efficient since the main voltage drop of the gate occurs in SiO2, leaving a small 
part of applied electrical filed for the activation of water dissociation. 

Following the discussion, the charge transfer between water and graphene can be 
still possible, but water does not have a contribution to the hysteresis. This suggestion is 
partially confirmed by the increase in the mobility after pumping (Fig.4.14), water 
molecules below the graphene neutralizing the charged impurities inside the silicon oxide 
layer.  

We illustrated this model of the behavior of water molecules on the graphene 
surface in five pictures (Fig.4.17).  
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a) Before water vapor exposure. 

Fig.4.17. An illustration of the 
possible dynamics of water 
molecules on the graphene 
surface between two gold 
electrodes. 

b) Small amount of water vapor is 
let in.  
Water molecules randomly 
adsorbed on the surface in the 
centre of hexagons (minimum 
adsorption energy sites). 
The process of charge transfer 
happens, which reflects in a shift of 
the Dirac point. 

c) An electrical field is applied via 
the Si++ back gate (red). The 
molecules’ dipole moments are 
aligned with the field direction, 
which reflects in the hysteresis of 
the Dirac curve. 
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Note, that the suggested model describes the simplified possible behavior of water 
molecules on the graphene surface. In the reality the situation might be more complicated 
and the influence of charged impurities built into the SiO2 layer has to be considered as 
well.  
 

4.2.5. Hall effect in graphene in presence of water molecules 
 
As it was described in Paragraph 1.3.3 there are two possible regimes of operating a 

graphene-based sensor [19]: 
3) registration of changes in the longitudinal resistance Rxx with a fixed gate 

voltage; 
4) registration of changes in the Hall resistance Rxy at gate voltages fixed at the 

Dirac point. 
We have performed measurements on device A2 in these two regimes; the 

geometry we have described in Paragraph 4.2.4 and 4.2.3.  
For detecting changes in Rxx we fixed the gate voltage at -7.75V that is to the right 

of the Dirac point (-10V), situated in the linear region of the curve resistance versus gate 

e) Pumping out the vapors: 
molecules/hydrogen atoms start 
penetrating below the graphene and 
are trapped there (they can be 
removed only by baking). 
The process of charge transfer is 
still happening (further shift of the 
curve) but the hysteresis is no 
longer pronounced. 

d) A valve to water container is 
open directly. The sample is 
pressurized with water vapors: the 
irregularities and large hysteresis 
are observed in the Dirac curve. 
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voltage. We have continuously measured the longitudinal resistance in time while we 
performed the experiments with the water vapor. The resulting curves are presented in 
Fig.4.18. Starting conditions: 

·  In first 300s we only pumped the vacuum (~10-7 mbar). The resistance of 
graphene between the Au contacts was about 3.5 kW.  

·  Then we opened the valve to the water container, which resulted in the 
establishing of water partial pressure in entire line. The value of resistance 
quickly dropped to 1.6 kW: the Dirac curve shifted to the left (see also 
Fig.4.13b, red). This drop was followed by the continuous increase of 
resistance, that corresponded to the Dirac curve shifting back to the right due to 
the large amount of water molecules surrounding it (see Fig.4.13c, magenta).  

·  We have interrupted the measurement at this point to sweep the gate voltage for 
recording the Dirac curve.  

·  After 20 min. we continued with the time dependence measurement (Fig.4.18b). 
The value of resistance was stabilized at 0.3 kW higher than the initial value, 
due to the broadening of the Dirac curve (Fig.4.13c). 

·  Finally, the valve to the water container was closed and the sample line started 
being pumped (to ~10-5 mbar). This is visible from the drop in Rxx in Fig.4.18b 
at ~47th minute (2550 s). In this case the Dirac curve became narrower, due to 
the decreasing density of water molecules (Fig.4.13c, dark blue) indicating an 
increase in the mobility. During the pumping cycle the changes in resistance are 
no longer steep, but a small positive slope can be seen.  
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Fig.4.18. Changes in time of the longitudinal resistance Rxx of the graphene 
under water vapors exposure (a) and reestablishing the vacuum (b). 
The experimental conditions and explanations are marked with arrows. 
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For efficiently detecting changes in Rxy we fixed the gate voltage at the Dirac point 
(-10V) that corresponded to the steepest response of the graphene resistance to the 
changes in charge carrier density. First we measured the magnetic field dependence of 
Hall resistance before any water exposure (Fig.4.19, black).  
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At the Dirac point no significant dependence on magnetic field is observed. The 

presence of the offset was explained by the asymmetry in the Hall contacts (Paragraph 
4.2.7).  

Under the water exposure changes in the Hall resistance were detected. As it can be 
seen from the red curve in Fig.4.19, the graphene device was in the hole conducting 
regime when exposed to water, confirming the acceptor properties of water as adsorbate. 
The slope of the Hall resistance versus magnetic field corresponds to a Hall coefficient  

Rh=-1419 W/T; using calculations similar to the ones in Pragraph 4.2.7 we found the 
density of water-induced charge carriers (holes) nh = 4.4́ 1011 cm-2.  

It is diffecult to compare the results obtained by measuring the Dirac curves and 
Hall effect, since the measurements were done for different events of water exposure, 
thus we obviously did not perform them at the same time. And due to the absence of 
control on the amount of vapors we let in to contact the sample, the results were different. 
However, the order of magnitude of the calculated values for induced holes is the same 
(8.64́ 1011 versus 4.4́1011 cm-2). 

Fig.4.19. Dependence of the Hall resistance on plane-perpendicular magnetic 
field at the Dirac point. 
Before water exposure (black), under the exposure (red), the sample is vacuum 
pumped for 2 h (blue). The Hall coefficient and the value of induced charge carrier 
density is marked. 
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Then, the sample was pumped leading to the recovery of the resistance value (blue 
curve), confirming the complete desorbtion of the water molecules from graphene 
surface, moreover the offset was no longer observed.  

We also studied the changes in the Hall resistance at a fixed magnetic field of 
904 mT executing the different steps of the experiment; the results are presented in 
Fig.4.20. 
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Following the steps of experiment: 
·  First 200s the systems was pumped at 10-7 mbar. The Hall resistance of 

graphene was about 70 W, corresponding to the offset value measured before.  
·  Then we opened the valve to the water container, which resulted in the 

establishing of water vapor partial pressure in the entire line. The value of the 
resistance immediately increased to ~1000 W. Compared with Fig.4.11, a 
positive Hall resistance at this direction of the magnetic field corresponded to 
the electron regime. We detected similar behavior by measuring the Dirac 
curves: the first reaction of the curve to water vapor was a shift to the left. After 
this jump in the resistance, a continuous decrease of its value was observed.  

·  After approximately 11 minutes we switched to measuring the magnetic field 
dependence of Rxy. During the time needed to set up the measurement, the drop 
in the Rxy value presumably continued due to the further shift of the Dirac curve 
to the right, resulting in hole carriers when the Hall measurement was 
performed. The red curve from Fig.4.19 was measured, which confirmed the 
presence of holes as major charge carriers.  

·  After approximately 20 minutes we started the time dependent measurement 
again (Fig.4.20a). The value of resistance had opposite sign and was stabilized 

Fig.4.20. Changes in time of the Hall resistance of the graphene under water 
vapors exposure and reestablishing the vacuum (fixed magnetic field). 
The experimental conditions are marked with arrows. 
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at -750 W, which was corresponding to the measured Hall magnetoresistance 
(Fig.4.18, red) in the hole conduction region. 

·  From the 27th minute on we started reestablishing the vacuum around the 
sample by pumping the vacuum can to ~10-5 mbar: the increase in Rxy was 
detected (Fig.4.20b). The measurement showed that during the pumping the 
Hall resistance not only recovered its value, but even showed higher than initial 
values. After the end of this experiment the magnetoresistance was recorded 
again (Fig.4.18, blue), which showed no charge carriers in the sample. We have 
no explanation to this contradictory result. 

 
In summary, we studied the response of a graphene-sensor to water vapors in two 

different regimes of operation: longitudinal and Hall regime. Both regimes showed strong 
sensitivity to water vapors in the pressure range we worked with (~mbar). The Rxx 
changes are in accordance to the observed shifts in the Dirac curves during the vapor 
exposure. From the Hall resistance dependence versus magnetic field we extract the 
induced density of holes nh = 4.4́ 1011 cm-2, that corresponds to one H2O molecule per 36 
graphene hexagons. This value differs from the one obtained in Section 4.2.4, due to the 
rough control of vapor pressure surrounding the sample. 

 
4.2.6. Graphene sensitivity to ethanol molecules 

 
While water molecules have shown their acceptor properties on graphene surface, 

ethanol molecules should show donor properties. In this section we will study the 
changes in the Dirac curve under ethanol exposure of graphene. The measurements 
introduced below were done on device A2 in the 4-Probe geometry. The conditions of the 
electrical measurements were kept the same to previous experiment. Thus we did 
absolutely the same experiment, only the vapor was of ethanol. The Dirac curves were 
measured and the mobility of charge carriers was calculated for each step of the 
experiment: 

·  After the experiments with water the sample was baked for 20 min at 150o C, to 
avoid any contaminations from water. The Dirac point was found at -12V gate 
voltage (Fig.4.21a); and the mobility of charge carriers was about 9600 cm-2/Vs 
at the density value n=1´ 1012 cm-2 (Fig.4.22, black). In our further discussion 
we will compare values of the mobilities corresponding to the same density of 
carriers. 

·  A small amount of ethanol vapor was let in (valve to the container was open 
only for one second). Similar to reaction to water the Dirac curve shape became 
irregular (Fig.4.21b); however it shifted to the right only by 0.5V. This shift 
indicated an inefficient charge transfer from ethanol to the graphene. We also 
observed some hysteresis, which appeared in the asymmetry of the curve in 
electron regime (the height of the curves), while maxima of trace and retrace 
were at the same gate voltage. Despite this small shift in the Dirac point position 
the calculated value of the mobility changed to 7000 cm2/Vs (Fig.4.22, red). 
The decrease is already visible in the broadening of the curves. This indicates 
that ethanol molecules made a contribution to the scattering mechanisms in 
graphene, resulting in decrease of mobility. 
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Fig.4.21. Changes in the Dirac curve under ethanol vapor exposure. 
a) After 20 min at 150o C of baking (black), no contact with ethanol yet; 
b) Exposed to a small amount of vapors (red);  
c) Pumped afterwards (blue); 
d) Flooded with vapors and pumped afterwards (green). 
The gate voltage values corresponding to the Dirac points are marked. 

Fig.4.22. Changes in mobility 
under water vapor exposure. 
The colors of curves correspond 
to the steps described in caption 
of Fig.4.21. The values of 
mobilities at different steps are 
marked. 
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·  Then the vacuum can around the sample was pumped for one hour reaching the 
pressure of 10-5 mbar. As a result the curve moved back to its initial position 
(Fig.4.21b, blue), however its shape remained asymmetrical with a weak 
hysteresis. The carrier mobility did not change from previous step (Fig.4.22, 
blue). Thus pumping does not remove the ethanol from the sensor. 

·  In the next step we opened a line from the sample to ethanol container 
completely, which led to the “flooding” of the sample with ethanol vapors. The 
Dirac curve for this case is presented in Fig.4.13d. Similar to the effect of 
exposure to a small amount of the vapor the Dirac curve became even more 
broad and the neutrality point shifted more to the right reaching the value of  
-9.5V. The mobility further decreased to 6000 cm2/Vs. This indicates that for 
high concentration the ethanol molecules take more charge from the graphene 
surface and introduce even more charge impurities decreasing µ.  

·  Followed pumping of the sample for 12h did not change the Dirac curve. The 
sample did not recover its electrical properties and no slow mechanisms in the 
graphene/ethanol system were observed. 

The acceptor properties of ethanol contradicting the theoretical expectations can be 
explained by the small contribution of water vapors which might have been left behind in 
the pumping line after experiments with water or the small percentage of water in the 
liquid ethanol we have used. After these experiments we were pumping the system for 12 
h down to 10-7 mbar, but some water condensates could have been left in the line. This 
can explain the shift of the Dirac curve to the right under “ethanol exposure”, although 
the change in µ was definitely caused by ethanol presence. As it was shown before, water 
molecules do not affect mobility at this concentration.  

 
In summary, ethanol vapors did have an effect on graphene resistance. The 

mechanism of introducing charged impurities led to the decrease in the mobility. The 
mechanism of charge transfer in graphene/ethanol system seems to be weak; this was 
reflected in small changes of the Dirac point position versus gate voltage (2.5V). Further 
pumping of the system did not recover the resistance value even after 12 h, which 
indicates the presence of different mechanisms of ethanol interaction with graphene. 
Penetration of the molecules under the graphene sheet was not indicated by these 
measurements. The ethanol, in contrast to reported results [4], acted as acceptor (similar 
to water) and the asymmetry between hole and electron regimes was strongly 
pronounced. We do not have a final explanation for this behavior; it might be a 
measurement artifact due to water contaminations. Further experiments will be needed to 
clarify the nature of the interaction. 
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V. Conclusions 
 

This Master project was devoted to realization and study of graphene-based devices 
for sensor applications.  

A crucial issue for any surface sensor based on the changes of active material 
resistivity is a control on the surface purity after all steps of device preparation. 
Therefore, a specific “graphene-window” design of the sensor was proposed and an 
Ar/H2 cleaning procedure was developed. The studies of graphene surface roughness 
through the preparation steps showed that the best conditions for graphene devices 
preparation are using EBL exposure with doses not more than 1.5́100 µC/cm2 followed 
by cleaning in Ar/H2 (95/5 %) gas flow for 1.5 h at 300
 C, which assures the removal of 
all polymer contaminations left after the lithography steps. 

We have performed an annealing of the final device in vacuum, to desorb gas 
molecules left after exposure to air. This experiment confirmed the theoretically 
described model of graphene doping, when the molecules desorbing from the surface 
decrease the number of induced charge carriers and introduced impurities in graphene, 
resulting in the shift of the Dirac point and increase of carrier mobility. The annealing of 
graphene at 150 oC for 2 h led to the shift of the Dirac point to lower gate voltages and 
increase of mobility by a factor of 6. This can be explained by the desorbing of gas 
molecules (or polymer contaminations) from the graphene surface, resulting in 
decreasing the density of dopants thus, a change in carrier density; in the meantime, the 
removal of impurities introduced by adsorption decreases scattering yields an increase in 
mobility. However, there is still an open question regarding the effect of sweeping the 
gate voltage during the annealing.  

We successfully measured the classical Hall effect in our device. We determined 
the slope of the Hall resistance versus orthogonal magnetic field (Hall coefficient, Rh) for 
three regimes of device operation: hole, electron conduction and the vicinity of the Dirac 
point. At a fixed magnetic field a polarity change of the Hall resistance was detected, 
indicating the smooth change from positive to negative charge carriers in graphene. The 
observed asymmetry in measurements was caused by the “non-ideal” asymmetric Hall 
bar construction of the contacts on the graphene flake. The charge carrier density 
determined from the Hall coefficients is in good agreement with the values extracted 
from the resisitivity-versus-gate voltage type measurement, indicating the possibility to 
use the technique to detect minuscule charging effects due to adsorption/desorption 
phenomena. We also measured a non-trivial magnetic field dependence of graphene 
longitudinal resistance, which at the current state of our knowledge can not be explained. 

The sensitivity of graphene-based devices to water vapors was investigated in two 
regimes of sensor operation: monitoring changes in the longitudinal resistance Rxx and in 
the Hall resistance Rxy. Both regimes showed strong sensitivity to the charge carrier 
density fluctuations induced by molecule adsorption within the range of pressures we 
applied (20-100 mbar). The changes in the Dirac curves and the Hall resistance under 
water exposure showed that water molecules act as acceptors on graphene surface, 
decreasing the mobility of carriers. A model of a possible concentration dependent 
penetration of water molecules between graphene sheet and SiO2 was suggested. From 
the Rxx and Rxy dependences we extracted the induced charge densities and calculated the 
number of H2O molecules per unit graphene cell to be around 0.05 in our measurements. 
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Ethanol in contact with the surface had a weak doping effect on graphene, however 
the mechanism of introducing charged impurities led to a strong decrease of carrier 
mobility. The ethanol, in contrast to reported results, acted as charge acceptor (similar to 
water) and the asymmetry of Rxx versus gate voltage between hole and electron regimes 
was strongly pronounced. For an in depth explanation of this result, further experiments 
will be needed. 
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