
Chapter 1
2D Carbon-Based Nanoelectronics

Abstract This chapter is dealing with the physics and applications of graphene in
nanoelectronics, sensors and optoelectronics. Therefore, the physical properties of
graphene presented in this chapter, as well as the specific phenomena encountered
in this material, are directly linked to the electronic or optoelectronic devices.

1.1 Physical Properties of 2D Carbon-Based Materials

More than 10 years after the discovery of graphene (Novoselov et al. 2004), which
is a single sheet of carbon atoms with a thickness of 0.34 nm arranged into a
hexagonal structure, the main physical phenomena in this material seem to be well
understood, although some debates are still present even today.

Graphene distinguishes itself by its uncommon physical properties, which are at
the origin of unprecedented mechanical or electrical physical parameters that sur-
pass similar characteristics of any other materials, including semiconductors. Why?
The answer to this question is the subject of this section.

Graphene is formed from carbon atoms in the sp2 hybridization state, each atom
being covalently bonded to three others. Thus, graphene crystallizes in a honey-
comb lattice consisting of two interpenetrated triangular sublattices, which can be
visualised in Fig. 1.1. In this figure, one triangular sublattice is formed by “white”
carbon atoms denoted by A, while the other consists of “black” carbon atoms
denoted by B. Needless to say, the “white” and “black” carbon atoms in Fig. 1.1 are
identical, the labels A and B being introduced only for visualisation purposes and
for understanding the sublattices’ interplay.

Graphene is at the origin of other carbon-based materials. For instance, graphite
is formed from many graphene monolayers stacked as a pile, while carbon buck-
yballs are produced when graphene is wrapped as a sphere. On the other hand,
when rolled-up, graphene forms the carbon nanotube, which is a key material for
nanoelectronic devices working from few hundred of megahertz up to X rays.

Figure 1.2, which represents a side-view of the orbitals in graphene, tells us a lot
about the physical properties of this material. The strong and rigid r bonds resulted
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from the hybridization of the nearest planar sp2 hybrid orbitals in graphene, are the
source of the extraordinary strength and flexibility of this material, characterized by
an exceptionally high breaking strength and Young modulus (Lee et al. 2008).
However, the r bonds are localized, and thus there are no free electrons to par-
ticipate at conduction. The conduction properties of graphene are dictated only by
the p and p* bonds produced via hybridization of the remaining pz atomic orbitals
of nearest carbon atoms, denoted by A and B, as in Fig. 1.1.

Because each of the two interpenetrating triangular sublattices of the honeycomb
lattice contributes to the wavefunction of charge carriers in graphene, the wave-
function is in this case a spinor rather than a scalar, as in common semiconductor
materials.

The tight-binding approximation, considering only interactions between nearest
neighbors, gives an energy dispersion relation of the form (Castro-Neto et al. 2009):

EðkÞ ¼ �t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ 2 cosð

ffiffiffi
3

p
kyaÞþ 4 cosð

ffiffiffi
3

p
kya=2Þ cosð3kxa=2Þ

q
ð1:1Þ

where a = 0.142 nm represents the distance between two C atoms and t = 2.75 eV
is the nearest-neighbor hopping energy. A rigorous deduction of (1.1) starting from
the tight-binding Hamiltonian is found in (Katsnelson 2012). The plus and minus
signs in (1.1) refer to the upper (p*) and lower (p) energy bands, the charge carriers
in these bands being considered as electron and hole states. The dispersion relation
of graphene is depicted in Fig. 1.3. From this figure it can be seen that at the

σ bond

A

B

Fig. 1.1 Atomic honeycomb
structure of graphene and its
interpenetrated triangular
sublattices
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Fig. 1.2 The conduction in
graphene via hybridization of
pz atomic orbitals
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inequivalent points K and K′ in the first Brillouin zone, called also Dirac points, the
energy bandgap vanishes. From Fig. 1.3 it follows that graphene monolayer is a
zero-bandgap semiconductor.

Near the Dirac points, i.e. at low energy values, the dispersion relation is:

E ¼ ��h kj jvF; ð1:2Þ

where vF ¼ 3ta=2�h ffi c=300 is the Fermi velocity and kj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
, with k ¼

ðkx; kyÞ the wavevector of charge carriers relative to Dirac points. This linear dis-
persion relation is the hallmark of graphene monolayer and implies that the effective
mass of charge carriers vanishes near Dirac points, unlike in common semicon-
ductors. Another difference from common semiconductors is that the transport
properties in graphene are the same for electron or hole states, since the dispersion
relation is completely symmetric around the Dirac point.

In the k � p approximation, the Dirac equation for the graphene monolayer is
written as (Wu et al. 2010a):

�i�hvFr � rw ¼ ðE � UÞw around theK pointð Þ ð1:3aÞ

�i�hvFr
� � rw0 ¼ ðE � UÞw0 around theK 0 pointð Þ ð1:3bÞ

where r ¼ ðrx; ryÞ; r� ¼ ðrx;�ryÞ; with

rx ¼ 0 1
1 0

� �
; ry ¼ 0 �i

i 0

� �
; ð1:4Þ

and w ¼ ðwA;wBÞ and w0 ¼ ðw0
A;w

0
BÞ represent the spinorial wavefunctions around

the K and K′ points, respectively.
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Fig. 1.3 Dispersion relation in graphene (left), and its contour plot (right)
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The eigenvalues and eigenvectors are obtained from (1.3a, 1.3b) (considering the
potential energy U ¼ 0Þ as

Ea ¼ a�hvFðk2x þ k2y Þ1=2 ð1:5Þ

and

wabðkÞ ¼
1ffiffiffi
2

p expð�ibh=2Þ
aexpð�ih=2

� �
; ð1:6aÞ

respectively, where a ¼ �1 corresponds to the conduction and valence band, and
b ¼ �1 corresponds to K and K′ valley regions. The angle h is given by

h ¼ tan�1ðky=kxÞ ð1:6bÞ

The relation above implies that for both K and K′ valleys a rotation in the ðkx; kyÞ
plane by 2p produces a shift of the wavefunction with p, phase shift called Berry
phase.

An extended version of the Dirac equation, of the form

fvF ½r; p� þmv2Frzgw ¼ ðE � UÞw ð1:7aÞ

where w ¼ ðwA;wBÞT is the spinor wavefunction and p ¼ ðpx; pyÞ is the momentum
operator, can include interactions with the substrate via the term / mv2F . In this
case, expressing the wavefunction components as wA ¼ /A expðikyyÞ and wB ¼
i/B expðikyyÞ; we obtain the following differential equation (see Dragoman and
Dragoman (2009) and the references therein):

d2/=dn2 þðX2 � b2Þ/� u0=X�ð� d/=dn� b/Þ ¼ 0; ð1:7bÞ

where the positive and negative signs correspond to / ¼ /A and / ¼ /B, respec-
tively. In (1.7b) we used the notations: n ¼ x=L; X� ¼ e� u� D,

X ¼ ðXþX�Þ1=2, e ¼ EL=�hvF , u ¼ UL=�hvF , u0 ¼ du=dn, D ¼ mvFL=�h, and b ¼
kyL: The shape of the potential U dictates different numerical solutions.

The linear dispersion relation in (1.2), which is a specific characteristic of gra-
phene monolayers, is retrieved in physics in only one other case: that of photons
propagating in vacuum. However, the linearity of the dispersion relation has rad-
ically different meanings in these cases. In graphene, it signifies that the effective
mass of charge carriers, which are fermions, is zero, and hence the interaction
between electrons or holes and the crystalline lattice is very weak. As a result, the
charge carriers in graphene propagate without collisions, i.e. ballistically, with the
velocity vF ¼ 3ta=2 = 106 m/s ≅ c/300, where c is the speed of light. Thus, gra-
phene can be modelled as a 2D gas of massless fermions. In the case of photons,
which are bosons, the linear dispersion relation in vacuum E ¼ �hx ¼ hc=k tells us
that photons propagate with the speed of light. Therefore, the graphene monolayer
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can be viewed as a slow-wave structure, in which the charge carriers propagate with
a velocity much slower than c.

One of the most important properties of graphene is the electrical doping. If we
transfer or deposit a graphene monolayer on a SiO2 layer with a thickness
t = 300 nm, grown thermally over a doped silicon substrate, the doped Si substrate,
which has a metal-like behaviour and acts as backgate, modulates the density of
charge carriers n (see Fig. 1.4) via the relation (Novoselov et al. 2004).

n ¼ e0edVG=te; ð1:8Þ

where VG is the gate voltage and e0 and ed are the dielectric permittivities of air and
SiO2, respectively.

Graphene was discovered well before 2004 (see in this respect Geim (2012)), but
Novoselov and Geim (Novoselov et al. 2004) evidenced experimentally the
amazing transport properties of this material. Their work was motivated by the
quest of proving the electrical field effect in a metallic transistor (Geim 2011). The
graphene transistor is, however, not a metallic one since n is orders of magnitude
smaller than the electron density in metals. Note that the first experimental metallic
transistor was found later (Dragoman et al. 2012a), and behaves similarly to the
graphene field-effect-transistor (FET) depicted in Fig. 1.4.

The backgate modulation moves up and down the Fermi energy level in gra-
phene, which is initially situated at the Dirac point, where n = 0. The Fermi energy
shift is displayed in Fig. 1.5, which shows that electrical doping is able to actually
select the transport carrier type (n or p) in graphene devices. Electrical doping is
similar to chemical doping, and is commonly used for changing the transport type
in semiconductor devices. Depending on the position of the Fermi energy/gate
voltage, the transport in graphene is ambipolar, i.e. it is performed by either elec-
trons or holes. Moreover, unlike in other materials, the transport properties of
graphene monolayers are the same for electrons and holes due to the linear dis-
persion relation and its symmetry with respect to the Dirac points (Dragoman and
Dragoman 2014), as suggested by Fig. 1.5. Therefore, electrons and holes in
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Doped  Si - gate 
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Fig. 1.4 Typical configuration of a graphene FET
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graphene are analogous to matter and antimatter particles, such as electrons and
positrons, which are another groundbreaking consequence of the Dirac equations,
this time for massive particles.

The conductivity dependence on the gate voltage, shown in Fig. 1.6, illustrates
the similar transport properties of electrons and holes in an ambipolar monolayer
graphene flake. Moreover, by modifying the gate voltage, graphene conductivity r
can be changed significantly; this behavior is similar to conductivity changes in a
reversible metal-insulator transition in a large range of temperatures, including
room temperature, since the conductivity in graphene depends only weakly on
temperature. The dependence rðVGÞ is essential in any graphene-based applica-
tions, and can be used to determine other parameters (Tan et al. 2006).

For instance, the mobility of charge carriers can be deduced from resistivity q or
conductivity as:

l ¼ ðenqÞ�1 ¼ r=en: ð1:9Þ

kx

EF > 0 electrons

EF < 0 holes

E

0 EF = 0 Dirac point 

+VG

-VG

Fig. 1.5 Electrical doping in
graphene
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Fig. 1.6 Typical
gate-voltage dependence of
conductivity in graphene
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In this Drude model

n ¼ CGðVG � VDiracÞ=e ¼ CGVG=eþ nimp ð1:10Þ

where CG is the experimentally deduced or calculated gate capacitance and nimp is
the carrier density associated to impurities. In other words, expression (1.10)
implies that impurities induce an offset voltage, given by VDirac ¼ �enimp=CG; in
the absence of impurities, VDirac ¼ 0V: The impurity concentration can be deter-
mined from VDirac, which is the voltage where the conductivity is minimum.
Typical impurity concentrations in graphene samples are around 1–3 � 1011 cm−2.
From (1.9) and (1.10) it follows that the mobility in graphene is divergent near
VG ¼ VDirac.

Other parameters linked to graphene conductivity are the scattering rate, given
by

s ¼ lEF=ðe2vFÞ ¼ �hrðVGÞðp=nÞ1=2=ðe2vFÞ ð1:11aÞ

and the mean-free-path, defined as

l ¼ vFs ¼ ðh=2eÞlðn=pÞ1=2 ð1:11bÞ

Both mobility and mean-free-path have impressive values in graphene, sup-
porting the extensive research for graphene-based nanoelectronic devices. Even in
the first published paper about this material (Novoselov et al. 2004) the mobility
was as high as 10,000 cm2/V s for n = 5 � 1012 cm−2 with a room-temperature
mean-free-path value of 400 nm. Two years later, it was reported that mobility
values vary very much for the same carrier concentration, depending on the sample
quality (Tan et al. 2006). For example, at n = 2 � 1012 cm−2 the mobility on five
samples took values from 2,000 up to 20,000 cm2/V s at low temperatures. The
corresponding variation of the scattering time, from 50 to 500 fs, indicated that
sample quality, i.e. a low or large defect concentration, dictates the mobility value.

In addition, the mobility in graphene is strongly dependent also on the substrate
on which graphene is deposited. In the above mentioned first paper on electrical
properties of graphene (Novoselov et al. 2004), the substrate was SiO2 with a
thickness of about 300 nm grown over doped Si, which plays the role of a backgate.
However, the suspension of graphene at 150 nm above SiO2 deposited over Si, as
shown in Fig. 1.7, drives the mobility up to 200,000 cm2/V s in vacuum and at low
temperatures of 5 K, for graphene samples annealed at 400 K (Bolotin et al. 2008).
The gate voltage in this case was maintained within the range (−5 V, 5 V) to avoid
the generation of too much strain in the sample.

Note that, although very large mobilities in suspended graphene, of about
100,000–200,000 cm2/V s, are obtained only in vacuum and at low temperatures,
such values are considered as a hallmark for graphene, without any specification
regarding measurement conditions and temperature. The last parameter affects
much more the conductivity of suspended graphene than that of graphene on
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various substrates (Du et al. 2008). Moreover, suspended graphene is extremely
fragile in ambient conditions and very difficult to anneal. Room-temperature bal-
listic transport over 1 lm and a mobility of 100,000 cm2/V s at n ffi 1011 cm−2 was
obtained, nevertheless, in a graphene monolayer sandwiched between two hexag-
onal boron nitride (h-BN) layers with thicknesses of about 10 nm (Mayorov et al.
2011). In addition, exceptional ballistic transport, i.e. a mean-free-path of 10 lm,
and a mobility exceeding 100,000 cm2/V s was reported at room temperature in
graphene nanoribbons grown epitaxially on SiC and having a width of 40 nm
(Baringhaus et al. 2014). Exceptional charge transport properties of graphene
transferred on (100) Ge were also demonstrated (Cavallo et al. 2014), the mobility
attaining 5 � 105 cm2/V s at 20 K and 103 cm2/V s at room temperature at a carrier
density of 1014 cm−2.

Very often, the mobility of graphene is measured from electrical characteristics
of a graphene FET-like configuration, whether in the form of backgate configura-
tion, top gate configuration, or side gate geometry (see Fig. 1.8). The mobility is
then extracted from the relation

l ¼ ðW=LÞð@ID=@VDÞ=ðenÞ ð1:12aÞ

or

l ¼ ðL=CGWÞð@G=@VGÞ ð1:12bÞ

whereW, andL are thewidth and the length of the channel, respectively,VD andVG are
the drain and gate voltages, ID is the drain current andG the channel conductance. DC
measurements of a graphene FET and its geometry can be used to determine not only
the mobility of graphene (Sabri et al. 2009) but of any type of channel, either organic
or 2D material, such as black phosphorous (Koenig et al. 2014).

As discussed above, the mobility is dependent on the intrinsic carrier density n,
which in turn is determined by the density of states (DOS) in grapheneDgr as follows

n ¼
Z1

0

dEDgrðEÞf ðEÞ ð1:13Þ

Doped Si

SiO2

Gold 
Graphene

VG

Fig. 1.7 Suspended
graphene configuration
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where

f ðEÞ ¼ 1
1þ exp½ðE � EFÞ=kBT � ð1:14Þ

is the Fermi-Dirac distribution function. In the neighbourhood of the Dirac points,
the DOS can be approximated as (Castro Neto et al. 2009)

Dgr ¼ 3
ffiffiffi
3

p
a2

p
jEj
v2F

: ð1:15Þ

At thermal equilibrium, the Fermi level is located at the Dirac point and cor-
responds to EF ¼ 0 eV: The intrinsic carrier concentration in graphene is then:

n ¼ p ¼ ni ¼ ðp=6ÞðkBT=�hvFÞ2 ð1:16Þ

the corresponding value of this parameter at room temperature being
9 � 1010 cm−2.

Although the DOS of graphene vanishes at the Dirac point, the conductivity has
a minimum finite value at this point, as shown in Fig. 1.6. The nature of the
minimum conductivity in graphene has no unique explanation, several theories

Doped Si

Graphene

Oxide
TG - top gate

BG - backgate

Metal

SiO2

S D

(a)

Side gate

Side gate

D

S

Graphene 

(b)

Fig. 1.8 Graphene FET with
a backgate and top gate, and
b side gates

1.1 Physical Properties of 2D Carbon-Based Materials 9



attempting to elucidate this phenomenon. Among these, it is believed that the
minimum conductivity rmin ¼ 4e2=h originates in the quantum mechanical uncer-
tainty principle (Dragoman 2010).

The conductivity in graphene, which consists of two components: intraband and
interband conductivities:

r ¼ rintra þ rinter ð1:17Þ

depends on frequency (Hanson 2008). The frequency (and temperature, T)
dependence of the intraband term is given by

rintra ¼ �i
e2kBT

p�h2ðx� i2CÞ
lc
kBT

þ 2 ln½expð�lc=kBTÞþ 1�
� �

ð1:18aÞ

where lc is the chemical potential and C is the scattering rate, which is typically
0.11 meV. The intraband term dominates the graphene conductivity over an
ultrawideband of frequencies, from DC up to 1 THz (Sensale-Rodríguez et al.
2013), the real part of rintra being much larger than the imaginary part in this
frequency range.

On the contrary, in the range 1–30 THz the interband conductivity

rinter ¼ �iðe2=4p�hÞ ln 2jlcj � �hðx� i2CÞ
2jlcj þ �hðx� 2iCÞ

� �
ð1:18bÞ

is predominant, its real part being much smaller than the imaginary part.
Graphene exhibits unusual properties when subject to a magnetic field. These

properties are studied using a graphene Hall bar configuration, depicted in Fig. 1.9.
For example, despite the vanishing effective mass of electrons and holes in gra-
phene, a finite cyclotron mass of carriers can be defined as (Novoselov et al. 2005)

mc ¼ E=v2F ¼ �h
ffiffiffiffiffiffi
pn

p
=vF : ð1:19Þ

If a magnetic field B is applied normally to the graphene plane, the linear
dispersion relation is modified due to the emergence of Landau levels. This is the
only known method to discretize the energy spectrum in 2D graphene, the energy
levels being given by (Castro-Neto et al. 2009)

En � V ¼ �vF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eB�hjnj

p
ð1:20Þ

with n an integer. The Landau levels in (1.20) are different from those for charge
carriers with effective mass meff obeying the Schrödinger equation: En ¼
�hðeB=meff Þðnþ 1=2Þ; and result in quantized values of the Hall conductivity:
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rxy ¼ ðnþ 1=2Þð4e2=hÞ: ð1:21Þ

The above quantized conductance is dependent also on the gate voltage, which
changes n. The discretized energy levels in magnetic fields can be used in various
applications, such as electron spectrometers (Zubarev and Dragoman 2012).

Graphene nanoribbons (GNRs) are graphene stripes with widths that do not
exceed 100 nm. This spatial confinement of charge carriers in graphene changes
their properties. Considering the x axis as the longitudinal axis of the GNR, the
wave vector is quantized in the transverse direction, y, so that

ky ¼ np=W ð1:22Þ

where n ¼ �1;�2; . . . are integers. Thus, the dispersion relation becomes (Fang
et al. 2007)

Esðn; kxÞ ¼ s�hvF ½k2x þðnp=WÞ2�1=2 ð1:23Þ

where s ¼ þ 1 for electrons, and s ¼ �1 for holes. From (1.23) it follows that the
conduction and valence bands of graphene are broken into a series of 1D subbands.
More importantly, a band gap is opened with a width

Eg ¼ Eþ 1ð1; 0Þ � E�1ð1; 0Þ ¼ 2p�hvF=W ; ð1:24Þ

which depends only on the width of the GNR. The equation above is similar to the
bandgap of semiconducting carbon nanotubes (CNTs), which is inversely propor-
tional to the nanotube diameter. The bandgap vanishes when the GNR becomes
wider than 90 nm. The Table 1.1 shows some values of the bandgap extracted from
experimental results (Han et al. 2007).

Graphene
Dielectric,
e.g. SiO2

Metal 
contacts 

Fig. 1.9 Graphene Hall bar
configuration
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The DOS of the nth subband is given by

DGNRðn;EÞ ¼ 4
p�hvF

Effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � E2

n

p HðE � EnÞ ð1:25Þ

where HðE � EnÞ is the Heaviside step function, and

En ¼ np�hvF=W ¼ nEg=2: ð1:26Þ

The DOS of the GNR is then obtained as

DGNRðEÞ ¼
X
n

DGNRðn;EÞ ð1:27Þ

Similarly as in graphene, where the carrier density can be tuned via an applied
gate voltage VG, the carrier density in a GNR,

nGNR ¼ 4kBT
p�hvF

X
n

Z1

En=kBT

uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 � ðEn=kBTÞ2

q du
1þ expðu� gÞ ; ð1:28Þ

where g ¼ EF=kBT ; is also dependent on VG through the relation EF ¼ eVG. Then,
by denoting with ni the intrinsic carrier concentration corresponding to g ¼ EF ¼ 0
in (1.28), for an arbitrary Fermi level we have

n ffi ni expðgÞ; p ffi ni expð�gÞ ð1:29Þ

The total charge, defined as Q ¼ eðp� nÞ; determines the quantum capacitance
Cq ¼ @Q=@VG as

Cq ¼ ½2e2kBT=pð�hvFÞ2� ln½2ð1þ coshðeVG=kBTÞÞ� ð1:30Þ

which, when eVG [ [ kBT ; becomes

Cq ffi e2DGNRðeVGÞ: ð1:31Þ

Because the massless charge carriers in graphene are described by a Dirac-like
equation, similar to that describing ultrarelativistic spin-1/2 massive particles, we
can test in graphene effects predicted by quantum field theories. One of them is the

Table 1.1 The bandgap of
GNR

Width (nm) Eg (meV)

15 100

30 20

60 5

90 3
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Klein paradox, which in graphene predicts that potential barriers, as those forming
at an interface between regions with potential energies V1 [ 0 and V2\0 (see
Fig. 1.10), do not impede charge carrier transport. More precisely, charge carriers
propagate through such potential barriers by (successive) transformations of elec-
tron states into hole states and vice versa (Katsnelson et al. 2006). However, the
Klein paradox at a step-like barrier is more controversial since it predicts higher
than 1 reflection and negative transmission coefficients, associated to the creation of
electron-positron pairs at the potential discontinuity. Thus, transport experiments in
n-p junctions in graphene are able to test these predictions, which cannot be verified
up to now for relativistic massive particles. In particular, the Klein paradox at a
step-like barrier with the above-mentioned meaning is invalidated in graphene, both
by theory (Dragoman 2009) and experiments (Young and Kim 2009; Stander et al.
2009) demonstrating that even at a step-like barrier, i.e. at an n-p junction, the
reflection and transmission coefficients of charge carriers are less than 1.

The Dirac spinors W1 and W2, which satisfy the Dirac-like equation for an
electron wavefunction incident at an angle u1 with respect to the x axis from region
1 on a barrier of height V0 ¼ V2 � V1 and width D (see Fig. 1.11), are given by

W1ðx; yÞ ¼
½expðik1xÞþ r expð�ik1xÞ� expðikyyÞ; x	 0
½aexpðik2xÞþ b expð�ik2xÞ� expðikyyÞ; 0\x\D
t expðik3xÞ expðikyyÞ; x
D

8<
: ð1:32aÞ

W2ðx; yÞ ¼
s1½expðik1xþ iu1Þ � r expð�ik1x� iu1Þ� expðikyyÞ; x	 0
s2½a expðik2xþ iu2Þ � b expð�ik2x� iu2Þ� expðikyyÞ; 0\x\D
s3texpðik3xþ iu3Þ expðikyyÞ; x
D

8<
: :

ð1:32bÞ

In the above equations, the x wavevector components in the three regions can be
approximated by:

k1 ¼ kF cosu1 ¼ ½ðE � V1Þ2=�h2v2F � k2y �1=2; ð1:33aÞ

E

x V = V1 V = V2

electrons holes

V = V1

electrons

Fig. 1.10 Klein paradox in
graphene
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k2;3 ¼ ½ðE � V2;3Þ2=�h2v2F � k2y �1=2; ð1:33bÞ

where kF is the Fermi wavenumber, ky ¼ kF sinu1, the propagation angles in the
second and third regions are u2;3 ¼ tan�1ðky=k2;3Þ; si ¼ sgnðE � ViÞ; i = 1, 2, 3,
with E the electron energy. Note that (1.32a, 1.32b) and (1.33a, 1.33b) can describe
propagation of electrons through a gated region, which induces a potential V0, in the
presence of a bias V applied on the structure, such that the potential energy can be
modelled as having a step-like variation (Dragoman and Dragoman 2007a). In the
last case V1 ¼ 0; V2 ¼ V0 � eV=2; and V3 ¼ �eV :

Then, the transmission coefficient through the barrier, defined as

T ¼ s3 cosðu3Þjtj2=s1 cosðu1Þ; ð1:34Þ

is computed using the wavefunction continuity requirement at the x ¼ 0 and x ¼ D
interfaces. The results show that, when the electron energy E is higher than the
potential energy, as is the case in the first and third regions in Fig. 1.11, electrons are
involved in the transport, but in the barrier region, where the electron energy is smaller
than the potential energy, holes take over the charge transport role. The term “barrier”
in graphene does not refer to a region of evanescent propagation as in common
semiconductors, at least for normal incidence, but a region in which an abrupt change
in charge carrier concentration and/or type (holes or electrons) takes place.

In particular, in a gated region in the absence of an applied bias, i.e. when
V3 ¼ V1 ¼ 0 and V2 ¼ V0, the reflection coefficient has a simple analytic formula
(Katsnelson et al. 2006):

r ¼ 2iexpðiu1Þ sinðk2DÞ½sinu1 � s1s2 sinu2�
s1s2½expð�ik2DÞ cosðu1 þu2Þþ expðik2DÞ cosðu1 � u2Þ� � 2isinðkxDÞ ð1:35Þ

If jV0j � jEj; the transmission coefficient T ¼ jtj2 ¼ 1� jrj2 is

T ffi cos2 u1=½1� cos2ðk2DÞ sin2 u1� ð1:36Þ

E

V = V1 V2 V3

x = 0 x = D
x

region 1 2        3Fig. 1.11 Tunneling of Dirac
fermions through a
rectangular barrier
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and there are resonances, i.e. T = 1, when

k2D ¼ pN; ð1:37Þ

with N an integer.
The fact that the transmission T is angle dependent was experimentally

demonstrated in (Sutar et al. 2012). More importantly, the barrier becomes trans-
parent, i.e. T = 1, at normal incidence, for u1 ¼ 0; which is a specific manifestation
of the Klein paradox, or Klein effect, in monolayer graphene. On the contrary, in
bilayer graphene, in which charge carriers have a finite mass, T = 0 at normal
incidence (Katsnelson et al. 2006).

The Klein paradox in graphene is an interesting effect from a physical point of
view, but a detrimental effect for graphene ballistic devices, since the modulation of
the transmission coefficient T using electrostatic gates at normal incidence is not
possible because always T = 1. This situation, encountered only in graphene
devices, is solved by using oblique incidence, i.e. oblique gates (Katsnelson et al.
2006), or magnetic fields.

In the case of an oblique electrostatic gate, as the one depicted in Fig. 1.12a, the
transmission coefficient can be tuned by varying either the applied gate voltage
V2 ¼ eVG or the applied drain voltage VD, as can be seen from Fig. 1.12b, where the
three curves correspond to different Fermi levels/gate voltages. The voltage region
where T = 0 in this figure corresponds to the range of parameter values for which the
wavenumber in the gated region is imaginary. As a result, the device displays a
negative differential resistance (NDR) region, the current decreasing dramatically in
the region with T = 0 while the voltage increases (Dragoman and Dragoman 2007a).

x

y

V=V1 V = V2

r

ϕ1 ϕ2

t

Graphene

V = V3

ϕ 3

(a)

 (b) 

Fig. 1.12 a Carrier transport
through an obliquely gated
graphene region and b voltage
dependence of the
transmission coefficient for
different gate values (from
Dragoman and Dragoman
2007a)
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Low transmission regions can be obtained also in periodically gated structures due to
the formation of minibands (Dragoman and Dragoman 2008a).

A ballistic graphene FET with an oblique gate was recently fabricated and the
NDR effect due to the modulation of the transmission was experimentally evi-
denced (Dragoman et al. 2014a) and is displayed in Fig. 1.13. A room-temperature
peak-to-valley ratio of 9 was obtained in the NDR region of this graphene FET with
a top gate having a tilting angle of 45° and a drain-source distance of 400 nm. Tens
of such devices were fabricated on a chip cut from a 4-in. graphene wafer grown by
CVD.

The Klein tunneling was experimentally evidenced in graphene p-n junctions
(Young and Kim 2009; Stander et al. 2009) by tuning the top gate and backgates of
devices fabricated on doped Si/SiO2 structures. More precisely, in (Young and Kim
2009) theKlein tunneling effect is evidenced by conductancemeasurements under the
hypothesis that the application of a magnetic field on ballistic heterostructures bends
the trajectories of carriers, so that the resulting Aharonov-Bohm phase modifies the
angle of incidence on the p-n junction. In this case, the conductance is given by

G ffi ð8e2=hÞ
X
ky

jTþ j2jT�j2jRþ j2jR�j2 cosuexpð�2L=lÞ ð1:38Þ

where T� and R� are the transmitted and reflected wavefunction amplitudes for the
forbidden regions located at x ¼ �L=2; u is a sum of the semiclassical phase due to
interfering trajectories and the backreflection phase, L is the gate length of the Klein
device depicted in Fig. 1.14, and l is the mean-free path. In magnetic fields, the
conductance oscillates as a function of the carrier density, showing phase shifts that

D
400 nm

Graphene 
monolayer

S

Oblique 
gate

40 nm

Fig. 1.13 Ballistic graphene FET with oblique gate (from Dragoman et al. 2014a)
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indicate perfect transmission. When T ¼ 1; i.e. when Klein tunneling occurs, a
phase jump of p is observed. The measurements are made at low temperature. In
(Stander et al. 2009) Klein tunnelling was evidenced by resistance measurements in
top-gated graphene structures with abrupt gate-induced potential steps, using a
four-probe measurement setup.

A graphene Klein tunneling transistor based on a gate having a prism chain
configuration was recently proposed (Wilmart et al. 2014) and is illustrated
schematically in Fig. 1.15. Total reflection can be induced in this n-doped prism
surrounded by p-doped regions, depending on the gate voltage. The reflection angle
and the angle-dependent transmission of carriers are determined by the refractive
index-like parameter

m ¼ �ðn=pÞ1=2 ð1:39Þ

Denoting by ai and ar the angles of incidence and transmission of ballistic
carriers at the tunnelling prism, respectively, the Snell law applied to the prism is
expressed as

sin ai ¼ msinar ð1:40Þ

Magnetic 
field

Backgate 

Top gateD SGraphene
Oxide

Fig. 1.14 Ballistic device for
Klein tunneling
measurements

p-graphene

n-doping 
gate

p-graphene

L

d
Fig. 1.15 Klein tunneling
transistor
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The transistor is in the off state (small conductance) when n � p and in the on
state (large conductance) when n ffi p: The gate length L is around 100 nm and the
distance d between two different doped regions is around 10 nm.

Besides Klein paradox, another quantum effect that can be tested in graphene is
the atomic collapse. An atomic collapse state due to strong Coulomb interactions is
predicted by the quantum field theory if the charge of a superheavy atomic nucleus
exceeds a certain threshold. At the threshold condition, i.e. at resonance, the electron
wavefunction plunges towards the nucleus and, simultaneously, a positron escapes
to infinity. Because the charge carriers in graphene are analoguous to massless
relativistic particles, highly charged impurities could display resonances mimicking
the atomic collapse. Such an experiment was recently performed (Wang et al. 2013)
using artificial nuclei consisting of clusters of charged Ca dimmers placed on gated
graphene devices and manipulated by a scanning tunneling microscope (STM). The
atomic collapse-like states, observed in larger clusters, are distinguished by a peak in
the dI=dV dependence on voltage situated below the Dirac point.

The thermal properties of graphene are also impressive, and are reviewed in
(Balandin 2011). The Fourier equation for the heat flux q is q ¼ �KrT; where K is
the thermal conductivity and rT is the temperature gradient. The thermal con-
ductivity K ¼ Kp þKe has two contributions: one from phonons, Kp, and the other
from electrons, Ke. In metals, the electrons’ contribution to thermal conductivity is
dominant, while in carbon-based materials the phonons’ contribution prevails.

Carbon nanotubes and graphene have thermal conductivities with about one order
of magnitude larger than that of copper. In copper, which is used for interconnections
in very large scale integrated circuits, partly because of its high thermal conductivity,
K = 400 W mK−1. Multiwalled CNTs have thermal conductivities >3000 W mK−1,
while in graphene this parameter takes values in the range 2000–5000 W mK−1.

Graphene has also important thermoelectric properties. Although experiments
have shown thermoelectric power values of 100 lV/K and the Seebeck coefficient
S is high and tunable by the gate voltage, the figure of merit of graphene is around 1
due to a high phonon thermal conductivity Kp. The figure of merit, defined as
ZT ¼ S2GT=ðKe þKpÞ; with G the electronic conductance, can be enhanced in
GNRs up to 4, since edge disorder can reduce Kp (Sevinçli and Cuniberti 2010).
Alternatively, a periodic electrode structure patterned on graphene (Dragoman and
Dragoman 2007b) can maximize the Seebeck coefficient, which is given by

S ¼ DV=DT ¼ ðp2k2BT=3eÞ@lnTqðEÞ=@E E¼EFj ð1:41Þ

where TqðEÞ is the energy-dependent quantum transmission coefficient of ballistic
electrons through the structure represented in Fig. 1.16. For maximum S values, the
transmission TqðEÞ must consist of a series of sharp peaks, which can develop at the
edges of the minibands induced in this periodic structure. At these edges, the
thermoelectric effect is giant, a typical dependence of the Seebeck coefficient on the
gate voltage being diplayed in Fig. 1.17.
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Finally, we summarize in Table 1.2 the main physical properties of graphene;
other properties will be revealed during the next sections, which deal with graphene
applications in nanoelectronics, sensors, and photonics.

The physical properties of graphene are strongly dependent on the growth
methods. There are many review papers and several books about this subject (see,
for instance Whitener Jr and Sheehan (2014)), the main growth methods and the
yield of each of them being indicated in Table 1.3. Nowadays, two methods are
intensively used. The first one, in which graphene is grown via CVD on Cu sub-
strates, is most intensively used because it is able to produce graphene on 4-in. and
even 6-in. Si wafers by transfer methods, but the quality of graphene still needs to
be improved. The second method, of epitaxial graphene growth starting from SiC is
also very promising, but implies very expensive equipments and high working
temperatures. The quality of graphene is comparable with the CVD method, but
large graphene areas are still expensive to be produced.

n-Si (gate)

SiO2

Graphene

Metal

Heat flow

Electrode array VG

ΔV

Fig. 1.16 Thermoelectric graphene structure periodically loaded with metallic electrodes

Fig. 1.17 The Seebeck
coefficient of the structure
represented in Fig. 1.16 (from
Dragoman and Dragoman
2007b)
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1.2 Nanoelectronics on 2D Carbon-Based Materials

1.2.1 The Graphene FET

The most studied graphene-based device is the graphene FET. All graphene
physical properties recommend graphene as channel for FET applications
(Dragoman and Dragoman 2009). We have presented above the top gate (TG) and
backgate (BG) configurations of the graphene FET, which directly revealed the
physical properties of graphene.

For a more detailed discussion of the graphene FET let us consider the TG
configuration in the quantum capacitance limit regime, where the gate capacitance
is much higher than the quantum capacitance: CG � Cq. We follow further this
model since it is able to provide the basic characteristics of graphene FETs. In the
quantum capacitance limit regime, the drain current has the expression (Parrish and
Akinwande 2012):

ID ¼ eW=L
ZL

0

nðxÞvdriftdx ð1:42Þ

Table 1.2 The main physical parameters of graphene

Parameter Value at room temperature Applications

Mean-free-path 400 nm, even 1 lm or greater for
graphene deposited on h-BN

ballistic devices: transistors and diodes
for microwave, THz or photonics

Mobility 40,000 cm2/V s (intrinsic)
100,000 cm2/V s in suspended
graphene or in graphene deposited
on h-BN

transistors, high-frequency applications

Effective mass
of carriers

0 close to the Dirac point ballistic devices

Thermal
conductivity

5000 W/mK, higher than in many
metals

thermal interfaces, interconnects

Young
modulus

1.5 TPa, ten times greater than in
steel

NEMS, sensors

Table 1.3 Graphene growth methods properties

Material Method Yield Graphene surface

Graphite Repetitive peeling of HOPG Low Small

SiC Desorption of Si atoms at high temperature Moderate Moderate (3–4 in.
wafers)

GO GO dispersion into hydrazine High Large

CVD Gas mixture (CH4 and H2) Very high Very large (30 in.)
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where L is the gate/channel length, W is the gate width, and x is the position along
the channel. The drift velocity is given by

vdrift ¼ lE=½1þðlE=vsatÞa�1=a ð1:43Þ

where a = 2 for graphene transistors, and the saturation velocity vsat ¼ vF=2 is
constant.

If the channel voltage increases linearly with x:

Vch ¼ ðx=LÞVD; ð1:44Þ

the surface potential is given by

usðxÞ ¼ VG � VchðxÞ: ð1:45Þ

Considering that

n ¼ n0 þ ½eusðxÞ�2=p�h2v2F ð1:46Þ

where n0 is the concentration of impurities and intrinsic carriers, we obtain the
following analytic expression for the main DC characteristics IDðVD;VGÞ of the
graphene FET, where VG is the gate voltage:

IDðVD;VGÞ ¼ eðW=LÞl�VD½n0 þ cðV2
G þV2

D=3� VDVGÞ�: ð1:47Þ

In (1.47), n0 ffi 1011 cm−2, l� ¼ l 1þðlVD=vsatLÞ½ � and c ¼ e2=p�h2v2F is a
constant.

Inversely, if the mobility is not known, it can be extracted from DC measure-
ments of IDðVD;VGÞ according to the formula

l ¼ 1
en

@ID=W
@VD=L

ð1:48Þ

We consider further some examples (Dragoman and Dragoman 2014). The
ID � VD curve consists of three regions, as shown in Fig. 1.18: (I) the sublinear
region, (II) the saturation region, where the Dirac point is retrieved at VD ¼ VG, and
(III) the superlinear region, which originate in the lack of a graphene monolayer
bandgap.

The ID � VG dependence is represented in Fig. 1.19. Note that the drain current
does not vanish when the gate voltage is zero, due to the finite minimum con-
ductivity of graphene. The minimum value of the IDðVGÞ curve is obtained at the
Dirac point, VG;Dirac. If VG [VG;Dirac, the conductivity is of n-type, whereas p-type
conductivity is obtained for VG\VG;Dirac. The ID � VG curve has a typical
“V-like”-shape for any graphene FET. The ambipolar transport, which is the
imprint of 2D materials, is at the origin of this V-shaped dependence.
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The large graphene/metal contact resistance is a serious problem of graphene
transistors, downgrading significantly the graphene FET performances. This issue is
an intensive subject of research, and a large amount of information on this subject
has been gained in recent years. In particular, metals with high workfunctions, more
precisely with workfunctions near that of graphene (−4.5 eV) are selected for low
contact resistance (Reddy et al. 2011). For example, Ti/Pd/Au has a contact
resistance of 750 X lm, i.e. a contact resistivity of 2 � 10−6 X cm2, which is
similar to the contact resistance in GaAs technology (Huang et al. 2011a). In
addition, various technological treatments can reduce the contact resistance of
graphene FETs (see Leong et al. (2014) and the references therein), such as soft
plasma treatment, ultraviolet/ozone treatment and annealing. The role of these
treatments is to destroy the resist residues, which are left on graphene FETs during
their fabrication processes via lithographic techniques, such as electron-beam
lithography. As shown in (Leong et al. 2014), residue-free metal (Ni)-graphene
contacts can be fabricated using a shadow mask. It was found that the contact
resistance is reduced from 600 to 340 X lm (these values depend slightly on the
gate voltage) by annealing for 1 h at 300 °C, because carbon dissolves from gra-
phene into Ni at the chemisorbed Ni-graphene interface, producing many
end-contacts between metal and the dangling bonds, these contacts causing a sig-
nificant decrease of the contact resistance.

ID

VD

I
II

III

0

Fig. 1.18 Typical ID � VD

dependence of graphene FETs
at a certain gate voltage

ID

VG0

Fig. 1.19 Typical ID � VG

dependence of graphene FETs
at a certain drain voltage
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There are different graphene-FETs, with different operation principles. For
instance, graphene MOSFETs are similar to any MOSFETs, except that graphene is
the channel. There also graphene FETs with various gate architectures, such as top
gate and/or backgate, side gates, tunnel graphene FETs and vertical FETs
(Schwiertz 2013).

In the graphene MOSFET (see Fig. 1.20), the top gate and/or backgate
transconductance, defined as gm ¼ @ID=@VG, determines the cutoff frequency of the
transistor fT ¼ gm=ð2pCGÞ; where CG is the gate capacitance.

A high cutoff frequency is possible if gm is high and the gate length is small. The
self-aligned gate technology applied to graphene FETs displays cutoff frequencies
beyond 300 GHz (Liao et al. 2010). The graphene FET performances can be further
enhanced if the device works in the quantum capacitance limit. This means a
thickness of the oxide of few nm and high-permittivity dielectrics. For example, a
graphene FET based on Y2O3 (relative permittivity of 10) gate dielectric with a
thickness of 3.9 nm and an oxide capacitance of 2.28 lF/cm2, works near the
quantum capacitance limt (Xu et al. 2011). In this case, the cutoff frequency of the
graphene FET, fT , and fmax (the maximum frequency at which the transistor
oscillates and provides power, i.e. the frequency for which the power gain is 1) can
be defined using its equivalent circuit represented in Fig. 1.21.

For graphene MOSFETs the following intrinsic transistor formulas apply:

fT ;int ¼ gm=½2pðCGS þCGDÞ� ð1:49aÞ

fmax;int ¼ ðgm=4pCGSÞ � ðgDRintÞ�0:5 ð1:49bÞ

while the corresponding extrinsic parameters describe the whole device:

fT ¼ fT ;int½1þ gDðRS þRDÞþ ðCGDgmðRS þRDÞ=ðCGS þCGDÞÞ��1 ð1:50aÞ

fmax ¼ ðgm=4pCGSÞ½gDðRint þRS þRGÞþ gmRGðCGD=CGSÞ��0:5 ð1:50bÞ

The intrinsic graphene FET represented by the gate region and the graphene
channel controlled by the gate in Fig. 1.20, has the following equivalent elements,
illustrated in Fig. 1.21: the capacitance between gate and source CGS, the

Backgate - doped Si substrate

Graphene

Oxide

Top gate
Source Drain

SiO2

Fig. 1.20 Graphene MOSFET configuration
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transconductance gm, the differential resistance rDS, where r�1
DS ¼ gD ¼ @ID=@VD,

and the resistance Rint. The gain of the intrinsic transistor is defined as
gint ¼ gm=gD. On the contrary, the external transistor contains the gate, drain and
source resistances, denoted by RG, RD and RS, respectively. The equivalent circuit
components of the intrinsic transistor, and fT and fmax are bias dependent. To obtain
highest values for both fT and fmax, the FET must work in the saturation region,
condition difficult to achieve since graphene FETs do not have such a region.

There are more elaborate models of graphene FETs, valid either for diffusive
transport FETs (Thiele et al. 2010) or for ballistic FETs extended to diffusive
transport based on quantum mechanics (see Vincenzi et al. (2012) and the refer-
ences therein). Both models are based in principle on lumped elements. A simple
lumped model for graphene FETs with top and backgates, which is able to estimate
the high-frequency performance of these transistors (Thiele et al. 2010), is based on
the small-signal behavior in the limit RG ¼ 0: The most important parameters to be
determined are CGS and CGD. We have (Thiele et al. 2010):

CGS ¼ �dQch=dVG�top

��
VD¼const ð1:51aÞ

CGD ¼ �dQch=dVDjVG�top¼const ð1:51bÞ

where the charge in the channel, Qch, is given by

Qch ¼ eW
Z VD

0
ðp� nÞ½ðeqshlW=IDÞþ ðl=vsatÞ�dV ð1:52Þ
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Fig. 1.21 Equivalent circuit of a graphene FET
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with the sheet carrier density qsh as

eqsh ¼ Qsh ¼ jCqVch=2j ð1:53Þ

The parameters Cq, which represents the quantum capacitance, and Vch, which is
the voltage across Cq, are determined from the system of equations

Cq ¼ ð2e2=pÞejVchjj=ð�hvFÞ2 ð1:54aÞ

Vch ¼ ½VG�top � VðxÞ�ðCox�top=Cox;eqÞþ ½VG�back � VðxÞ�ðCox�back=Cox;eqÞ
ð1:54bÞ

where Cox;eq ¼ Cox�top þCox�back þCq=2: The system of (1.54a, 1.54b) is derived
from the capacitive equivalent circuit of the gate, shown in Fig. 1.22.

Finally, the carrier density sheet can be expressed as

n ¼ 2=½pð�hvFÞ2� �
Z1

0

½exp½ðE � EFÞ=kBT � þ 1��1EdE ð1:55aÞ

p ¼ 2=½pð�hvFÞ2� �
Z1

0

½exp½ðEþEFÞ=kBT � þ 1��1EdE ð1:55bÞ

Then, CGS and CGD can be computed from this rather simple model, which
involves a nonlinear systems of equations.

In graphene MOSFETs with long gate lengths (L > 200 nm) modeled as above,
fT shows a 1=L dependence and increases as the mobility increases. If the gate
length is less than 100 nm, the cutoff frequencies of graphene FETs are very high,
around 500–600 GHz, and compete with the fastest transistors ever known, such as
InP HEMTs or GaAs mHEMTs. However, fmax of graphene MOSFETs is much
lower (tens of GHz) than in InP HEMTs (hundreds of GHz). The degradation of
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CGS-top CGS-back

Vch
Vch Cq
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VGS-top VGS-backTop
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Fig. 1.22 Gate capacitances and their associated voltages
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fmax is caused by the large drain-source conductance, which derives from the fact
that saturation is not accomplished in graphene due to the lack of a bandgap. The
large source-drain series resistance contributes also to the degradation of power
gain and fmax.

In realistic transistor configurations, the graphene MOSFET has ungated regions
between source/drain electrodes and the gate. These regions determine an access
resistance, which lowers the drain current and the transconductance. Moreover, the
ungated regions favor adsorbtion of various molecules in ambient conditions, which
could degrade the transistor channel during and after processing. Therefore, for
enhanced performances it is necessary to reduce to minimum the access region
between source/drain and gate, expressed by an access length LA. The best method
to address the access length problem in a FET is the self-aligned source/drain
electrodes technique, illustrated in Fig. 1.23. In this technique, the source and drain
electrodes are defined by the gate electrode, which plays the key role in reducing
LA. The undercut region in the self-aligned transistor, shown in Fig. 1.23b, is
obtained via wet-etching, which confers a very small access resistance (Jung et al.
2013). Such self-aligned FETs with a gate length of 3 lm display good performances:
mobility of 6100 cm2/V s, normalized contact resistance RcW ¼ 412X � lm, gate
leakage currents smaller than 1 nA, and a cutoff frequency of 13 GHz. The
transconductance is about one order of magnitude higher than in normal top gate
graphene FETs: 114 versus 14 lS.

Better performances are obtained in FETs with sub-100 nm channel length,
where the local gate is a highly doped GaN nanowire having an electrical per-
mittivity of 10 (Liao et al. 2010). The transit time in such devices is 120–220 fs, the
cutoff frequency varies in the range 700–1400 GHz, and the transconductance is
about 2 mS/lm. The GaN nanowire has a sidewidth of 50–100 nm and a length of
10 lm. The electrical carrier density is about n ffi 2� 1019 cm−3. This graphene
transistor, among the best known up to now, is represented in Fig. 1.24.

As shown in Fig. 1.25, there is a Schottky barrier between the GaN nanowire
and graphene, which reduces the leakage current between the graphene channel and
the GaN gate. It is worth noting that graphene has Schottky contact with many
semiconductors, such as Si and GaAs, this feature being used in various
applications.
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Fig. 1.23 Self-aligned graphene FET a cross section b detail in gate region
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The graphene FET in Fig. 1.24 displays rather impressing properties, such as a
drain current of 10 mA at VD = 1 V and VG = 0.5 V. The transconductance peak is
−4.6 mS at the same drain voltage, i.e. 2.3 mS/lm considering that the channel has
a width of 2 lm. This is among the highest transconductances attained in graphene
FETs. The current density, of about 2:3� 109 A/cm2, is comparable with that in
metallic carbon nanotubes and is three orders of magnitude higher than in CMOS
transistors with copper electrodes.

The transit time of the transistor is defined as

str ¼ CGS=gm ð1:56Þ

and the intrinsic cutoff frequency is then given by

fT ¼ 1=ð2pstrÞ ð1:57Þ

Considering that the gate length of the graphene FET is L = 90 nm, we obtain str
about 0.19 ps at VD = 1 V and a cutoff frequency of 840 GHz, meaning that this
transistor is 4–5 times faster than a similar Si MOSFET with the same L, which has
a cutoff frequency of only 200 GHz. The transit time of graphene FETs for various
gate lengths under 100 nm is represented in Fig. 1.26, while the cutoff frequency
for various gate lengths is displayed in Fig. 1.27. From Fig. 1.27 it follows that for
channels shorter than 70 nm the cutoff frequencies exceed 1 THz.
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Fig. 1.24 Graphene
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contacts and sub-100 nm gate
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Fig. 1.25 The graphene-GaN
Schottky contact
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The transit time can be also expressed as

str ¼ L=vdrift ð1:58Þ

the intrinsic cutoff frequency becoming then

fT ¼ vdrift=2pL ð1:59Þ

Because the drift velocity is about 4.3 �107 cm/s, the transistor cutoff frequency
scales as

fT ;intrinsic ¼ 70 GHz=L ðlmÞ ð1:60Þ

High-frequency self-aligned gated transistors work up to millimeterwaves. For
example, a self-aligned graphene FET fabricated via transferred gate stacks (Cheng
et al. 2012) has a cutoff frequency of 427 GHz. In this case, the gate stacks are
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FET (after Liao et al. 2010)
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Fig. 1.27 Cutoff frequency
dependence on the channel
length in a graphene FET
(after Liao et al. 2010)
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fabricated separately via e-beam patterning and RIE etching, and then transferred
on any substrate on which a graphene monolayer acting as a channel is placed. The
self-aligned geometry is then followed to obtain low access resistance and parasitic
capacitance. The fmax parameter of the transistor is, however, much lower, attaining
29 GHz for a 220 nm long channel. In this case, fmax was determined via Mason’s
unilateral power gain (Cheng et al. 2012), from the relation U1=2ðf Þ ¼ 1 (see
Fig. 1.29), where

U ¼ ½jðS21=S12Þ � 1j2=2�=ðkU jS21=S12j � Re½S21=S12�Þ ð1:61Þ

and

kU ¼ ð1� jS11j2 � jS22j2 þ jS12S22 � S21S12j2Þ=ð2jS12S22jÞ; ð1:62Þ

Sij, i, j = 1, 2 being the scattering parameters. Figure 1.28 suggests that the highest
fmax is obtained for an optimal gate length, and not the smallest channel length.

One of graphene FET configurations with the most impressive records is that
containing an aligned T-gate on the C-face of the SiC substrate. This graphene FET
configuration, schematically represented in Fig. 1.29, has fmax = 70 GHz (Guo
et al. 2013). This high fmax value is the result of a high mobility, of 8700 cm2/V s,
and a low contact resistance of the (Ti/Au) electrode, Rc < 100 X lm. The contact
resistance is given by

Rc ¼ ð1=2ÞðR2p � RchannelÞ ð1:63Þ

where R2p is the two-port resistance.
The cutoff frequency of the T-gate graphene FET is 33 GHz for a gate length of

250 nm and about 100 GHz for a gate length of 100 nm.
The extrinsic fmax is defined by

fmax ¼ fT=ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDðRG þRSDÞþ 2pfTRGCG

p
Þ ð1:64Þ
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Fig. 1.28 Determination of
fmax for self-aligned graphene
FETs with different gate
lengths Li, i = 1, 2, 3
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the parameters entering expression (1.64) having the values of gD = 2 mS, the
source-drain access resistance RSD ¼ 15 X, RG = 3 X, and CG ¼ 5 pF for the T-gate
graphene FET with a 250-nm-long gate. Since in this case the resistance contact is
low, we can compute fmax as

fmax ¼ fT=ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDðRG þRSDÞ

p
Þ ð1:65Þ

and it is possible to obtain simultaneously high fT and fmax. For instance, multifinger
embedded T-shaped gate graphene RF transistors with a high fmax/fT ratio were
fabricated recently (Han et al. 2013). They have an fmax of 20 GHz, about 40%
higher than fT , at a drain bias of 1 V.

High transconductance values (590 mS/mm) can be obtained using side gate
graphene transistors, as that represented in Fig. 1.30, with a lateral gate-channel
separation dG�ch (Hähnlein et al. 2012). In this type of graphene FETs the gate
capacitance is determined by the fringing capacitance, given by

Cf ¼ ðer þ 1Þe0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kð1� k2Þ

p
=KðkÞ ð1:66Þ

where er is the dielectric constant of the substrate (SiC for the graphene FET with
side gates reported by Hähnlein et al. 2012), KðkÞ is the elliptic integral of the first
kind with argument k ¼ ½dG�ch=ðdG�ch þWÞ�1=2, where W is the channel width (see
the notations and their significance in Fig. 1.30). The fringing capacitance per unit
area is defined as C0

f ¼ Cf =ðW � LÞ; and it takes rather small values, of 0.12–0.16
lF/cm2, depending on dG�ch (95–155 nm) and W (55–67 nm), justifying thus the
high transconductance of the side gate graphene FET.

Radio frequency transistors from millimeter-scale graphene monolayer domains
of typically hexagonal shape grown by CVD, with fmax = 35 GHz and a cutoff
frequency of 178 GHz were reported by (Wei et al. 2014). These graphene FETs,
patterned on a Si/SiO2 substrate, with high resistive Si, have Pd/Au (20/40 nm)
source and drain metal contacts, which provide a low contact resistance.
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Fig. 1.29 Graphene FET with self-aligned contacts T-gate
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The 10 nm-thick Al2O3 gate dielectric was grown by atomic layer deposition
(ALD), which is a standard growth method for all graphene FETs working at high
frequencies. Initially, a 2 nm Al layer was pre-deposited on graphene by the e-beam
method, in order to improve the interface between Al2O3 and graphene. The
transistor configuration, represented in Fig. 1.31, has a fork-like gate.

In Fig. 1.32 we have illustrated the electrode layout of the graphene FET in
coplanar configuration, which is the standard configuration for high-frequency
transistors and integrated high-frequency transistors on various circuits, such as
amplifiers, oscillators etc. The outer electrodes, i.e. the source electrodes, are
grounded in the coplanar configuration, while the central electrode is the signal
electrode. In order to exemplify the coplanar graphene FET configuration, Fig. 1.33
presents the SEM image of a graphene FET for high frequencies, which act as a
microwave switch (Deligeorgis et al. 2010), while Fig. 1.34 shows the way in
which the coplanar electrodes of this type of graphene FET are connected to
probe-tips for measurements.
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Fig. 1.30 Graphene FET
with lateral gates
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Fig. 1.31 The graphene FET
with a fork-like gate
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In Fig. 1.35 we have represented with dashed line the mobility of a coplanar
graphene FET as a function of the drain voltage, when the top gate voltage is zero.
From this figure it follows that the peak mobility is of 9000 cm2/V s at a drain
voltage of 3 V while at VD = 4 V there is a drop in mobility, which corresponds to
the position of the Dirac point.

Graphene 
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S

G D

Dielectric

Fig. 1.32 Coplanar graphene FET electrodes
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D

Fig. 1.33 SEM image of graphene FET with fork-like gate (from Deligeorgis et al. 2010)
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Batch production of graphene FETs on solid or flexible substrates is performed
at 4- and 6-in. wafer scale, 12-in. wafers being expected in few years (Zurutuza and
Marinelli 2014). An example of a graphene chip with ballistic graphene FETs is
illustrated in Fig. 1.36 (Dragoman et al. 2014a).

The development of graphene FETs on flexible substrates is encouraged by the
exceptional mechanical properties of graphene (Lee et al. 2008). In particular, the
Young elastic modulus of monolayer graphene is 1 Tpa, conferring to this material
a large bending ability, while the breaking strength is 42 N/m, graphene being
stronger than steel. In this respect, it was recently demonstrated that multilayer
graphene could be used as body armor against bullets (Lee et al. 2014). In addition,
stretching of graphene is impressive. The stretching could attain 30% or more in
graphene films on PDMS substrates, inducing a change of the sheet resistance by
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Fig. 1.34 Graphene FET in a coplanar configuration for RF measurement

Fig. 1.35 The graphene FET
mobility
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only one order of magnitude, as can be seen from Fig. 1.37 (Kim et al. 2009),
whereas the sheet resistance of ITO increases dramatically after only 2.5%
stretching. The stretching in Fig. 1.37 was applied along the y direction, the PDMS
substrate being isotropically stretched by 12% to prevent mechanical failure.
Bending and stretching are the two main mechanical properties relevant for gra-
phene FETs on flexible substrates.

There are many types of graphene FETs on flexible substrates (Sharma and Ahn
2013): with commercially available inorganic materials, with ion-gel gate dielectric
for printable electronics, and/or with self-healing dielectric gates. Also, the
geometry of graphene FETs depends on applications, such as digital electronics,
microwave applications or sensors.

Fig. 1.36 The graphene FETs on a graphene chip grown by CVD (from Dragoman et al. 2014a)
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Fig. 1.37 Resistance change
due to stretching of a
graphene film along the
y direction (after Kim et al.
2009)
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A first approach towards flexible FETs is to have a graphene channel, a high
dielectric constant oxide, such as Al2O3, and a flexible substrate, such as PET (see
Fig. 1.38). This is a self-aligned transistor on a plastic substrate, which uses the
natural formation of Al2O3 as gate dielectric (Lu et al. 2012) and the transfer of
CVD grown graphene on the PET substrate. The thickness of the oxide is at least
5 nm, and it self-heals at air exposure in a couple of hours when damaged by
bending and stretching. In contrast to common gate dielectrics used for graphene
FET transistors on solid substrates, such as HfO2, which has a high growth tem-
perature, Al2O3 in the example above was naturally obtained via air exposure of Al;
Al is the top gate of the transistor in Fig. 1.38.

A standard approach for fabricating flexible graphene FETs is to use ion gel
liquid and gelating triblock copolymer as gate dielectrics, which have a high
capacitance of about 5 lF/cm2 (Kim et al. 2010). Evidently, such organic-like
transistors have low mobility, typical for organic FETs, i.e. lower than 800 cm2/V s
for holes and 190 cm2/V s for electrons. In particular, the mobilities of the flexible
device reported by (Kim et al. 2010) are about 200 cm2/V s for holes and 90 cm2/
V s for electrons. On PET substrate, the mobility of flexible graphene FETs does
not change its value by more than 20% for a bending radius varying with an order
of magnitude, from 6 to 0.6 cm (see Fig. 1.39, where l0 is the mobility for a
straight substrate). Besides mobility, the on-current of the flexible graphene FET
does not show significant difference when the substrate is considerably bent.

Graphene FETs on flexible substrates display excellent performances when
working as RF FETs. For example, in a bottom gate configuration, as that illustrated
in Fig. 1.40, the extrinsic fmax reaches a maximum of 3.7 GHz while the cutoff
frequency is 10.7 GHz for a strain value of 1.25% (Petrone et al. 2012), the cor-
responding values for a straight surface being 7.2 and 2.6 GHz. In this case, the
oxide is 6 nm thick and was deposited by ALD at 150 °C on a PEN substrate. Both
fmax and fT are not degraded significantly up to the strain limit of 1.75%, while the
mobility of the graphene FET is about 1500 cm2/V s.

High cutoff frequencies of 25 GHz can be obtained in a multifinger
embedded-gate FET fabricated on a 100-lm-thick polyimide (PI) film using as gate
dielectric Al2O3 with a thickness of 10 nm deposited by ALD (Lee et al. 2013). The
graphene channel length of this graphene FET is 500 nm and its width is 100 lm,
the mobility for holes and electrons being 2800 and 3900 cm2/V s, respectively.

PET

Au 

Al Al2O3

Graphene

Fig. 1.38 Flexible graphene
transistor with inorganic
drain, source and gate
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The device has unchanged performances up to a bending radius of 0.7 mm, cor-
responding to 8.6% strain. The tensile strain is given by

e ¼ t=ð2RBÞ ð1:67Þ

where t is the substrate thickness and RB is the bending radius.
Flexible integrated circuits on a PET substrate, such as a low-noise amplifier or a

mixer, were obtained recently at an extrinsic cutoff frequency of 32 GHz and
fmax = 20 GHz (Yeh et al. 2014). In this case, the flexible self-aligned graphene
FET is based on a core-shell Al/AlOx T-shape top gate (see Fig. 1.41). The main
parameters of the transistor are preserved when stretched up to 2.5%.
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Fig. 1.39 Typical
mobility-bending dependence
for flexible graphene FETs
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Fig. 1.40 Microwave FET on PEN substrate
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The ultimate performances of graphene FETs are expected from tunneling and
ballistic FETs. An example of a tunneling transistor is a planar graphene/SiC FET
developed for a superior on-off ratio. In this case, the flow current is horizontal over
the one-dimensional tunneling barrier between multilayer epitaxial graphene, which
acts as planar source and drain contacts, and the coplanar two-dimensional SiC
channel (Kunc et al. 2014). The channel is an accumulation layer located at the
SiC/surface silicate interface generated by high vacuum annealing, as shown in
Fig. 1.42. The SiC accumulation layer and the graphene edge form a Schottky
barrier, such that the equivalent circuit of the transistor consists of two back-to-back
Scottky diodes controlled by the gate voltage.

At low temperatures the current is determined by tunneling, while at high
temperatures the thermionic emission mechanism of the Schottky diode prevails.
The drain current versus drain voltage dependence associated to thermionic emis-
sion is given by

I ¼ A�T3=2Wexpð�e/B=kBTÞ expðeV=nkBTÞ½1� expð�eV=kBTÞ� ð1:68Þ

where A� ¼ 0.35 A/mK−3/2 at room temperature and the effective barrier height /B
varies between 0.8 and 0.25 eV when the gate voltage changes in the range (−4 V,
4 V). In the same gate voltage variation interval, the ideality factor n takes values
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Fig. 1.41 T-shaped gate
self-aligned graphene FET on
PET substrate
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Fig. 1.42 Graphene transistor with planar edge Schottky barrier-tunneling
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between 1.1 and 1.5. The on-off ratio reaches 5 � 106, the low mobility, of
10–20 cm2/V s, being limited by the doped SiC substrate.

Another graphene tunneling transistor is a graphene/h-BN/graphene or
graphene/MoS2/graphene configuration, where one or few atomic layers of hexag-
onal boron nitride or molybdenum disulfide act as barriers while graphene are used
as electrodes. This is a MIM (metal-insulator-metal) configuration in the case of
h-BN since the bandgap of this material is 6 eV and is a MSM (metal-
semiconductor-metal) configuration in the case of MoS2, the bandgap of which is
1.9 eV. The graphene tunneling transistor is depicted in Fig. 1.43.

The vertical tunneling graphene FET is based on two high-quality graphene
contacts, denoted as graphene T and graphene B in Fig. 1.43, encapsulated in h-BN
with a thickness of 20 nm, and surrounding a 1 nm h-BN insulator layer, through
which tunneling takes place. The entire structure is a tunable MIM diode with
a backgate. As a result, the drain current versus drain voltage dependence is similar
to a current-voltage characteristic of a diode tunable via the gate voltage, as that
represented in Fig. 1.44. A high on-off ratio of 50 can be obtained in such tran-
sistors (Britnell et al. 2012). The on-off ratio reaches 105 if h-BN is replaced by
MoS2 in a similar vertical tunneling FET.

In the vertical tunneling graphene FET configuration, the applied electric field
(in modulus) on the barrier and gate regions are given, respectively, by
(Ponomarenko et al. 2013)

jFb j ¼ nTe=e0er ð1:69aÞ

jFGj ¼ ðnB þ nTÞe=e0er ð1:69bÞ

where nB and nT are the induced carrier densities at the two graphene electrodes and
er is the relative electrical permittivity of SiO2 and h-BN, as both materials have
similar dielectric constants.

SiO2

Doped Si -gate

BN

Vb

Graphene T

Graphene B

Fig. 1.43 The vertical tunneling graphene transitor
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Then, the voltage between the graphene electrodes can be expressed as

eVb ¼ eFbd � lðnTÞ � lðnBÞ ð1:70Þ

where d is the thickness of the h-BN barrier and lcðnT ;BÞ are the chemical potentials
of the corresponding graphene electrodes. The sheet density nT under the simplified
assumptions that nT ¼ nB ¼ 0 when no electric fields are applied and that
lcð�nÞ ¼ �lcðnÞ can be derived from

e2dnT=e0er þ lcðnT þ e0erEg=eÞþ eVb ¼ 0 ð1:71Þ

The Landauer formula can now be used to find the current-voltage dependence.
Among other configurations of graphene FETs we mention here the vertical

graphene base heterojunction transitor, which is expected to work at THz fre-
quencies (Mehr et al. 2012). In this type of tunneling transistor, represented in
Fig. 1.45, graphene is used as base control electrode for ballistic transport. In the on
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Fig. 1.44 Typical
current-voltage dependence
on gate voltage in a tunneling
transistor
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Fig. 1.45 Graphene base
transistor
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state, charge carriers tunnel through the emitter-base insulator layer, denoted by
EBI in Fig. 1.45, the graphene layer, and into the conduction band of the
base-collector insulator, denoted by BCI. Graphene tunes the EBI barrier via an
applied electron-base voltage. For a positive bias, the transistor is in the on state,
while when no electron-base voltage is applied the device is in the off state, the high
EBI barrier preventing current flow.

Many graphene transistors display negative differential resistance (NDR)
regions. In a NDR the current decreases abruptly as the voltage increases, the
current-voltage dependence having a shape similar to the letters S or N. The last
shape is the most common one and is illustrated in Fig. 1.46. Such nonlinear
current-voltage dependence is used in oscillators to generate oscillations at a certain
frequency, but also for multiplication or detection purposes.

NDR was observed in graphene/h-BN/graphene tunneling transistors, where the
carriers tunnel through the h-BN insulator. The vertical graphene/h-BN/graphene
structure is deposited over SiO2/doped Si, the Si layer acting as backgate. In this
case the NDR shape can be tuned by the backgate voltage. However, the
peak-to-valley ratio (PVR), i.e. the ratio between the maximum and minimum
currents in the NDR region, was relative small, reaching values between 2 and 4
(Britnell et al. 2013). On the contrary, the NDR effect with a PVR of 28 was
observed in dual-gate graphene FETs, if VD and VTG are swept simultaneously (Liu
et al. 2013). The origin of the NDR was elucidated in (Sharma et al. 2015), as the
result of the competition between the field dependence of the carrier density and the
drift velocity.

This is not, however, the only mechanism for generating NDR. In ballistic gra-
phene FETs with oblique gates (Dragoman et al. 2014a), the NDR is due to an abrupt
drop to zero of the transmission coefficient of carriers over a certain range of drain
voltage values, VD. This decrease in transmission produces a minimum in the ID −
VD dependence, the drain current ID being determined by the transmission coefficient
via the Landauer formula. A bias applied on the oblique gate of the ballistic graphene
FET can shift the NDR region of the ID − VD dependence, shown in Fig. 1.47, and
can affect the PVR of the device; this latter parameter can be tuned up 9.
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Fig. 1.46 Typical
current-voltage dependence
with negative differential
resistance
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1.2.2 Graphene Diodes

Graphene diodes are important electronic devices, graphene widening in many
ways our concepts about diodes. Diodes based on p-n junctions created by doping
the host material with acceptor and donor impurities are widespread in semicon-
ductor technology. However, it is difficult to dope graphene with impurities because
some electrical properties degrade. Instead, electrical doping can be used since in
graphene the carrier density and their type are modulated by a gate voltage. If the
gate voltage is positive, the charge carriers are of n type, while p type carriers are
generated by negative gate voltages.

An example of a p-n diode (Sutar et al. 2012) in graphene is presented in Fig. 1.48.
The p and n junctions are induced by the two buried gates, made from highly doped
poly-Si, and having the shape of interdigitated fingers. The diode electrodes are tilted
at a certain angle since, as pointed out several times, this geometry modulates the
transmission in the ballistic regime (Dragoman andDragoman 2007a). Using suitably
applied biases on the gates, all possible doping combinations, i.e. n-n, p-p, p-n and n-p,
can be obtained, this versatility being impossible to be achieved in a semiconductor
diode with fixed doping concentrations.

By changing the angle of incidence in this graphene diode from 0° to 30° and
then to 45°, the mobility changes from 2300 to 2960 cm2/V s, and up to 3400 cm2/
V s in various devices with the distance between gates of 150 and 200 nm, both
values being smaller than the mean-free-path in graphene at room temperature.
Moreover, as can be seen from Fig. 1.49, as the tilt angle increases the diode
resistance is modulated by more than 100%, from 1 up to 2.5 kX, at
Vb ¼ VG1 � VDirac ¼ �ðVG2 � VDiracÞ = 5 V and, when the tilting angle is 45° the
diode displays a particular behavior, illustrated in Fig. 1.50. At this tilting angle, as
the bias voltage is varied in the interval (−20 V, 20 V), the resistance varies and

Fig. 1.47 NDR behavior in the ballistic regime of the graphene FET with oblique gate at
VTG = 0 V (dashed line), 0.5 V (dotted line) and 1 V (solid line) (from Dragoman et al. 2014a)
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Fig. 1.50 Metal-insulator transition in the tilted graphene diode
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attains a maximum value of about 2.5 kX. More precisely, the diode is in a low
resistance state near Vb = 0 V, in which it behaves as a metal, and then jumps to a
high resistance state at about �10 V, in which it becomes an insulator. The on-off
ratio is 2:5� 103.

One of the most interesting graphene diodes is that resulting from the simple
contact of graphene with most well known doped semiconductors, such as n-type
Si, GaAs, 4H-SiC, and GaN. A Schottky contact forms between graphene and these
semiconductors, and the charge transfer between the two materials changes the
Fermi level. The first graphene-semiconductor diodes were fabricated via the
transfer method, i.e. CVD grown graphene flakes were transferred on Si, GaAs,
4H-SiC, and GaN, all of n-type (Tongay et al. 2012). A typical configuration of a
graphene-semiconductor diode is represented in Fig. 1.51. The graphene contacting
areas are squares, with sides in the 500–2000 lm range. Ohmic contacts are first
grown on semiconductors, then a 500–1000 nm thick SiO2 window is grown over
the semiconductor followed by gold deposition with a thickness of 500 nm.
Graphene makes contact with both metal (Au) and semiconductor, showing strong
rectification.

The dependence of the current density JðT;VÞ ¼ IðT;VÞ=A on temperature
T and voltage V in the graphene-semiconductor diode with contact area A, through
which a current IðT;VÞ flows, is determined by thermionic emission above the
Schottky barrier, and is given by

Gold

Graphene

SiO2

Ohmic contacts

Semiconductor

SiO2

AuGraphene

Fig. 1.51 Graphene-semiconductor diode: top view (top) and side view (bottom)
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JðT ;VÞ ¼ JsðTÞ½expðeV=gkBTÞ � 1� ð1:72aÞ

where g is the ideality factor, and

JsðTÞ ¼ A�T2 expð�e/SBH=kBTÞ ð1:72bÞ

is the saturation current dependent on the zero-bias Schottky barrier height
(SBH) e/SBH and the Richardson constant A�. The ideality factor ranges between
1.2 and 5, having no association with the type of semiconductor. The imprint of the
thermionic process is the linearity of the logðJÞ � V dependences at different
T values at forward bias, as well as the linearity of the dependence logðJsðTÞ=T2Þ
on 1=T: From the first dependence it is possible to extract the parameters Js and g,
while from the slope of the latter curve it is possible to determine e/SBH . The
graphene workfunction and SBH values at different junctions are listed in Table 1.4
(Tongay et al. 2012).

Schottky barriers are described by two limits: (i) Bardeen and (ii) Schottky-Mott.
In the first case, the Schottky contact is fully determined by the interface states,
which pin the Femi level of the semiconductor via charge accumulation. As a result,
the dependence of the barrier on the type of metal contacts is weak. The Bardeen
limit is valid in the case of the graphene/GaAs diode. On the other hand, the
Schottky-Mott limit is applicable for the rest of graphene/semiconductor diodes. In
this case, the Schottky barrier height is given by

/SBH ¼ Ugr � ve ð1:73Þ

where Ugr is the graphene workfunction and ve is the electron affinity of the
semiconducting material.

Consequently, knowing the electron affinity for Si (4.05 eV), 4H-SiC (3.4 eV)
and GaN (4.1 eV), the work function of graphene can be determined as a function
of the device fabrication conditions. The graphene workfunction reference is 4.6 eV
when the Fermi level EF is at the Dirac point. However, this value could differ
slightly, with �0.3 eV depending on the semiconductor, due to doping of graphene
during the transfer process, as indicated in Table 1.4.

Table 1.4 Graphene/semiconductor Schottky barrier heights

Junction Graphene workfunction
(eV) (EF at Dirac point)

Schottky barrier
height (eV)

Graphene workfunction
(eV) due to doping

Graphene/
n-GaAs

4.6 0.79 4.89

Graphene/
n-GaN

4.6 0.73 4.83

Graphene/
n-Si

4.6 0.86 4.91

Graphene/
n-4H-SiC

4.6 0.91 4.31
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Another bilayer graphene-Si (n- or p-type) diode configuration contains the
Si/SiO2/Si3N4/Cr/Au heterostructure depicted in Fig. 1.52 (Chen et al. 2011a).
Although bilayer graphene is able tomake Schottky contact with either n- or p-type Si,
there are differences between these two types of diodes: (i) the graphene/n-Si diode is
turning on at a positive voltage, while the graphene/p-Si diode is turning on at a
negative voltage, due to the different types of carriers in the substrate, and (ii) the
photocurrents are more pronounced (3–4 times higher) in the graphene/p-Si diode
than in the graphene/n-Si diode at the same laser illumination power of 30 mW and at
532 nm wavelength, due to a larger space charge region.

For the graphene diode in Fig. 1.52, the Schottky barrier height is given by

/SBH ¼ ðkBT=eÞ lnðA�T2=JsÞ ð1:74Þ

and is equal to 0.41–0.42 eV for the bilayer graphene/n-Si diode and 0.44–0.46 eV
for the bilayer graphene/p-Si diode. The ideality factor at room temperature ranges
from 4.8 for the first diode type (with an n-Si substrate) up to 33 for the second one
(with a p-Si substrate). However, there are almost ideal graphene/silicon Schottky
diodes, which have an ideality factor of about 1.08 (Sinha and Lee 2014). To
achieve such a low ideality factor in diodes in which graphene is grown by the
LPCVD technique on Cu, it is necessary to etch the top 700 nm of Cu during 90s
using ammonium persulfate (APS). This procedure has the role of reducing the
metallic impurities in graphene. Then, graphene is transferred on the Si/SiO2

substrate and contacted with Cr/Au contacts.
The graphene/n-GaN diode, depicted in Fig. 1.53, preserves the rectifying

behavior up to 550 K, and becomes nonrectifying after 650 K. In this case GaN
was n-doped with Si, the carrier concentration attaining 1016 cm−3. After cooling,
the diode shows improved rectification characteristics (Tongay et al. 2011). This
extraordinary stability is due to the thermal properties of graphene, temperatures as
high as 900 K being not sufficient to break the carbon-carbon bonds. The Schottky
barrier height is in this case of 0.74 eV and the ideality factor is 2.9, the values of
these parameters after annealing becoming 0.7 eV and 2.4, respectively.

Cr/Au

Si3N4
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n/p type Si
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Graphene

Doped Si

Fig. 1.52 The bilayer graphene/Si/SiO2/Si3N4/Cr/Au diode
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The graphene diodes presented above have DC characteristics that can be
changed under the influence of various adsorbates, such as liquids and gases. Thus,
chemically modulated graphene diodes can act as sensors even at elevated tem-
peratures (Kim et al. 2013b).

Another type of graphene diodes is the self-switching diode, fabricated by
carving the boundaries of a graphene strip in order to break its symmetry. This
configuration is a particular example of self-switching diodes, known for more than
10 years and applied initially to 2DEG materials such as InGaAs/InAlAs (Song
et al. 2003). The extension of this diode configuration to graphene is motivated by
the fact that graphene is a native 2D material. A schematic representation of this
diode type and its I–V characteristic are illustrated in Fig. 1.54. The self-switching
diode was analyzed in several papers as a possible NDR device, but no experi-
mental evidence of this effect was found. The voltage V, depending on its sign,
widens or narrows the effective channel width in the 2DEG.

Sapphire/n-GaN

SiO2

Ohmic contact 
Ti/Al/Ni/Au

Cr/Au CVD graphene

Fig. 1.53 The graphene/n-GaN diode

V

2DEG

I

V0

Fig. 1.54 Self-switching
diode configuration in 2DEG
(top) and its I–V characteristic
(bottom)
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The self-switching diode is able to detect THz signals (Balocco et al. 2008). For
high-frequency detection, the voltage across the diode can be modelled as

V ¼ V0 þ v0 cosðxtÞ ð1:75Þ

where V0 is the applied DC bias, and v0 is the amplitude of the modulating signal
with frequency f ¼ x=2p. The current can then be expanded in a Taylor series as

I ¼ I0 þ v0Gd cosxtþ v20G
0
d cos

2 xtþ � � � ¼ I0 þðv20=2ÞG0
d cosxt

þðv20=4ÞG0
d cos 2xtþ � � � ð1:76Þ

where I0 is the bias current, Gd ¼ dI=dV jV¼V0
denotes the differential conductance

and G0
d ¼ d2I=dV2

��
V¼V0

. The rectified DC current is then given by

Ir / ðv20=4ÞG0
d ð1:77Þ

and, in an open-circuit configuration, the detected voltage can be written as

bV ¼ ðv20=4ÞG0
d=Gd ð1:78Þ

Graphene self-switching diodes used as zero-bias microwave detectors were
recently fabricated on graphene epitaxially grown on SiC (Westlund et al. 2015).
Since the graphene channel is analogous to a lateral nanowire transistor, nine
graphene channels in parallel were used to reduce the resistance and the
noise-equivalent power (NEP), which is 2.2 nW/Hz1/2 (see Fig. 1.55). The
responsivity of the diode is 3.9 V/W, and detects signals from 1 to 67 GHz.

Another type of graphene diodes is the ballistic diode. A schematic represen-
tation of a ballistic Schottky diode is shown in Fig. 1.56 (Dragoman et al. 2010). It
consists of two electrodes separated by a distance L, which must be less than the
mean-free-path of carriers in graphene at room temperature, and an oblique gate
with tilting angle h placed between the two diode terminals. This device is similar
to the recently fabricated ballistic transistor with an oblique gate described above in
this chapter. A gate voltage VG has the role of modulating the transmission coef-
ficient T in graphene, which is less than 1 only at oblique incidence, as can be seen

●●●

Graphene

4H-SiC

Fig. 1.55 Graphene
self-switching diode RF
detector
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from the three curves in Fig. 1.57 corresponding to three different gate inclinations.
The transmission coefficient can be calculated based on the quantum mechanical
transmission-matrix approach detailed in (Dragoman and Dragoman 2007a).

Once T is known, the Landauer formula is used to compute the rectifying
I–V dependences. Typical current-voltage curves corresponding to three operating
points (the origin of V) chosen at 0.19 eV (solid-line), 0.29 eV (dotted-line) and
0.38 eV (dashed-line) are represented in Fig. 1.58. All three current-voltage
dependences for positive applied biases can be fitted at room temperature with
I ¼ IS½expðeV=nkBTÞ � 1�: The fitting results are given in Table 1.5. Considering
the Fermi velocity as vF = 106 m/s, the traversal time between the electrodes is
t = L/vF = 250 fs, the resulting cutoff frequency being fT = 1/t = 4 THz.

From the ballistic graphene Schottky diode example it follows that there are no
reverse currents, as in the case of the semiconductor Schottky diode, and that the
ideality factor of this device can be tuned up to the optimal value, equal to 1, by
changing the tilting angle of the gate. What is the significance of n < 1? Such a
value is not encountered in common semiconductors, where the Schottky rectifi-
cation effect is linked to the potential energy barrier at the interface between two

G

Graphene

S D

θ

Fig. 1.56 Ballistic graphene
Schottky diode

Fig. 1.57 The transmission
at three gate inclination angles
20° (solid line), 30° (dotted
line) and 40° (dashed line)
(from Dragoman et al. 2010)
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materials. In graphene, however, the mechanism is different: the rectification is the
result of the lack of a bandgap in the energy dispersion relation.

Another type of rectifying ballistic diode is the geometric diode depicted in
Fig. 1.59. The current-voltage dependence of this graphene diode is based also on
the Landauer formula (Dragoman and Dragoman 2013). In order to compute the
transmission coefficient, the diode is sectioned in a series of thin regions with a
constant width, as indicated in Fig. 1.59. Then, the Dirac equation is solved in each
region by imposing continuity conditions at the boundaries. It is found that the
geometric diode has a certain region of width p�hvF=dout where the transmission
coefficient vanishes and thus the current is negligible. The current-voltage depen-
dence of this diode is dependent on the Fermi energy, which can be tuned by a gate
voltage.

Fig. 1.58 The
current-voltage dependence
(from Dragoman et al. 2010)

Table 1.5 The schottky
fitting values

Incident angle h (°) IS (lA) n

20 1.49 1.25

30 1.35 1.02

40 1.7 0.86

electrode

electrode

dout
din

L

x

y
Fig. 1.59 The graphene
geometric diode (from
Dragoman and Dragoman
2013)
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The SEM image of the diode, as well as the graphene wafer with diodes, are
shown in Fig. 1.60a, b. The diode was fabricated on a 4-in. graphene wafer
(Dragoman et al. 2014b), the diodes having a length of 100 nm, a shoulder
din = 100 nm and a neck (dout) of only 30 nm. The fabrication of the diodes
involved the following steps: (i) e-beam lithography patterning of the regions
without graphene monolayers, (ii) PMMA deposition, (iii) patterning of the gra-
phene shapes with an e-beam, (iv) RIE equipment to cut the graphene in trapezoidal

Diode neck 
28 nm

(a)

(b)

Fig. 1.60 a SEM of the diode and b the graphene wafer with geometric diodes (from Dragoman
et al. 2014b)

50 1 2D Carbon-Based Nanoelectronics



shapes, (v) PMMA coating and e-beam lithography of metallic contacts via an
e-gun evaporation chamber.

Experiments have shown that geometric diodes are able to rectify up to even
28 THz, and potentially at optical frequencies (Zhu et al. 2013b). Geometric diodes
can be used as rectennas, i.e. antennas integrated with a geometric diode that
rectifies in the absence of the bias signal. The rectenna is the IR analogue of a solar
cell; note that the largest part of the solar energy is located in IR. The rectenna
based on a geometric diode is represented in Fig. 1.61.

1.2.3 Graphene Detectors and Receivers

The simplest graphene detector is a coplanar line (CPW) patterned over a graphene
monolayer flake (Dragoman et al. 2012b), as shown in Fig. 1.62. Such a graphene
radio wave detector was fabricated on a high-resistivity Si substrate, on which
300 nm of SiO2 is grown by the thermal oxidation method. Then, three parallel
gold metallic electrodes forming a CPW were patterned over the graphene
monolayer.

The detection of the modulated high-frequency signals is based on the nonlinear
DC current-voltage characteristic of graphene with gold contacts, illustrated in
Fig. 1.63 with solid line. Further, the experimental I–V curve is fitted with the
equation

I ¼ I0½expðV=V0Þ � 1�; ð1:79Þ

the fitting results being marked with dashed lines in Fig. 1.63. The fitting param-
eters I0 and V0 have the values 3.65 mA and 4.68 V, respectively, for the positive
polarization, and −2.6 mA and −3.12 V for the negative polarization.

The demodulating term is then found as the second-order term in the Taylor
series expansion of the current around the operating point, for which I ¼ Iav,
V ¼ Vav:

DI ¼ I � Iav ¼ I0
V2
RF

4V2
0
expðVav=V0Þ ð1:80Þ

In (1.80) VRF is the RF signal value.
A direct radio can be obtained by connecting this graphene coplanar detector to a

modulated high-frequency generator and an oscilloscope, as indicated in Fig. 1.64.
The radio can detect carrier wave frequencies between 100 MHz and 25 GHz at a
constant power of 0 dBm (1 mW), equivalent to the emitted power of a Bluetooth
standard (Class 3) radio in the range 1–5 m. In contrast to radios based on semi-
conductors, the direct graphene radio is able to work with a good responsivity in a
huge frequency range, from the RF spectrum (starting with VHF) up to microwaves
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(L-K bands). The AM modulation is 1 kHz, which is compatible with human voice
intelligible signals, and is the central frequency of audio hearing aid devices.

The dependence of the amplitude of the demodulated RF signal on frequency is
illustrated in Fig. 1.65 for various DC current Iav values: 1 mA (gray thin line), 2 mA
(black line) and 3 mA (gray thick line). If the responsivity is defined as the ratio
between the detected signal and the RF incident power, the maximum responsivity
of the graphene radio, of 1100 V/W, is obtained at 3.5 GHz. Moreover, the
CPW graphene demodulator can detect voltages in the range (0.005 V, 0.2 V) in the
3–10 GHz spectrum in the absence of an applied DC current, suggesting that the

Bow-tie 
antenna arm

Bow-tie 
antenna arm

Graphene 
geometric diode

Fig. 1.61 Graphene rectenna

Fig. 1.62 The coplanar line graphene detector (from Dragoman et al. 2012a, b)
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Fig. 1.63 Current-voltage dependence of the coplanar line patterned over graphene monolayer
(from Dragoman et al. 2012a, b)

AM 
microwave 
generator 

Amplifier (LNA)  
Oscilloscope 

Current source 
(from Keithley 
4200 SCS)

Bias tee 1 

I

V +

CPW on 
graphene 

Bias tee 2 

Fig. 1.64 A graphene monolayer direct radio (from Dragoman et al. 2012a, b)

Fig. 1.65 Amplitudes of
detected signal using the
graphene radio (from
Dragoman et al. 2012a, b)
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graphene coplanar line could work as rectenna in a frequency range where the
majority of wireless communications, radar and power transmitters emit.

The results above show that a single sheet of matter—the graphene monolayer—
is able to detect high-frequency signals with a very good sensistivity. The first
graphene integrated circuit receiver with a carrier frequency of 4.3 GHz was later
developed and is represented in Fig. 1.66 (Han et al. 2014). It has an area of
0.6 mm2 and consists of a two-stage amplifier and a mixer stage. All three tran-
sistors T1, T2 and T3 are graphene transistors, with gate lengths of 900 nm and
device widths of about 12 lm. The conversion gain of the circuit with 4.3 GHz RF
input signal is 10 dB with a low LO input power of 2 dBm, and the gain of the
amplifier is around 3 dB. Except the technological performance of integrating few
graphene transistors, this receiver shows nothing special regarding its perfor-
mances, which are well below the existing integrated receivers working in the same
frequency band with the same bandwidth. This is a consequence of the fact that
graphene transistors in the integrated circuit have poor RF performances.

The results were extended rapidly towards THz frequency range detectors using
antennas integrated with graphene transistors. More exactly, THz fields are detected
by shaping the gate and source electrodes of graphene FETs into various metallic
antennas. The first experimental demonstration of this concept is the detection of a
0.3 THz signal at room temperature using a log-periodic circular-toothed antenna
with an outer radius of 322 lm and a grounded source electrode. The channel of the
transistor was rather long, of 10 lm. The detected signal at the thin drain contact
can be written as (Vicarelli et al. 2012):

DV ¼ V2
a

4rðV0Þ
drðVGÞ
dVG

����
VG¼V0

ð1:81aÞ

L3L1 L2

L4

R1
R2

VG1

VG2 VG3

VD1 VD2

RF

LO

IF

C1
C2

T1

T2

T3

Fig. 1.66 The 4.3 GHz integrated graphene circuits
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where the gate voltage is expressed as

VGðx; tÞ ¼ V0 þVa expð�kxÞ cosðxt � kxÞþ V2
a

4rðV0Þ
drðVGÞ
dVG

����
VG¼V0

½1� expð�2kxÞ�
ð1:81bÞ

Another type of antenna—the split bow-tie antenna—was implemented in the
same way, consisting of a FET with a graphene channel, with the electrodes in the
shape of a bow and capacitive coupling between gate and drain. Figure 1.67 dis-
plays the split bow-tie THz graphene detector. In this case, the channel length was
shorter, having 2.5 lm, and the gate width was 2 lm. The THz signals were
detected at a higher frequency, of 0.6 THz, with a noise-equivalent power (NEP) of
515 pW/ Hz1/2 and a responsivity of 14 V/W (Zak et al. 2014).

Similarly, a logarithmic-periodic antenna with an interdigitated electrode, con-
sisting of 4 electrode pairs deposited over a graphene flake located in the gap is able
to detect THz radiation pulses despite the striking simplicity of this device. This
room-temperature THz detector shows a rise time of only 50 ps (Mittendorff et al.
2013). An analogous antenna to that in (Mittendorff et al. 2013) but with
bow-tie-shaped instead of logarithmic-periodic arms is represented in Fig. 1.68.

Also, very sensitive THz detection was demonstrated recently at room temper-
ature using the photothermoelectric effect in graphene (Cai et al. 2014). This effect
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D

Fig. 1.67 Bow-tie antenna
electrodes of a graphene FET
for THz radiation

Antenna 
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Antenna 
arm 

Graphene Fig. 1.68 Graphene-based
THz pulse detector
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is based on a significant interband absorption of graphene in the THz region, as well
as on a carrier heat capacity much smaller than in bulk materials, implying an
increased temperature gradient for the same absorbed energy. Two dissimilar metals
with a L = 3 lm gap between them were used in experiments to contact graphene,
as shown in Fig. 1.69. These metals are in fact overlapping regions of Cr and Au,
fabricated via consecutive and different angle evaporations of these metals. The
operation principle is based on the fact that the carriers are heated by the incoming
THz radiation, while the metallic contacts act as heat sinks, the result being a
temperature distribution TðxÞ along the device. Then, due to the dissimilar contacts
and thus dissimilar contact-induced doping, the Seebeck coefficient S of graphene
becomes spatially asymmetric, and a potential gradient

rVðxÞ ¼ �SrTðxÞ ð1:82Þ

develops due to charge diffusion. The response/output signal of the THz detector is

v ¼
ZL

0

rVðxÞdx ð1:83Þ

At room temperature, the photothermoelectric graphene THz detector has a
responsivity of 10 V/W (700 V/W) and a NEP of 1100 pW Hz−1/2 (20 pW Hz−1/2)
when calculated with respect to the incident (absorbed) power.

Au 
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Graphene 

THz radiation 

Doped Si  
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Fig. 1.69 Photothermoelectric THz detection
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1.3 Electronic Sensors on 2D Carbon-Based Materials

Graphene is used in many electronic sensors due its exceptional physical and
chemical properties, which are listed below (Liu et al. 2015a):

• high and tunable electrical conductivity
• high electron transfer rate due to edges and defects
• mechanical flexibility and strength (two orders of magnitude stronger than steel)
• high surface area (2630 m2/g)
• chemical stability
• absence of metallic impurities like in carbon nanotubes and other nanomaterials
• large electrochemical potential window (2.5 V in 0.1 mM phosphate buffer

saline solution)
• high thermal conductivity
• fast and strong response in sensing applications

All these properties make graphene a good candidate for many sensing appli-
cations. However, the graphene surface needs to be functionalized in order to
respond to the many requirements of sensing applications.

By smart processing of its surface, such as oxidation and heteroatomic doping,
graphene is enriched with functional materials on its surface and edges. Covalent,
noncovalent and other functionalization methods are used in this respect. In prin-
ciple, each sensor requires a certain functionalization, but some functionalization
methods are more frequently used than others and are very successful, and therefore
will be presented briefly before describing the main electronic sensors on graphene.
The optical sensors based on graphene will be presented in the next section.

Covalent functionalization destroys the conjugated sp2 structure of graphene and
could even immobilize the delocalized p electrons, thus suppressing the graphene
conductivity. For example, highly reactive free radicals to be used for addition
reactions, which fix aryl-addends on graphene surface, are produced by diazonium
salts. These reactions transform the sp2 structure of graphene in sp3 and the func-
tionalized graphene becomes and insulating/nonconducting material (Bekyarova
et al. 2009). A typical covalent functionalization involves the attachment of car-
boxyl groups on graphene surfaces, which react in turn with amino groups of a
target molecule (DNA, enzyme or proteins). This is the functionalization used for
the majority of biosensors that detect electronically DNA or proteins via graphene
FETs, for example. Also, graphene oxide is functionalized with thionyl chloride for
reaction with hydroxyl or amino groups, whereas nitrogen and boron are used for
graphene doping.

Noncovalent functionalizaton, on the other hand, preserves the original sp2

structure of graphene, and hence its electrical properties. The main procedure is
based on hydrophilic and hydrophobic interactions, and p-p stacking. The review
(Georgakilas et al. 2012) contains more details on the chemical reactions involved
in graphene functionalization and many useful references.
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Graphene doping is interesting for a series of applications. For example, a large
Fermi level shift, of up to 0.9 eV, corresponding to a high doping concentration, is
obtained using ion gels (Chen et al. 2011b) such as 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulphonyl)i-mide ([EMIM][TFSI]) as gate dielectrics (see
Fig. 1.70).

One of the main reasons of graphene doping, except carrier modulation in tran-
sistors and diodes and other tunable devices, is to reduce the surface resistance of
graphene. For instance, doped graphene could replace ITO (indium tin oxide) as
transparent electrode for solar cells, which would be beneficial because indium is a
scarce raw material used in tactile displays, i-phones, laptops and many solar cells.
An example of chemical doping of graphene is the use of bis bis
(trifluoromethanesulphonyl)-amide [((CF3SO2)2NH)] (TFSA) to increase the power
conversion efficiency of a monolayer graphene/Si solar cell from 1.9 to 8.6% (Miao
et al. 2012) due to surface resistance reduction as well as Schottky barrier/built-in
field enhancement. The doping of graphene is performed by spin-casting TFSA
(20 mM in nitromethane) for 1 min at 1000–1500 rpm. The Fermi energy level is
shifted by 0.7 eV due to TFSA doping, the series resistance decreases with 30% and
the built-in bias increases from 0.36 to 0.56 V. The sheet resistance of five-layer
graphene doped with TFSA on a flexible (polyethylene terephthalate) PET substrate
is reduced even more significantly, from 240 to 90 X sq−1 (Kim et al. 2013a).

Because graphene is highly transparent, tactile displays and even stretchable
i-phones are among its first applications. The tactile display is in fact an actuator
composed from graphene electrodes and a dielectric elastomer substrate. When DC
voltages are applied on graphene electrodes, the elastomer is bumping up producing
actuation, and it preserves its physical properties up to 25% stretching (see
Fig. 1.71).

A cost-effective solution for transparent electrodes used for touch screens is to
use silver nanowires coated with graphene, which reduces the amount of required
nanowires by 50 times compared to a high-density nanowire network. Thus, the
electrical performance of silver nanowires, with ultra-low densities, is enhanced by
graphene coating. The Langmuir-Schaefer technique is used to wrap graphene
around silver nanowires. As a result, the sheet resistance, of around 600 kX/sq of a
low-density Ag nanowire network having a transmittance of 97%, is drastically
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Si  

Fig. 1.70 Graphene doping
with ion gel
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reduced by graphene coating, reaching up to 200 X/sq, without affecting too much
the transmittance, which remains at a high level, of 93%. Similarly, high-density
silver nanowires having initially a 40 X/sq sheet resistance and a transmittance of
93%, attain a sheet resistance of 28.7 X/sq and a transmittance of 87% when
covered with graphene. These results are explained by the fact that the electrical
conduction of the hybrid structure is increased due to percolation doping. Finally,
the touch screen is deposited by laser ablation (Jurewicz et al. 2014).

Since the specific surface area of graphene is 2630 m2/g—the highest of all
materials, graphene is a good material for sensing applications, especially as gas
sensors or biosensors (Hill et al. 2011; Yavari and Koratkar 2012; Dragoman and
Dragoman 2012). In particular, graphene gas sensors are sensitive enough to detect
even a single molecule of gas (Schedin et al. 2007). Gas detection is based on
specific changes in graphene resistivity for different gases, which after adsorption
on graphene in an interval of typically about 200 s induce a variation of resistivity
with +4% for NH3, −4% for NO2, or −1% for H2O at a gas concentration of 1 ppm.
A common graphene gas sensor configuration has the shape of a Hall bar, as
illustrated in Fig. 1.72.

In this device, Hall measurements have demonstrated that some gases are gra-
phene donors (NH3, CO, and ethanol), i.e. in these cases Dq=q[ 0; while others,

Top graphene electrode 

Bottom graphene electrode 

Dielectric elastomer 

Fig. 1.71 Graphene actuator for tactile display

Si/SiO2 

Graphene 

Au/Ti contact 
Fig. 1.72 Graphene Hall
constriction (fabricated by
oxygen plasma etching)
acting as a gas sensor
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for which Dq=q\ 0; are acceptors (NO2, H2O vapors and iodine). The detection
limit of the graphene gas sensor is 1 ppb, corresponding to a variation of graphene
resistivity of Dq=q / 10�4. Few graphene layers were used to decrease the contact
resistance around 100 X. Thus, the variation in adsorption and desorption of a
single NO2 molecule shows a change in the resistance of 2.5 X. In reality, for
normal electronic noses, sensitivities of few parts per billion are easily obtained
with a simple sensor geometry made from a graphene monolayer with two metallic
contacts or interdigitated electrodes, as shown in Fig. 1.73.

More recently, researches have found a surprising result, that graphene defects,
such as an isolated grain boundary, have 300 times higher sensitivity for detecting
adsorbed gas molecules than a single-crystalline graphene grain. Graphene and the
grain boundary are grown via CVD at normal atmospheric pressure, and controlled
growth time. Under such conditions, single-crystalline graphene grains with a
generally hexagonal shape grow individually and eventually merge into an indi-
vidual grain boundary. Much higher gas detection sensitivity is achieved due to
accumulation of adsorbed gas molecules at the boundary between graphene grains,
favored by the appearance of a stress-relaxation-induced corrugation in this region,
which is equivalent to local doping/electric field gradient (Yasaei et al. 2014).

Several grain boundaries connected in series can be obtained and further con-
nected to obtain a very sensitive gas sensor, i.e. an electronic nose. Such a gas
sensor containing two grain boundaries is illustrated in Fig. 1.74. The sensitivity of
the sensor is defined as S ¼ ðR� R0Þ=R0, with R and R0 the resistance of the device
after and before gas exposure, respectively. Taking into account in a more detailed
manner the different contributions to the total resistance, the sensitivity of the
electronic nose can be written as

S ¼ NDRGB þ 2NDRG1 þðN � 1ÞDRG2

NRGB þ 2NRG1 þðN � 1ÞRG2
ð1:84Þ
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Fig. 1.73 An interdigitated
electrode for graphene gas
sensing
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where N is the number of grain boundaries, RGB is the resistance of an isolated grain
boundary, and RG1 and RG2 are the resistances of the trapezoidal graphene region
and of the single-crystalline region, respectively. From (1.84) it follows that when
N = 1 the terms containing RG2 vanish and the sensitivity increases significantly.
The dependence of sensitivity on the number of grain boundaries is displayed in
Fig. 1.75. Also, Fig. 1.76 indicates that the distance between electrodes, d, is
critical for obtaining a high sensitivity.

As an example of an ultrasensitive electronic nose, a bilayer graphene transistor
was fabricated on a flexible PET substrate (Park et al. 2012). The transitor has a
ionic liquid gate consisting of a phosphate-buffered solution (PBS) with a pH of
7.4, the sensing layer being obtained by integrating the modified (by oxygen and
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Fig. 1.74 Gas sensor containing two graphene grain boundaries
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2014)
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ammonia treatments) bilayer graphene with the human olfactory receptor 2AG1
(hOR2AG1:OR). OR binds selectively to the amyl butyrate (AB) odorant. This
flexible nose is so sensitive that it is able to detect an odorant with atom resolution,
with a minimum detection limit of 0.04 fM. The sensing is based on the change of
the transistor drain conductance with the AB binding quantity.

Very sensitive and very rapid vapor sensors are obtained using heterodyne
graphene sensors (Kulkarni et al. 2014). In this case, an AC signal Vx, with fre-
quency x, is injected in the source of a graphene FET with DC grounded source
and gate, as shown in Fig. 1.77. The electrostatic coupling between the gate
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Fig. 1.76 Dependence of graphene grain boundary gas sensor sensitivity on the distance between
electrodes (after Yasaei et al. 2014)

Graphene channel

V V m,

VG

AM 

Bias tee 

Ref Lock-in  

To lock-in 

Fig. 1.77 Heterodyne graphene FET gas sensor
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electrode and the graphene channel generates a gate-induced modulation of the
charge density given by

QG;x ¼ CGVG;x ¼ �CGVx=2 ð1:85Þ

where CG is the gate capacitance. When a molecule is adsorbed, dipole-induced
charge densities Qm;x appear, modulated at the frequency x. The frequency mixing
between Vx and the total modulated charge is expressed by the mixing current

Imix ¼ GxVx ¼ ðlW=LÞð�CGVx=2þQm;xÞVx ð1:86Þ

For vapor sensing, the relevant quantity is the change in the mixing current,
given by

DImix ¼ ðlW=LÞQm;xVx ð1:87Þ

To improve the noise performance, an AM modulation can be introduced.
The AC signal frequency is 100 kHz and the AM modulation frequency is of
1.43 kHz in the device studied in (Kulkarni et al. 2014). This sensor was tested for
dichloromethane, showing a response time of 0.61 s, for ethanol, with a response
time of 0.92 s, and for other vapors with similar response times. The sensor is able
to detect airborne chemicals, either exhaled or released through skin, and various
dangerous gases.

There are also mechanical sensors based on graphene, which detect parameters
such as pressure and strain. Pressure sensors used as touch control displays were
presented earlier. However, for a gentle touch and small objects’ manipulation,
pressure in the range of 10–100 kPa need to be detected. Laser-scribed graphene
(LSG), which are loosely stacked graphene layers with a foam-like structure, can be
used as sensing material for these purposes (Tian et al. 2015). The sensor is dis-
played in Fig. 1.78. The sensitivity of the LSG graphene sensor is defined in terms
of the relative variation of the conductance as

S ¼ dðDG=G0Þ=dP ð1:88Þ
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Fig. 1.78 LSG graphene pressure sensor
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its value being 0.96 kPa−1 for pressures P lower than 50 kPa, while the response
and releasing times at 26 kPa are of 72 and 0.4 ms, respectively.

Using the same LSG technology, graphene earphones on PET were fabricated
for communications for both human and animals (Tian et al. 2014). Humans can
hear sounds in the bandwidth 20 Hz–20 kHz, whereas animals communicate in the
ultrasound spectrum: bats up to 160 kHz, whales at 160 kHz, while dolphins
generate sounds at 300 kHz. The graphene earphones have a frequency response in
the range 100 Hz–50 kHz and low fluctuations (±10 dB), whereas graphene sound
emitters could reach 1 MHz.

Arrays of pressure/temperature sensors, called electronic skin in analogy with
human skin, have a wide range of applications in bionics, robotics and high-tech
industries. An e-skin made from reduced graphene oxide foam (RGOF) obtained
from a frozen GO solution reduced with hydriodic acid (HI) followed by washing
and drying was recently reported (Hou et al. 2014). RGOFs are porous due to the
ice template, and the networks preserve their patterns after ice melting and removal.
RGOFs are freely standing, flexible, and have a sheet resistance of 1.5 X/sq, this
remarkable value being due to the fact that HI reduction induces iodine doping.
RGOFs can be compressed up to 65% by a strain of 2 kPa and recover rapidly their
initial shape and physical properties; for example, the electrical properties are
recovered after 0.05 s. As such, the RGOF can be tuned by human touch (1–
10 kPa). Moreover, RGOFs response discriminates between human touch and
otherwise applied pressure via surface temperature difference between humans and
inanimate objects, which indicates a temperature-activated sensing mechanism.

As electronic skin, the RGOF is contacted on the upper and lower surfaces and
placed on PET, at a temperature of 20 °C, as schematically represented in Fig. 1.79.
The upper levels of this artificial skin are heated at different temperatures. Rather
high temperature differences can be applied between the heated surface, along x,
and other areas of the devices (along the y and z directions), inducing corresponding
current flows due to the high thermoelectric effect in graphene and its network
formed in RGOF. For example, if a temperature difference of about 30 °C is applied
between electrodes along the z direction, a current of 9 lA is measured between the
corresponding electrodes (a comparable current is measured between electrodes
along the y direction), if the heating surface of RGOF sample is 5.6 cm2. Based on
this principle, RGOF is able to discriminate between human body and other objects,
such as metals, plastic or glass, when the applied pressure alone is not high enough
to induce significant changes in the resistance. The sensor responds in this case only
to human body touch, because the body temperature is higher than the surroundings
(Hou et al. 2014). The sensitivity of this device to pressure, defined as
dðDI=I0Þ=dDp; is 15.2 kPa−1 for Dp = 300 Pa.

Placing arrays of FETs on flexible substrate is another approach to implement an
e-skin (Sun et al. 2014). Such a device involves only graphene and a ion gel
dielectric, and consists of a top cover layer and a backplane, separated by 100 lm
thick epoxy; this configuration forms a pixel of the pressure sensor matrix, which
contains 4 � 4 pixels. The top cover contains a square graphene region, the contour
of which is represented by a dashed line in Fig. 1.80, placed on a flexible PET
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substrate. The backplane contains a graphene FET, which acts as pressure sensor.
The graphene FET is patterned in a coplanar-gate configuration, and consists of a
single graphene strip on which an ion gel is deposited. The graphene region below
the ion gel is the FET channel, the remaining graphene strip regions acting as drain
and zigzag-shaped source electrodes. The drain is connected to the bit line and the
gate electrode, which is also a graphene strip, is connected to the word line of the
device (see Fig. 1.80). The gate dielectric is in this case an ion gel formed from poly
(ethylene glycol) diacrylate (PEGDA) monomers, the photo-initiator 2-hydroxy-2-
methylpropiophenone (HOMPP) and the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethyl sulfonyl)imide ([EMIM][TFSI]) with a weight ratio 7:3:90.
When pressure is applied, the square graphene on the top cover is in contact with the
bottom zigzag source electrode, the resistance between source and drain is reduced,
and thus the conductance increases. The transistors work at 2 V and have a pressure
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Fig. 1.79 Electronic skin based on RGOF

S  

D 

G 

Graphene square (top cover) 

Bit line 

Word line 

Ion gel

Fig. 1.80 One pixel of a
graphene-based e-skin
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sensitivity of 0.12 kPa−1. The drain conductance is about 5 lS at 10 kPa, 8 lS at
20 kPa, and 14 lS at 30 kPa.

Because there is a close relation between pressure and strain, graphene is a good
candidate for strain sensors also (Zhao et al. 2013). The relation between the
variation of the electrical resistance of graphene and the applied mechanical strain e
can be written as

DR=R ¼ ð1þ 2mÞeþDq=q ¼ ð1þ 2mÞe� 2DvF=vF ð1:89Þ

where m = 0.2 is the Poisson ratio, q is the resistivity and Dq and DvF are the
changes in resistivity and Fermi velocity, respectively, caused by strain. Strain
sensors are widespread in buildings, bridges, airplanes, cars and anywhere where
mechanical deformations are monitored. According to (Zhao et al. 2013) the strain
market is exceeding 5 billions dollars. A typical strain sensor configuration based
on suspended graphene is represented in Fig. 1.81.

The gauge factor describing the sensitivity of strain sensors is defined as the ratio
between the electrical resistance variation and the mechanical strain:

G ¼ ðDR=RÞ=e ð1:90Þ

We have pointed out already that graphene has exceptional mechanical prop-
erties, the third-order elastic stiffness of this material being −2 TPa, with an intrinsic
strength of 130 GPa at 25% in-plane tensile strain (Lee et al. 2008). A suspended
graphene membrane used as a strain sensor shows a 5% change in the resistance
ðDR=RÞ for 3% strain, corresponding to a gauge factor of 1.9 (Huang et al. 2011b).
For CVD grown graphene transferred on PDMS substrates, it was shown that the
electrical conductance behaves reversibly as the elastic tensile strain varies up to
4.5% (Fu et al. 2011) with a high gauge factor of 150.

The piezoresistivity of graphene is used in many strain sensor types. For
example, large graphene areas in which graphene growth is not completed, i.e.
consisting of graphene sheets connected together in a network, are sensitive strain
detectors. When compressive or tensile strain is applied to the graphene area, the
overlapping areas between graphene sheets change, inducing a change in resistance.
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Fig. 1.81 Graphene strain
sensor
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Tunneling between adjacent graphene sheets is another mechanism for obtaining an
exponential dependence of the electrical resistance as a function of applied strain.

A piezoresistive sensor containing a SiNx membrane on which a graphene
meander resistance is patterned is depicted in Fig. 1.82 (Zhu et al. 2013a). The
pressure sensing mechanism is based on inducing strain in graphene by applying
pressure across the membrane (see Fig. 1.83). The maximum tensile strain, of about
0.25%, appears at the middle of each edge of the membrane. The thickness of the
square SiNx membrane is of 100 nm, its length is 280 lm with a residue stress of
50 MPa, a Young modulus of 200 GPa and a Possion ratio of 0.22.

Under an applied strain, the resistance R of the meandering graphene resistor,
measured with a Wheatstone bridge, changes with DR: The parameter that is
measured is the voltage drop across the graphene resistor for an input voltage of
Vin = 2.5 V. The output voltage is given by

Vout ¼ VinDR=ð2RþDRÞ ð1:91Þ

SiNx membrane 
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Fig. 1.82 Pressure sensor containing four graphene piezoresistors
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Fig. 1.83 Principle of the
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The linearity of the above relation is maintained up to 500 mbar (50 kPa) with a
sensitivity of 8.5 mV/bar. For example, an output voltage of 5 mV is obtained for a
0.4% resistance change in 0.9 s, the sensor having a gauge factor of 1.6.

The piezoresistive effect was demonstrated also using graphene as a membrane
suspended over cavities etched in a Si/SiO2 substrate (Smith et al. 2013). In this
case, the gauge factor was 2.92 and the sensitivity per unit area attained almost
4 lV/V/mmHg, which is 20–100 times better than in conventional pressure sensors.
The output voltage of this device, represented in Fig. 1.84, is collected with a
Wheatstone bridge.

The resistance of the suspended graphene sheet depends on the mechanical strain
as

Rg;suspended ¼ Lð1þ exxÞ=½Wð1þ eyyÞ � ð2eNðeÞlðEÞÞ� ð1:92Þ

where N and l are the carrier density and mobility, respectively, and exx and eyy are
the strain tensor’s components parallel and perpendicular to the carrier transport
direction. The induced strain is uniaxial because exx � eyy. The value of the
resistance in Smith et al. (2013), of about 0.2 kX at 1000 mbar, changes with 0.6%
with respect to the value in the absence of an applied pressure.

The piezoresistive effect in graphene monolayers is exploited in NEMS
(nano-electro-mechanical-systems) as an effective readout method, the NEMS
resonator consisting of a H-shaped graphene monolayer clamped at the four cor-
ners, as shown in Fig. 1.85 (Kumar and Bhaskaran 2015). In NEMS resonators,
which act as mass or force sensors, two important parameters must be determined.
One of them is the minimum detectable mass:

Graphene membrane 
Fig. 1.84 Pressure sensor on
a graphene membrane
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dm ¼ 2meff

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Df =Q� xr

p
10�ðDR=20Þ ð1:93Þ

where meff is the mass of the resonator, Q is the quality factor, xr the resonance
frequency, Df is the bandwidth, and DR the dynamic range. The other parameter is
the minimum detectable force, defined as

Fmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTk=xQ

p
ð1:94Þ

where k ¼ meffx2 is the spring constant and T the temperature.
The mechanical resonator with a resonant frequency of about 1.2 MHz has a

total length of 1.8 lm and a total width of 1.2 lm, each leg being 120–150 nm wide
and 0.5–0.7 lm long. The quality factor at room temperature and 4 lTorr is around
1000. The resonator is mounted on a piezo disk and is mechanically activated by an
external DC voltage (see Fig. 1.86), while a bias voltage is applied across the two
legs on the same side of the resonator to transduce the change in resistance of the
resonator due to mechanical action into voltage. The minimum detectable mass is
1.4 zg (10−21 g), and the minimum detectable force of this mechanical sensor is 16
aN/(Hz)1/2 for a spring constant of 10−4 N/m.

Wearable electronics is one of the most advanced nanotechnologies focused on
new devices that combine mechanical and electronic properties of nanomaterials
mounted on skin or near the skin. Nanomaterials for such applications must have
special properties. In particular, they should be stretchable, bendable, and
deformable at any motion. Such devices, integrated into clothing or directly on skin,
have applications in monitoring of finger and muscle motions, sensing the posture,

Suspended graphene resonator Au 
contact 

Fig. 1.85 The graphene monolayer suspended NEMS resonator
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movement and breathing. Medical applications range from emergency medicine up
to remote monitoring of patients.

Wearable sensors must satisfy some prerequisites (Boland et al. 2014):

(i) light weight and high degree of miniaturization
(ii) high sensitivity
(iii) ability to work under high strain
(iv) fast time response

Recently, it was demonstrated that graphene-rubber composites satisfy the
conditions above (Boland et al. 2014), graphene being an ideal filler for strain
sensors. Graphene infiltrates commercial elastic bands, conferring them electrical
properties, sensing being based in most cases on the change of the resistance with
strain. The concentration or volume fraction of graphene at depth x in composites

/ðxÞ / erfcðx=
ffiffiffiffiffiffiffiffiffi
4Dts

p
Þ ð1:95Þ

is determined by the diffusion coefficient of graphene into rubber, D ¼ 4� 10�13

m2/s, and the soak time ts. At low graphene concentration, the resistance of the
composite is 4 MX, but decreases at 57 kX at a graphene concentration of 0.56%
with a soak time of 48 h. The conductivity of the composite is described by the
percolation theory, where the conductivity is given by
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Fig. 1.86 Measurement set-up of the graphene NEMS resonator
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r ¼ r0ð/� /cÞt ð1:96Þ

with t the percolation exponent, r0 the conductivity of the filler in a thin film
configuration, and /c = 0.1% the experimentally determined graphene concentra-
tion at which percolation occurs.

The resistance of the graphene rubber composite changes with orders of mag-
nitude at strains up to 600% and beyond (see Fig. 1.87). Note that the rubber is very
extensible, showing breaking at a strain of 1100%. The gauge factor is dependent
also on the volume fraction, reaching 20 at 0.1%.

The above composite was used to monitor the movement of the first knuckle of
index finger. The strain motion reached e = 40% when the finger was bent few
times. Breathing was also monitored by observing periodic, repetitive changes in
the resistance of the composite from 1 to 2 MX. Also, the muscle movements were
detected by wrapping the composite band around the forearm.

There are also transparent and flexible strain sensors (Bae et al. 2013), used for
monitoring the motion of body parts. In this case, the strain sensor is fabricated
from CVD grown graphene on Ni followed by reactive ion etching and stamping
techniques, graphene being finally transferred on flexible or stretchable substrates,
such as PDMS. The PDMS transmittance is 70% in the visible region. The flexible
strain sensor is based on the piezoresistive effect of graphene, i.e. on the variation of
the electrical resistance with strain. In this case, the resistance has a nonlinear
variation with the strain, starting from 500 kX for 0–0.5% strain and reaching
900 kX for 7% strain. A rosette-like configuration containing three transparent
strain sensors, each of them oriented at 120° with respect to the others, was used to
detect the three independent components of the strain tensor (see Fig. 1.88).
A rosette-like strain sensor array was introduced in gloves, targeting wearable
electronics applications to detect finger motions.

Very effective strain sensors for wearable electronics, displaying high stretcha-
bility of up to 150%, are made in a simple way, by using different stretchable yarns
on which poly(vinyl alcohol) (PVA) and graphene nanoplatelets (GNP) are
deposited using layer by layer techniques (Park et al. 2015). Depending on the yarn
structure, these strain sensors are able to detect large-scale body motion, such as
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bending movements of the hands, arms and legs, and small-scale body motions,
such as chest and neck motions associated with breathing, speaking, and swal-
lowing. The uncoated strain sensor based on depositing several layers of PVA and
GNP on the yarn is displayed in the upper part of Fig. 1.89, whereas the sensor with
a protective PDMS coating is represented in the lower part of the same figure.

Different stretchable yarns were tested in sensors coated with PDMS: (i) wool
yarns (WY), (ii) rubber (RY), and (iii) nylon covered rubber (NCRY), all having
good stretchability. As the strain changes between 0 and 100%, DR=R varies by
2000% in the case of RY and by 200% in the case of NCRY, whereas DR=R
decreases about 10% when the strain on WY is varied between 0 and 50%. The
difference in resistance increases in all cases with the number of PVA and GNP
layers. In particular, small-scale motion of the throat and large-scale motion of
fingers were detected by monitoring DR=R in time.

For wearable electronics, autonomous and miniaturized DC sources are neces-
sary. Supercapacitances based on graphene, which are shape-tailorable, were
recently reported (Xie et al. 2015). Graphene is an ideal candidate for superca-
pacitors since its specific surface area is 2675 m2/g and has a very high specific
capacitance (550 F/g). The supercapacitor consists of Ni nanocone arrays covered
with reduced graphene oxide (RGO) sandwiched between two flexible electrodes.
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The last category of graphene sensors discussed in this section is the biosensor.
Biosensors are well described in our book about Bionanelectronics (Dragoman and
Dragoman 2012), reprinted in China at 2015. However, few years ago graphene
biosensors were in infancy. Therefore, this topic is discussed in more details here.

A biosensor is a device formed from two parts: (i) a bioreceptor, which is the
sensing part, connected to (ii) the detector, which transforms the information about
the sensed analyte into a signal (optical, electrical, etc.). The configuration of the
biosensor is represented in Fig. 1.90.

Depending on the type of bioreceptors, we have immunobiosensors, geno-
biosensors, enzymatic biosensors, while with respect to the detection process we
have electrical, optical, piezoelectric and electrochemical biosensors. The electro-
chemical biosensors are widespread and further divided into impedimetric, poten-
tiometric or amperometric sensors. All these categories of sensors are able to detect
glucose, cholesterol, E-coli, viruses, cortisol, DNA amino acids and vapors and
gases relevant for breath diagnosis, for example, or dangerous gases (Kuila et al.
2011). Graphene biosensors are able to detect the main cancer biomarkers, cancer
cells and pathological bacteria and pathogens, traces of the Alzheimer disease, and
can act as scaffolds for stem cells.

Graphene is considered as an elite nanomaterial for biosensing (Kumar et al.
2015). Among the many unique attributes of graphene, of relevance for this
application is that in all carbon-based nanomaterials there is a direct electron
transfer between the functionalized nanomaterial and the bioreceptor, without any
mediator (fluorescent molecules, chemical groups, etc.). As such, graphene
amplifies the output signal and confers high sensitivity to free-label sensing.
Graphene is also a biocompatible material.

A large majority of graphene biosensors are based on graphene FETs and FET
arrays, where the biomolecules to be sensed change the conductance of the channel,
thus modifying the drain current and the transconductance. A typical graphene FET
biosensor with liquid gate is depicted in Fig. 1.91.

Detector Bioreceptor 

Analyte 

Fig. 1.90 Biosensor configuration
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Molecules are anchored to graphene, functionalized in a special manner to hold
the majority of biomolecules on the graphene channel. Hence, significant changes
in the channel conduction are produced by the sensed biomolecules. The main
property of the graphene FET biosensor is the liquid gate. In principle, the ionic
liquid separates the gate electrode and the graphene sheet that forms the transistor
channel. At low gate bias, the current flow is limited by the formation of a Debye
layer (a double ionic layer), but at high gate voltages the electrolytic processes
produce relatively high currents between the gate and graphene. Graphene FETs
based on liquid gates are also used to detect proteins, small molecules and viruses
(Green and Norton 2015).

The ultimate performance of such a sensor was the detection of a single base
mutation from a DNA sequence (Dong et al. 2010). The probe, the complementary
DNA and the one-base mismatched DNA string were dissolved in phosphate
buffered saline (PBS, with pH 7.4), which contains 0.25 M NaCl and 10 mM
phosphate. The probe DNA is preimmobilized on graphene and 40 lL of PBS is
added in the chamber made of PDMS, the gate voltage being applied via an Ag
wire. The detection sensitivity is of 0.01 nM. The target DNA introduces an n-
doping of graphene, so that the transconductance changes. This n-doping is
observed by monitoring the ID − VG dependence, which shifts upwards in current in
this case, the Dirac point showing a slight shift towards higher gate voltages. The
shift in the gate voltage corresponding to the minimum current, which is the
footprint of the Dirac point, is directly proportional to the concentration of the
complementary sequence. As this concentration increases from 0.01 up to 10 nM,
the shift increases from 10 to 55 mV. For higher concentrations of the comple-
mentary sequence there is no gate voltage shift due to the saturation of the
hybridization process. On the other hand, the shift of the voltage corresponding to
minimum current is less pronounced for one-base mismatched DNA string, the shift
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Fig. 1.91 Typical configuration of graphene biosensor based on graphene FET
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being of only 20 mV for a concentration of 500 mM. The biosensing mechanism is
displayed in Fig. 1.92.

Another important application of graphene in biosensors is DNA sequencing
using nanopores, which implies the electrical detection of the sequence of bases A,
G, C and T that form the DNA code. DNA sequencing provides important infor-
mation for the understanding and early detection of serious diseases such as cancer.
The electrical detection of DNA sequences is based on the fact that the DNA
backbone is charged in ionic solution. More precisely, a single negative charge
corresponds to each nucleotide, or two charges are associated to a pair of nucleo-
tides for ds (double-stranded) DNA. As the negatively charged DNA is dragged by
an applied electric field through a nanopore with a very small diameter, of 1–2 nm,
the bases generate distinct electrical signals, which are further amplified and pro-
cessed (Zwolak and di Ventra 2008). The nanopore diameter must be so small
because the DNA diameter is no larger than 2 nm, the length of a nucleosite being
of 0.7 nm. Thus, the limits of nanotechnologies and electronics are reached, and in
many ways a nanopore-based DNA sequencing device, as that represented in
Fig. 1.93, is one of the most advanced nanoelectronic circuits.

DNA sequencing using a nanopore consists of two ionic chambers with the roles
of trapping and translocating the DNA sequence, respectively, followed by elec-
tronic detection. The ionic chambers that trap and translocate the DNA sequence are
labelled as cis and trans. By applying a DC bias across the nanopore, a DC electric
field is created, which generates an ionic current through the pore by pulling out the
negatively charged DNA through the pore.
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Fig. 1.92 DNA hybridization and one-base mismatch detection
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The trapping of DNA depends on the concentration of the solution and the
strength of the applied DC electric field, while the translocation is dependent on the
applied field (bias) and many other factors (viscosity, ionic concentrations, etc.),
which are generally referred to as DNA-pore interaction effects. The physical
principle of DNA sequencing with the help of a nanopore, shown in Fig. 1.94, is
based on the fact that translocation occurs in a certain time duration td , and during
this time the strand of DNA disables the flow of ions through the pore. Because the
nucleotide localized in the pore has a much slower velocity than the ions, the DNA
nucleotide inside the pore blocks the ionic current, inducing a spike in the ionic
current, with durations in the 300–1300 ls interval (Zwolak and di Ventra 2008).
The blockade current is the main source of information about the length of the DNA
string and its bases’ sequence, because each base has a different geometrical
dimension and thus different td .

There are two forces that act on DNA: the driving force in the nanopore region,
given by

Fdriving ffi �0:5eNE ð1:97Þ

where N is the number of DNA folds in the pore region and E is the applied electric
field, and the drag force

Fdrag ffi Nc v ð1:98Þ

expressing the nanopore-DNA interaction. In (1.98) c is a coefficient specific for the
surface of the contact area between DNA and the pore and v is the DNA velocity.
For a constant velocity v, an equilibrium is reached between the dragging and
driving force, which requires

Electronic 
processing 

CTTGCA.... 
I (a.u) 

Time 

cis  

DNA  

FdrivingFdrag

Nanopore 

trans 

- +

Fig. 1.93 DNA nanopore sequencing circuit

76 1 2D Carbon-Based Nanoelectronics



Fdrag ¼ Fdriving ð1:99Þ

An enhanced sensitivity of DNA sequence detection is achieved in the transverse
electronic current method, in which two DC biased electrodes are added on the two
sides of the nanopore, as illustrated in Fig. 1.95, and the transverse current is
monitored.

The parallel electric field, denoted by E‖ in Fig. 1.95, drags the DNA through the
nanopore, while the transverse field, E⊥, contains the DNA sequencing information,
since each base has a very distinct current signature (Zwolak and di Ventra 2008).
More precisely, as suggested by Fig. 1.96, each nucleotide translocating through
the nanopore has a distinct electronic signature of the bases that is imprinted in the
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transverse current. The origin of this important distinction between the transverse
currents corresponding to different DNA bases is the Fermi level position with
respect to the HOMO and LUMO, and the DOS values, since the bases have
different spatial extent and thus different extended molecular orbitals. The nanopore
current (Zwolak and di Ventra 2008) is given by:

I ffi e2CLðEFÞCRðEFÞV=½p�hðEF � ENÞ2� ð1:100Þ

where CL and CR are coupling coefficients, which are very different for each base
due to their different shapes, corresponding wavefunctions and Fermi levels. The
three billion bases of a human ssDNA could be sequenced in about 7 h using the
transverse current sequencing technique (Zwolak and di Ventra 2008), but the main
disadvantage of this method is the noise, especially the ionic noise.

Graphene is used in nanopores because it is the thinnest known material, other
solid-state nanopores being 100 times longer than the distance between two bases,
which is of 0.5 nm. Few-layer graphene nanopores with diameters of 2–20 nm have
been produced (Schneider et al. 2010; Merchant et al. 2010).

At the beginning of this section we have pointed out that graphene and its
various forms (GO, RGO, aerogels) are able to detect gases with unprecedented
sensitivity. We refer here to the gas sensor as biosensor for harmful gases, which
are able to destroy life in a very short time. In general, the physical mechanism for
detection of these dangerous gases is gas adsorption, which produces a change in
the conductivity of graphene due to the local doping.

There are many types of sensors on pristine graphene (see the examples above),
graphene oxide (GO), reduced oxide graphene (RGO) or graphene aerogels
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(Varghese et al. 2015). Pristine graphene gas sensors are so sensitive that they can
detect the adsorption or desorption of a single gas molecule from the graphene
surface (Schedin et al. 2007). The sensing mechanism is the change in graphene
resistivity due to local doping induced by the gas molecules. In particular, graphene
detection of NO2 reaches an outstanding performance of 0.1 ppm.

Graphene sensors in a Hall bar configuration were used also to understand the
type of doping induced by various molecules. It was found out that n-type doping is
produced by NH3, CO and ethanol, while p-type doping is induced by NO2, H2O
and iodine. The detection limit of Hall bar gas sensor is 1 ppb, concentration at
which the relative resistivity of graphene changes by Dq=q / 10�4.

The decrease of contact resistance at 100 X in few graphene layers devices due
to adsorption and desorption of a single NO2 molecule is also used for sensitive
detection. In this case, the difference in resistance, of 2.5 X, is very large consid-
ering that a single molecule is attached or detached from the graphene surface.

Other forms of graphene are able to detect harmful gases with a very high
sensitivity and selectivity. For example, flakes of GO deposited on a Pt IDT
electrode array by the drop casting method detect NO2 with a sensitivity of 20 ppb
(Prezioso et al. 2013). In this sensor, represented schematically in Fig. 1.97,
detection is associated to the oxygen functional groups at the GO surface, on which
NO2 is mainly adsorbed.

A promising path for highly sensitive gas sensors is offered by 3D graphene
aerogel-ZnO composites (Liu et al. 2015b). Semiconductor oxides, such as ZnO,
are extensively used in gas sensors, but ZnO sensors work at high temperatures due
to the high activation energy required for surface adsorption and redox reaction
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Fig. 1.97 GO gas sensor
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between ZnO and the gas. On the other hand, ZnO spheres in combination with
graphene aerogel display different physical sensing mechanisms, which do not
require high temperatures. The graphene aerogel creates a conductive matrix
between ZnO spheres, necessary for sensing and for avoiding also agglomeration
between spheres. The sensing process as well is enhanced significantly due to the
large specific surface of graphene aerogel. Thus, the graphene aerogel-ZnO com-
posite works as gas sensor at room temperature, with fast response and recovery
times. For example, the sensitivity of this sensor for NO2 detection is 50 ppm at
room temperature, the resistance variation DR=R at 200 ppm of NO2 being of 20%.
The DR=R dependence on time of ZnO+graphene, graphene and graphene aerogel
and ZnO spheres is displayed in Fig. 1.98. Graphene aerogel+ZnO is faster than the
graphene sensor and has a shorter recovery time due to the heterostructures formed
between graphene and ZnO, which attract more electrons from graphene to NO2 via
new conduction channels created in these heterostructures.

1.4 Graphene Photonics

Graphene is a material with tunable optical properties, and as such has many
photonic applications. We have pointed out in the above section that the density of
carriers in graphene, and hence its conductivity, is modulated by an applied DC
voltage. In photonics this means that the index of refraction, the absorption coef-
ficient, the optical nonlinearities, and plasmonic resonances are all dependent on the
applied DC voltage. It was never simpler to tune the optical response than using
photonic devices based on graphene.
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Fig. 1.98 Typical response in time of graphene aerogel+ZnO in comparison with other related
sensors at 50 ppm NO2 gases (after Liu X et al. 2015a, b)
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Intrinsic graphene has a universal optical conductance (Low and Avouris 2014)

Gopt ¼ e2=4�h ð1:101Þ

and thus an absorption

ap ¼ 2:3% ð1:102Þ

where a ¼ e2=�hc ffi 1=137 is the fine structure constant. Equation (1.102) shows
that the absorption is independent of the wavelength of light, in strong contradiction
with semiconductors, where absorption has a narrow band centered on the wave-
length that corresponds to the bandgap.

The optical conductivity has a more general expression (Sensale-Rodríguez et al.
2013) and is dependent on the type of optical transition: intra- or interband, as
illustrated in Fig. 1.99.

We have

rintra ¼ ie2EF=½p�h2ðxþ i=sÞ� ð1:103aÞ

and

rinter ¼ ðie2x=pÞ
Z1

0

dE½f ðE � EFÞ � f ð�E � EFÞ�=½ð2EÞ2 � ð�hxþ iCÞ2�

ð1:103bÞ

Intraband 

Interband 

EF

h

Fig. 1.99 Graphene optical
transitions
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where s and C are the momentum relaxation time and broadening of interband
transitions, respectively, and f ðEÞ ¼ 1=½ðexpðE � lcÞ=kBTÞþ 1� is the Fermi dis-
tribution, with lc the chemical potential describing charge accumulation in gra-
phene. This latter parameter is related directly to the applied voltage V via

lc ¼ �hvF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpeox=edoxÞðV � VDiracÞ

p
ð1:104Þ

where eox is the permittivity of dielectric, dox its thickness and VDirac the Dirac
voltage.

Because the Fermi level is tunable via the carrier density: EF ¼ ðpnÞ1=2=h;
which in turn is changed via the electrostatic doping induced by the gate voltage,
the optical conductivity is DC tunable. So, via the Fermi energy shift and the
chemical potential dependence on the applied voltage, the optical absorption in
graphene depends on the DC voltage since r is directly proportional to absorption.

When the optical frequency is very high, including the visible, UV, and far IR
ranges, the conductivity becomes e2=4�h, independent of frequency.

Another consequence of the direct proportionality between r and absorption is
that the index of refraction becomes dependent on the gate voltage via the formula:

ngrðVGÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� irðVGÞ=ðxe0tgrÞ

q
ð1:105Þ

where tgr ¼ 0:34 nm is the thickness of graphene. The dependence ngrðVGÞ was
recently experimentally proven (Xu et al. 2015) at 1550 nm. In these experiments
graphene was transferred on a Si/SiO2 substrate, where the doped Si substrate
played the role of the backgate. The measurements were performed in a reflection
configuration, the change in the power reflectivity with respect to the value R0 in the
absence of graphene being calculated with the formula

DR=R0 ¼ ptgrRe½ð1� n2grÞð1þ r0Þ2=ðr0kÞ� ð1:106Þ

where r0 is the substrate reflectivity without graphene.
The dependence of the index of refraction of graphene on the applied gate

voltage and the corresponding chemical potential is depicted in Fig. 1.100. This
figure shows that the index of refraction is strongly tunable with the applied gate
voltage. At zero gate voltage, the real part of the refractive index of graphene is 3,
but can be strongly modulated by the backgate voltage even below 1. This very
strong index of refraction modulation can be used in several photonic devices since
up to a chemical potential value of 0.5 eV graphene behaves like a dielectric and
beyond this value like a metal. This reversible transition between “dielectric” and
“metallic” graphene is the key of many graphene-based modulators.

The optical constants of graphene in the visible spectral range can be deduced
from the general formula of an absorbing medium with extinction coefficient k and
refractive index n having thickness tgr (Bruna and Borini 2009):
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4pk=k ¼ �ðntgrÞ�1 ln½ðI=I0Þð1� RÞ�1� ð1:107Þ

Because in the graphene monolayer

I=I0 � ð1� apÞ ð1:108Þ

and 1� R ffi 1; we obtain

k ¼ �ðk=4pntgrÞ lnð1� paÞ 
 C1k=n ð1:109Þ

where C1 ¼ 5:446 lm−1. This is a simple relation between the index of refraction
and the extinction coefficient. Assuming that n is constant in the visible domain,
n ¼ 3; it follows that k ¼ C1k=3:

The optical transmission and reflection in graphene are also tunable by the gate
voltage. The optical transmission depends on the optical conductance Gopt as
(Bonaccorso et al. 2010):

T ¼ ½1þGoptN=ð2e0cÞ��2 ð1:110Þ

where N is the number of graphene layers. Because the sheet resistance Rs is
determined by the DC gate-dependent conductivity via:

Rs ¼ ½rðVGÞN��1 ð1:111Þ
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Fig. 1.100 Graphene refractive index as a function of the gate voltage (after Xu et al. 2015)

1.4 Graphene Photonics 83



it follows that

TðVGÞ ¼ ½1þ Z0Gopt=2RsrðVGÞ��2 ð1:112Þ

where Z0 ¼ 1=e0c ¼ 377 X. When the gate voltage VG is nearly zero, the con-
ductivity is 4e2=h; Rs ¼ 6 kX/sq and T = 97.7% for N = 1, the graphene mono-
layer being more transparent than ITO. However, the sheet resistance is too high; it
should be around 100 X–200 X/sq.

One method to reduce the sheet resistance is to dope graphene, and to transform
it into a transparent conductor, with reduced surface resistance and a high trans-
mission in an as-large-as-possible optical bandwidth. Because graphene-based
transparent electrodes have important applications in touch displays, solar cells, and
transparent loudspeakers, heaters or actuators (Zheng and Kim 2015) the doping
process will be described briefly below.

We have already discussed about graphene doping in several contexts. First, the
role of doping is to engineer the Fermi level in graphene, and thus to control the
charge carrier density. By shifting the Fermi level away from the Dirac point, we
are able to decrease the sheet resistance of graphene. The doping could be p-type or
n-type, depending on the doping method. We have already mentioned the elec-
trostatic doping of graphene, which is one of the most important properties of
graphene and 2D materials, and in which the Fermi level is shifted by a gate
voltage, but electrostatic doping is not applicable for transparent electrodes. Other
doping methods were mentioned in connection with graphene functionalization.
Here we discuss the main methods of doping for transparent electrodes.

The wet doping is referred to as spin coating or dip coating of graphene in a
solution. Acid treatment is a typical doping method, and the nitric acid (HNO3) is
used extensively for this purpose, produces a p-type doping and a shift of the Fermi
level of up to 0.8 eV depending on its concentration (see Fig. 1.101). Halogenating
agents such as SOCl2, produce also p-type doping of graphene and reduces the
sheet resistance with 50–80%. Auric chloride AuCl3 is also a p-type dopant. In the
case of multilayer graphene, the sheet resistance decreases with 80% as a result of
this doping method, becoming less than 100 X/sq. Note that the optical transmit-
tance is preserved beyond 90%.

Another method of doping is hybridization with carbon nanotubes, metal
nanowires, nanorods, and metal grids. For a good review of doping methods
applied for graphene as transparent conductor see Zheng and Kim (2015, Chap. 4).

Nonlinear effects in graphene are very strong and are caused by the interaction
between optical fields and electrons on the outer shell of carbon atoms, which shifts
the electron cloud from its initial position around the nucleus and generates a net
polarization. At moderate optical fields, there is a linear relation between the
polarization P and the electric field E (Bao and Loh 2012)

84 1 2D Carbon-Based Nanoelectronics



P ¼ e0v
ð1ÞE ð1:113Þ

where vð1Þ is the first order linear susceptibility. At stronger optical fields, however,

P ¼ e0ðvð1Þ þ vð2ÞE2 þ vð3ÞE3 þ . . .Þ ð1:114Þ

where vð2Þ and vð3Þ are the second- and third-order nonlinearities, respectively,
which are related to nonlinear phenomena such as saturable absorption,
self-focusing or two-photon absorption. Graphene displays very large third-order
nonlinearity, of 10−7 esu, and a very large Kerr coefficient and optical damage
threshold, with orders of magnitude larger than in semiconductors (see Table 1.6).

In relation (1.113), the real part of vð1Þ is associated to the real part of the
refractive index, while the imaginary part is linked to optical loss or gain. Graphene
modulators are based on the tunability of the real part of vð1Þ with an applied DC
field, i.e. the variation of the index of refraction with the DC voltage. We have seen
above that when the gate voltage, i.e. the chemical potential, varies graphene
undergoes a reversible transition from a “dielectric” to a “metallic” state. If

Pristine graphene Doped graphene 

EF

EF

Graphene 

HNO3

Fig. 1.101 Graphene doping using nitric acid

Table 1.6 Nonlinear optical properties of graphene and other materials (Bao and Loh 2012)

Material Refractive
index

Optical damage
threshold (MW/cm2)

Third order
nonlinearity (esu)

Kerr nonlinear
coefficient at
1.55 lm

Graphene 2.6–3 3 � 106 10−7 10−11

h-BN 2.2 500 1.36 � 10−14 –

GaAs 3.4 45 4 � 10−8 3.3 � 10−17

Si 3.44 500 5 � 10−11 4.5 � 10−18
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graphene is integrated along an optical waveguide, so that light propagates along
graphene and strongly interacts with this material, such a transition produces light
modulation. For a recent review of optical modulators based on graphene see Luo
et al. (2015).

The simplest modulator, shown in Fig. 1.102, consists of a graphene sheet
integrated with a slightly doped Si bus waveguide (Liu et al. 2011), the device
having an area of 25 lm2. Graphene is separated from the doped Si by an Al2O3

dielectric. This modulator is based on the fact that graphene is a
DC-voltage-controlled absorbtion medium, which modulates the transmission of
the Si bus waveguide. For small drive voltages, the Fermi level in graphene is near
the Dirac point, so that interband transitions are allowed and the transmission of
photons with a wavelength of 1.53 lm is attenuated due to absorption. For larger
drive voltages, interband transitions are forbidden and the transmission through the
bus waveguide increases. A modulation depth of 0.1 dB/lm was achieved in this
way in the bandwidth 1.35–1.6 lm, the operation bandwidth being of about 1 GHz.

A similar double-layer graphene modulator operating around 1 GHz has an
enhanced modulation depth, of 0.16 dB/lm, at a drive voltage of 5 V. The entire
graphene-Al2O3 dielectric-graphene structure is functioning as a p-i-n junction to
minimize the losses (Liu et al. 2012). This type of modulator is schematically
represented in Fig. 1.103. The state-of the-art of optical modulators based on Si and
graphene using the concepts described above is a broadband 10 Gb/s modulator at
telecom wavelength (Hu et al. 2014).

A double layer formed from two graphene monolayers separated by a dielectric
in a FET-like configuration and integrated on a Si waveguide is able to work
simultaneosly as modulator and photodetector (Youngblood et al. 2014). In this
device, illustrated in Fig. 1.104, the bottom graphene monolayer acts as a channel,
playing also the role of an optical absorber where photocarriers are generated, while
the top graphene electrode is an optical transparent gate able to tune the optical and
electrical behavior of the graphene channel. The thickness of the Al2O3 gate
dielectric is 100 nm. The drain and source contacts are made from different metals,

Si Graphene 

Pt 

Au Au 

SiO2

Bus 
waveguide 

Fig. 1.102 Optical modulator based on a slightly doped Si waveguide
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Ti/Au and Pd/Au, with different workfunctions, these electrodes doping the gra-
phene channel n-type and, correspondingly, p-type. As a result, if the middle of the
graphene channel is tuned to the Dirac point, the entire device mimics a lateral p-i-
n junction, so that a built-in field located in the channel separates the photocarriers.
The device displays a modulation depth of 64% in the GHz bandwidth and a
responsivity of 57 mA/W.

Another photonic device is presented in Fig. 1.105, where a graphene–graphene
capacitor is integratedwith a silicon nitride ring resonator coupled to a buswaveguide.
The capacitor, consisting of two graphene monolayers separated by 65 nm Al2O3

dielectric, is grown on top of a portion of the ring resonator. When both graphene
sheets are unbiased, the bus waveguide and ring resonator, with a 300 nm gap
between them, are practically decoupled due to the high losses in the ring caused by
opaque graphene; light propagation through the bus waveguide is almost unimpeded.
On the other hand, when a DC bias is applied on the graphene capacitor, the trans-
mission changes dramatically, from −8 to −25 dB at –50 V, so that light propagation
through the bus waveguide is obstructed. In this case, graphene is electrostatically
doped, the shift of the Fermi level preventing light absorption, and the ring resonator
and bus waveguide become coupled. Light modulation is caused by graphene-tuned
interference in the coupling region between the ring and the bus waveguide. The
device has 30 GHz bandwidth operation, a 15 dB tuning of cavity transmission being
achieved with only 10 V swing (Phare et al. 2015).

All the above optical modulators are based on interband transitions, but modu-
lation at higher frequencies, up to 3 THz, is possible using intraband transitions. The
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Fig. 1.104 Modulator and
photodetector based on
graphene
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working principle of such modulators is similar to that of optical modulators in the
visible or IR spectral regions. Graphene at the Dirac point is transparent, having zero
charge density and behaving like a “dielectric” such as ITO in the visible spectrum.
As a result, the absorption has low values and the transmission T ! 1: On the
contrary, when a gate voltage is applied, the density of carriers increases and gra-
phene tends to behave as a “metal”, such that T ! 0 (Sensale-Rodríguez et al.
2012). A THz modulator working on this principle is represented schematically in
Fig. 1.106. The modulation depth is 64% with the insertion loss of 2 dB at 0.62 THz.

All-optical spatial THz modulators can be successfully implemented using
graphene transferred on Ge. Ge was chosen as substrate instead of Si due to its
higher bulk mobility, and thus an increased surface mobility and better modulation
performances. In this graphene-based modulator, a wideband modulation, from
0.25 up to 1 THz, was obtained under laser pumping at 1550 nm (Wen et al. 2014).
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Fig. 1.105 Graphene modulator with a bandwidth up to 30 GHz
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Fig. 1.106 THz modulator
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The modulation depth is impressive, reaching 94%, and the measured modulation
speed is 200 kHz at a 340 GHz carrier. The modulator is represented schematically
in Fig. 1.107 and its modulation principle is described in Fig. 1.108. No bias needs
to be applied on graphene for modulation purposes in this case. Instead, at a laser
pumping power of 400 mW, both graphene and Ge layers show a very large
attenuation of the THz wave due to the photogenerated free carriers, which form a
thin conductive layer. But, in dark, i.e. when the optical power is reduced to 0, the
transmission of THz waves reaches 50%. In this way, THz waves are modulating
the optical carrier at 1550 nm.

The transmission is given by

TðEÞ ¼ ½1þ 0:5aprðEÞ��2 ð1:115Þ

where a is the fine structure constant and the nonlinear conductivity can be
expressed as

rðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ r3ðEÞH2Þ2 þ r23ðEÞH2

1

q
ð1:116Þ

THz 

Laser 
pump 

Graphene 

Ge 
Detector 
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Fig. 1.108 Principle of the
all-optical THz modulator
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where

r3ðEÞ ¼ e2v2FE
2
0=�h

2x4; H1 ¼ ð13=48ÞNð1=2Þ � ð2=3ÞNð1Þ
þ ð45=48ÞNð3=2Þ; H2 ¼ 2Nð1Þ; ð1:117Þ

E0 is the strength of the incident field, NðxÞ ¼ tanhðx�hx=2kBTÞ and T is the tem-
perature; the terms H1 and H2 originate from the time averages of the nonlinear
currents of the first and third order, respectively, in graphene. This model is precise
enough to fit the experimental data.

Photodetection in graphene is due to interband and intraband absorption and
generation of photocarriers. Since graphene absorption is independent of wave-
length, this material can be used for photodetectors in a wide range of wavelengths,
from microwaves up to visible, infrared and even ultraviolet. Various types of
graphene, such as inks, flakes, or aerogels can be used for photodetection in specific
types of devices, but there are also photodetectors fabricated at the wafer scale. The
most common device for photodetection is the graphene FET.

There are several physical mechanisms for light detection using graphene (Sun
and Chang 2014), the photoelectric effect being mostly used for this purpose.
According to the photoelectric effect, excitons are formed when photons excite the
graphene monolayer, which are separated in photoexcited carriers (electrons and
holes) by the built-in field at the graphene-metallic electrode interfaces. The basic
metal-semiconductor-metal-like (MSM-like) configuration of a graphene photode-
tector is shown in Fig. 1.109. Different configurations for electrodes, such as
interdigitated electrodes, can be used, the substrate can be doped and then can act as
the backgate, a top gate with the corresponding biasing circuit can be added to the
configuration in Fig. 1.109, but in principle this is the basic configuration for
graphene photodetection.

The photocurrent in graphene is given by

Iph ¼ elAVDn ð1:118Þ
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Fig. 1.109 MSM-like basic configuration of a graphene photodetector
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where A is the cross section, V is the bias voltage, l is the mobility of carriers, and
Dn is the density of photocarriers. The carrier mobility in graphene is high, but the
low absorption and the short lifetime of photocarriers generate low quantum effi-
ciency in graphene and, despite many efforts to alleviate these issues, there are other
2D materials such as MoS2 where the quantum efficiency is much higher.
Therefore, graphene photodetectors have average performances and their most
important advantage is the large bandwidth. The responsivities of graphene pho-
todectors are below 10 mA/W, which is a modest performance taking into account
that photodetectors based on 2D transition metal dichalcogenides have responsiv-
ities of 106 A/W and even higher.

Graphene photodection in a very large spectral bandwidth: ultraviolet, visible
and near infrared, was demonstrated with graphene inks (GI) or GI functionalized
with Au, Ag, or Au nanoparticles further encapsulated with bovine serum albumin
(BSA) and deposited on interdigitated electrodes (IDTs) fabricated on a silicon
dioxide/silicon substrate (Radoi et al. 2010). In contrast to gold-functionalized GIs,
which have responsivities better than 1 mA/W at a 0.1 V bias over the huge
bandwidth extending from 215 to 2500 nm, Ag-functionalized inks show at least a
four-fold increased responsivity, with a record value of 13.7 mA/W in near
infrared.

The IDT structures are fabricated on 0.5-lm-thick SiO2 grown over a high
resistivity silicon wafer (*8 kX cm). The Ti/Au IDT electrodes are fabricated from
Ti with a thickness of 60 nm, the gold thickness being 240 nm. The width of an
IDT electrode is 3 lm and the gap between adjacent digits is 1 lm. The SEM photo
of 24 IDTs electrodes is displayed in Fig. 1.110.

Figure 1.111 illustrates the response of GI at white light. For the UV-VIS
spectrum, the photodetector was illuminated with a halogen lamp terminated with

Fig. 1.110 SEM photo of
graphene ink photodetector
(from Radoi et al. 2010)
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an optical fiber, having a power of 43 lW for the visible (VIS) spectral domain and
a deuterium lamp with a power of 7 lW for ultraviolet (UV), both lamps covering
the spectrum 215–1500 nm. For near-infrared (NIR), a tungsten halogen lamp with
a power of 0.5 mW was employed, for an extension of the optical spectrum from
1500 to 2500 nm. Thus, all optical lamps cover the huge spectral spectrum from
215 up to 2500 nm. The optical responsivities of GI and GI functionalized with
nanoparticles from UV up to FIR are displayed in Fig. 1.112.

There are many reviews explaining how the low absorption of graphene can be
increased using optical cavity integration, optical waveguide integration, or plas-
monic excitations (Koppens et al. 2014). These methods are well-known solutions
for improving the performances of photodetectors of many types, so that we will
not present them in detail here. But, as we have pointed out, graphene FETs act as
electromagnetic detectors in the THz region when integrated with an antenna, and
in the IR region if the transistors are integrated with antennas or excited via
waveguides (Li et al. 2014).
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The best performance graphene photodetector is obtained by band structuring,
which introduces electronic trapping centers and induces a bandgap in graphene
(Zhang et al. 2013). In this way, a responsivity of 8.61 A/W can be achieved, which
is about three orders of magnitude higher than that of the majority of graphene
photodectors. This graphene photodetector is based on the physics of graphene; it
does not just mimic (without much success) existing detecting solutions for other
semiconductor photodetectors.

More precisely, a very thin Ti layer (2 nm) deposited on graphene and then
removed after fabrication of a graphene dot-like array (see Fig. 1.113) induces a
defect midgap states band (MGB) and a bandgap. The thickness of the Ti layer
controls the average size of the graphene quantum dots. Thicker Ti layers produce
smaller sizes of quantum dot-like features. For example, for a Ti thickness of t ¼
20 nm, the average dimension of the quantum dots is W = 7.5 nm, while for
t = 2 nm the average dimension increases to 20.5 nm. However, smaller features
generate higher bandgaps, according to the formula

Eg ffi �hvF=W ; ð1:119Þ
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Fig. 1.113 Photodetector based on a graphene quantum dot-like array
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while the average crystallite size of the quantum dots, Lc, are determined from the
Raman analysis via the ratio of the intensities of the D and G bands, denoted by ID
and IG, respectively:

Lc ffi ð2:4� 10�10Þk4ðnmÞðID=IGÞ�1: ð1:120Þ

There are two mechanisms competing for a high photoresponse

(i) impact ionization in the quantum-dot arrays; a photoexcited electron with a
high energy relaxes to lower levels in the conduction band, exciting (one or
few) carriers from the valence band into the conduction band;

(ii) recombination of an electron from the conduction band with a hole in the
valence band, associated with the excitation of an electron in the conduction
band to a higher energy state based on the resulting energy in the recombi-
nation process (Auger recombination).

Impact ionization is more efficient than Auger recombination in confined
quantum systems, such as quantum dots, and thus carrier multiplication occurs, i.e.
more and more electrons are produced in the conduction band. This mechanism is
called multi-excitation generation (MEG). The photoconductive gain is caused in
this case by trapping of the photogenerated and the secondary electrons on MGB
states, which allows few-times circulation of holes in the photoconductive channel
before recombination.

With the following notations: n and m the electron populations in the conduction
band and MGB, R the recombination time (equal to 1 ps), a the capture rate of the
MGB, s1 the lifetime of traped electrons, st the transition time, b the photogen-
eration rate, v the number of electrons per absorbed photon due to impact ioniza-
tion, and I the photodetected current, the relevant balance equations are:

dn=dt ¼ vb� Rm� an ¼ 0 ð1:121aÞ

dm=dt ¼ an� m=s1 ¼ 0 ð1:121bÞ

nþm ¼ Ist=e ð1:121cÞ

From these, the capture rate is found as

a � RðI=evbÞðst=s1Þ ð1:122aÞ

and the quantum efficiency is

g ¼ an=b ffi ðI=evbÞðst=s1Þ: ð1:122bÞ

From experimental data it follows that g is about 10�6 for s1 = 30 s and
st = 250 ns. The photoconductive gain is then
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G ¼ gðs1=stÞ: ð1:123Þ

This parameter depends on the energy of photons, and reaches 100 for a photon
energy of about 2.3 eV.

The ultimate graphene photodetector, the configuration of which is represented
in Fig. 1.114, is obtained by integrating the photodetector with an optical antenna,
which works at visible and IR wavelengths. As an example, an antenna coupled to a
graphene photodetector shows a responsivity of 17 nA/lW at 580 nm and has a
signal-to-noise ratio (S/N) of 200 (Chakraborty et al. 2014).

In order to avoid the main drawbacks of graphene photodetectors: low absorp-
tion and short lifetime of photocarriers (of about 1 ps), mid infrared graphene
detectors can be integrated with antennas. In such a configuration, illustrated in
Fig. 1.115, the role of the metallic antenna array is to improve light absorption and
to enhance the yield of photocarrier collection by increasing the photocarrier life-
time (Yao et al. 2014). The antenna array is formed from end-to-end coupled
antennas and has a resonance in mid-infared, at 4.45 lm.

As a result of integrating the antenna array, the responsivity of the graphene
photodetector increases to 0.4 V/W, which is orders of magnitudes higher than the
same parameter in graphene photodetectors without antenna (2 mV/W). The gap
size g between antennas is about 100 nm. The antennas are made of Pd/Au, the Pd
layer, with a thickness of 10 nm being used to decrease the contact resistance.

The photoconductor current in the device in Fig. 1.115 is given by

Iph ¼ ðePinc=hmÞð2MsR=strÞ½1� expð�str=sRÞ� ð1:124Þ

where sR is the recombination lifetime, str ¼ g=vtr is the transit time across the gap
and M is the multiplication factor of hot carriers. An equivalent circuit of the
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Fig. 1.114 Graphene photodetector antenna

1.4 Graphene Photonics 95



photodetector is presented in Fig. 1.116. Using this circuit, the responsivity of the
photodetector can be defined as

R ¼ ðaeG=hmÞRG=ðRG þRS þRLÞ ð1:125Þ

where RG is the resistance of graphene between electrodes, RS is the series resis-
tance, accounting for the contact resistance between graphene and metals, RL is the
load resistance, a is the fraction of the incident light that is absorbed in graphene
and

G ¼ 2MsR½1� expð�str=sRÞ�=str ð1:126Þ

is the photoconductive gain. The maximum responsivity, of 0.4 V/W, is attained at
a drain current of 4 mA.

Bolometric detection is another way to sense electromagnetic waves. This
method requires low temperatures, below 1 K, and is targeting electromagnetic
waves from THz up to IR. In principle, the bolometer absorbes one photon and
detects the temperature increase. The bolometers are able to detect the power P, since
their thermal conductance is given by GðTÞ ¼ dP=dT : Among the different ways of
readout of a graphene bolometer, we mention the measurements of Josephson noise,

Pd/Au 
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p-Si - Backgate 
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D S 

Light 

Fig. 1.115 Mid-infrared graphene photodetector: top view (top) and side view (bottom)
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superconducting critical currents, or resistance of a superconducting tunneling
contact. The working principle of the graphene bolometer is depicted in Fig. 1.117.

The figure of merit of a bolometric graphene detector is the energy resolving
power, given by

R ¼ E=dE ð1:127Þ

where E denotes the photon energy and dE the energy width. More details about
graphene bolometers are found in Du et al. (2014).

The last issue related to graphene photonics concerns surface plasmon polaritons
(SPPs) in graphene, which is a subject extensively treated in literature due to
biosensing applications (Dragoman and Dragoman 2012). SPPs are collective
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RG RG

IphIph

Fig. 1.116 Equivalent circuit of the graphene antenna photodetector
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Fig. 1.117 The bolometric
graphene detector
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electron excitations generated by an electromagnetic field, which travel along a
metal-dielectric interface, are localized around nanoparticles or nanowires placed on
a substrate, or pass through an array of nanoholes. Because the wavelengths of SPP
waves are smaller than the free space optical wavelength, miniaturization and
scalability of optical devices are possible, although little progress was done in this
respect up to now. However, SPP remains one of the most sensitive sensors for
many analytes.

The simplest SPP configuration is the metal-dielectric interface, represented in
Fig. 1.118. The SPP oscillations are localized in the z-direction, perpendicular to the
interface. SPPs are electromagnetic fields with transverse magnetic (TM) polarization
propagating in the x direction with a wavevector component kSPP, which exist only if

eðxÞK ¼ �erKm ð1:128Þ

where eðxÞ is the dielectric function of the metal and er that of the dielectric, and
Km ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2SPP � eðxÞx2=c2

p
and K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2SPP � erx2=c2

p
are the wavevector com-

ponents along z in metal and dielectric, respectively. The SPP theory and its
applications are reviewed in Dragoman and Dragoman (2008b).

The advantages of SPP in graphene are that the SPP resonant frequencies, which
occur generally at optical frequencies at metal/dielectric interfaces, could shift at
much lower values, in the THz range, by applying gate voltages and that SPP waves
in graphene display stronger electromagnetic confinement and lower dissipation
losses compared to SPP waves in metallic structures. To illustrate the effect of
graphene on the dispersion relation of SPPs, let’s consider a thin metal slab of
thickness d, in the limit d ! 0: SPP are TM waves at the metal-dielectric interfaces,
but at very small metal thicknesses the SPP waves propagating at the two
metal-dielectric interfaces couple, so that even and odd TM modes are produced,
only the odd TM modes propagating with the dispersion relation (Jablan et al. 2013)

expðKmdþ 1Þ= expðKmd � 1Þ ¼ �eðxÞK=erKm ð1:129Þ
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Dielectric     1
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Fig. 1.118 a SPP waves at the dielectric/metal interface and b field penetration depth in dielectric
and metal
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The dielectric function of the bulk metal can be expressed as eðxÞ ¼
1þ irvðxÞ=ðxe0Þ; where rvðxÞ is the volume conductivity of the metal. In a very
thin metal slab, however, the relative parameter is the surface conductivity defined
as rs ¼ rvd and, in the limit Kmd � 1; we obtain the dispersion relation K ¼
2ixe0er=rsðxÞ: In graphene, rsðxÞ must be replaced by the graphene conductivity,
rGðxÞ; which depends on the DC gate voltage, so that both SPP dispersion loss and
resonant frequency are tunable.

If the volume conductivity is expressed by the Drude model:

rv ¼ ðinve2=meff Þðxþ i=sÞ�1 ð1:130Þ

where s is the relaxation time and the volume electron density nv is related to the
surface densitity of carries ns as ns ¼ nvd; in the limit s ! 1 we obtain
eðxÞ ¼ 1� x2

p=x
2, with xp ¼ nve2=e0meff the oscillation frequency of the volume

plasma. For a thin metal slab the dispersion relation in the subwavelength limit, i.e.
in the approximation kSPP � x=c; we obtain

kSPP ¼ ð2meff e0er=nse
2Þxðxþ i=sÞ ð1:131Þ

In the generalization of the Drude model for graphene valid for large graphene
doping, which corresponds to small SPP energies, the surface conductivity becomes

rDðxÞ ¼ ðie2vFn1=2s =�hp1=2Þðxþ i=sÞ�1 ð1:132Þ

where ns ¼ aVG. In this case, the gate-voltage-dependent SPP dispersion relation in
graphene is given by

kSPP ¼ ð2�he0erp1=2=vFn1=2s e2Þxðxþ i=sÞ ð1:133Þ

For large SPP energies, we must take into account the interband transitions, case
in which

rI ¼ e2

4�h
hð�hx� 2EFÞ � i

p
ln

2EF þ �hx
2EF � �hx

����
����

� �
ð1:134Þ

and the dispersion relation depends also on the Fermi level/doping in graphene.
The total graphene conductivity is rs ¼ rD þ rI .

For frequencies below 2EF , rI is negative and there is no solution for SPP
dispersion relation for TM waves. In this situation, a SPP dispersion relation for TE
waves can be found as

K ¼ l0xirsðxÞ=2: ð1:135Þ

Although light-plasmon coupling is much stronger in graphene than in con-
ventional 2D semiconductors, the excitation of SPP modes in graphene is impeded
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by the mismatch between the wavenumber of free photons incident from air, where
kSPP\x=c; and SPP modes in the subwavelength region, for which kSPP � x=c: A
straightforward solution is to cut an array of ribbons in graphene, as suggested in
Fig. 1.119. Then, plasmon waves in a ribbon with width W could be excited if their
wavelength kSPP ¼ 2p=kSPP satisfies the condition (Nikitin et al. 2012):

W ffi mkSPP=2 ð1:136Þ

where m is an integer. Equivalently, according to (1.133) in the weak damping limit
s ! 1, the light will be strongly absorbed/plasmon matching occurs for resonant
frequencies

xp / n�1=4
s W�1=2 / V�1=4

G W�1=2; ð1:137Þ

which can be tuned by applied gate voltages VG and/or by carefully choosing W. In
particular, for a periodic arrays of graphene microribbons with widths chosen in the
range 1–4 lm, and a gap:width ratio of 1, the SPP resonances are located in the THz
region. For example, the SPP wavelengths can be tuned between 3 and 6 THz, as
function of W, for a carrier density in graphene of ns = 1.5 � 1013 cm−2, or their
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Fig. 1.119 Periodic array of graphene ribbons for SPP generation: top view (top) and side view
(bottom)

100 1 2D Carbon-Based Nanoelectronics



frequencies vary between 3.6 and 6 THz for W = 1 lm if ns changes between about
1.3 � 1013 cm−2 and 1.95 � 1013 cm−2 (Ju et al. 2011). The concentration of
carriers ns is simply modulated via gate voltages. The experimental structure needed
to demonstrate the tuning of SPP frequencies via W or the carrier concentration is
represented in Fig. 1.120, the top gate dielectric being ion gel.

Another way to excite SPPs is to use a silicon diffractive grating with a period K
(Gao et al. 2013), as shown in Fig. 1.121. In this case, the dispersion relation can be
written as

kSPPðxÞ ¼ p�h2e0ðer1 þ er2Þx2ð1þ i=xsÞ=e2EF ð1:138Þ

where EF is the Fermi energy in graphene and er1 and er2 are the relative electric
permittivities of the materials above and below graphene. Because the phase
matching condition occurs when

ReðkSPPðxÞÞ � xsinh=c ¼ 2p=K ð1:139Þ

where h is the incidence angle of light with respect to the normal, under normal
incidence, the SPP resonance frequency is given by

SiO2

doped Si-gate 

S 

D 

Ion gel 

G 
Graphene 

Fig. 1.120 Graphene micro-ribbons array for tunable THz SPP generation: top view before ion
gel deposition (top) and side view (bottom)
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xSPP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2EF=½�h2e0ðer1 þ er2ÞK�

q
ð1:140Þ

and can be tuned via K or EF .
Also, a periodic structure formed from graphene nanodisks or nanorings, as

depicted in Fig. 1.122 (Fang et al. 2013) is able to produce SPPs up to wavelengths
of 3.7 lm. The tuning of the SPP resonance frequency in this configuration is
possible because of gate-induced electrical doping of graphene, the polarizability of
graphene nanodisks of diameter D near a SPP resonance being

aðxÞ ¼ AD3

2B=ðer1 þ er2Þ � ixD=rðxÞ ð1:141Þ

where A and B are constants. Formula (1.141) suggests that SPP tuning can be
achieved either by modifying the nanodisks diameter, or by applying gate voltages
that change the conductivity.

SPP biosensors are among the most sensitive to date. The propagation of SPPs is
evidenced as a sharp minimum in the reflectivity curve as a function of the incident
angle of the electromagnetic excitation of the periodic graphene geometry able to
support plasmonics waves. As illustrated in Fig. 1.123, the reflectivity curve
dependence on the incidence angle, R ¼ f ðuÞ has a unique imprint—a resonant
behaviour indicating SPP launching. This resonance angle is called SPP resonance.

The reflectivity change at the SPP resonance is one of the most common concept
for label-free sensing in biomedical sciences (Englebienne et al. 2003). Free-label
biosensing is based on the shift of the reflectivity minimum at SPP resonance when
an additional molecular layer is deposited on graphene. This change in reflectivity is
extremely sensitive to additional molecules deposited on graphene, making SPP

Light 

doped Si 

Graphene 

Al2O3

Fig. 1.121 SPP generation in graphene using a Si grating
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resonance monitoring one of the most advanced methods to measure, for example,
DNA hybridization.

The configuration of a label-free SPP biosensor is represented in Fig. 1.124. As
the thickness of the sensing layer (graphene+biomolecules) increases because
biomolecules are deposited on graphene, the incident angle of the optical excitation
in the prism, u0, for which the reflectivity is minimum is modified by even few
molecules.

The simple model of a three-layer (prism, metal+graphene sensing layer) sensing
configuration can provide a quantitative description of the label-free SPP sensor.
More precisely, variations in the SPP resonance angle are given by

Du ¼ a1Dnþ a2Dt ð1:142Þ

where a1 and a2 are constants and Dt represents the change in the thickness of the
protein layer. The corresponding variation of the index of refraction is

Dn ¼ �ðn2 þ 2Þ2
6n

Dt
t

n2 � 1
n2 þ 2

� n2w � 1
n2w þ 2

V
Vtot

� �
ð1:143Þ
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Fig. 1.122 SPP generation using a periodic graphene nanodisk array: top view before ion gel
deposition (top) and side view (bottom)

1.4 Graphene Photonics 103



R

(rad)

1 

0 2 

SPP resonance  

Fig. 1.123 The plasmonic
resonance

Sensing layer-
graphene 

Thin metallic film 

High refractive 
index prism 

CCD detector 
array 

Incident  

Reflected 

R

 (rad) 

1 

0 0

More molecules are attached  

(a)

(b)

Fig. 1.124 Principle of a
SPP label-free biosensor:
a measuring geometry, and
b SPP resonance shift with
attached molecules

104 1 2D Carbon-Based Nanoelectronics



where n is the refractive index of the biomolecule with volume V and nw is the
refractive index of water, with volume Vw such that Vtot ¼ V þVw.

The changes of the SPP resonance angle are measured in resonance units (RU).
103 RU represents a modification with 0.1° of the SPP resonance angle due to
biomolecules with a distributed mass of 1 ng/cm2.

The sensitivity of SPP sensors is defined as the first derivative of the parameter
(angle, wavelength) with respect to the parameter to be measured (refractive index,
thickness, concentration, etc.). The sensitivity is measured in RIU (refractive index
unit). The typical RIU is of the order 10�8.

The SPP chip is in fact a gold film on glass or other dielectrics. In the case of
SPP on graphene, the graphene monolayer acts as cover layer for the gold film.
A graphene SPP biosensor having N graphene layers is g times more sensitive than
SPP biosensors containing thin gold films (Wu et al. 2010a), where

g ¼ ð1þ 0:025NÞ � c ð1:144Þ

and c[ 1: The enhanced sensitivity is due to the optical properties of graphene and
the increased adsorption of biomolecules. For N = 10, c ¼ 4 and the sensitivity
increases with 25%.

The simplest method to produce a graphene SPP sensor on the graphene-metal
surface is illustrated in Fig. 1.125. This graphene SPP chip obtained via transfer
printing has many applications (Salihoglu et al. 2012). For instance, such graphene
SPP chips are able to detect DNA hibridization with attomolecular concentration
(Zagorodko et al. 2014). The conventional SPP instrumentation with nanomolar
sensitivity is not sensitive enough to detect cancer markers or gene expressions,
which require femto to attomolar level to detect DNA. To achieve such impressive
sensitivities for DNA hybridization event detection, graphene, located on top of the
SPP chip, must be noncovalently functionalized with gold nanostars carrying single
stranded DNA. In this way, the SPP sensor attains a sensitivity of 500 aM for
complementary DNA. The detection principle of DNA hybridization, shown in
Fig. 1.126, is based on the significant change in the SPP resonance signal in the
visible spectrum between non-hybridized and hybridized states of DNA.

Mid infrared is a special spectral region for biosensing because strong molecular
vibrations of biomolecules (DNA, proteins, lipids) occur in this range. If this
physical property is combined with the fact that SPPs in IR in graphene undergo an
unprecedented spatial confinement, the result is a high sensitive SPP biosensor
(Rodrigo et al. 2015). The biosensor consists of a graphene nanoribbon array (see
Fig. 1.127) with W = 30 nm and K = 80 nm, placed on a Si/SiO2 substrate, where
the Si substrate is doped and serves as backgate. By changing the gate voltage
between 0 and –100 V, the resonance frequency of the sensor changes from 1450 to
about 1800 cm−1. The functionality of this sensor is demonstrated by the detection
of protein A/G, which binds to a goat anti-mouse IgG antibody to form a protein
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bilayer. The resonance shift produced by the resulting bilayer, which has a thick-
ness of 8 nm, is 160 cm−1 in a graphene-based sensor, compared to 27 cm−1 when
gold is used instead. From such measurements it is possible to extract the index of
refraction of the protein in mid-IR.
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Fig. 1.125 SPP graphene chip fabrication
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Fig. 1.126 Principle of DNA hybridization detection using a graphene chip
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