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SEM scanning electron microscope

SOI silicon-on-insulator

TiO4 Titanium oxide (titania)
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Abstract

Graphene is an attractive two-dimensional material that possesses peculiar mechanical,
electrical and thermal properties. Motivated by the scaling limitations in conventional
silicon technology, it was not long after graphene ultra-high mobility was measured in
pioneering experiments, that the electronics community started an intensive research to
demonstrate the possibilities of graphene to become the material of future electronics era.
In the ten years that followed graphene rediscovery, dated 2004, enormous progresses have
been done in the field of graphene electronics. Single transistors and more complex circuits
performing analog and digital functions have been demonstrated. However, together with
progresses, the physical limitations of graphene became more apparent and the bright future
seemns far to come.

This work represents a contribution to the research on graphene devices for high-
frequency applications. Introducing an ultra-thin, high-x oxide in the fabrication process,
exfoliated-graphene FETs with exceptionally good performances have been demonstrated.
Based on the GFETs, more complex devices were demonstrated, such as the first graphene
inverter that exhibits significant voltage gain in ambient conditions. The great improve-
ments in graphene CVD-growth have made it possible to implement this scalable material
in the fabrication process, opening up new perspectives for industrial applications. With
CVD-graphene, the control over size and shape permitted to obtain channels with homo-
geneus characteristics, leading to a great performance improvement, and inverters exhibiting
DC and AC voltage gain above 20 dB were demonstrated. These high-gain devices could
be cascaded to perform multiple logic operations. Demonstration of device cascading led
to the fabrication of the first graphene integrated ROs, with highest oscillation frequency
of 4.3 GHz with 0.9 pm gate length, surpassing silicon ROs speed at the same gate length.
To improve the performance of these circuits, a sistematic study on the scaling of intrinsic
parameters of GFETs has been done through S-parameters measurements. A small-signal
model of the GFETs have been tested and used to extract the intrinsic parameters. GFETs
with exceptionally good saturation have been fabricated, exhibiting highest ft of about 10
GHz, fmax of 21 GHz and intrinsic AC gain above 30 dB at 10 MHz for devices with 1 um
gate length, this being the highest value reported in literature. This research reveals that
the main limiting factors affecting device performances are the large contact resistance, the
poor interface quality between graphene and top oxide and the large sensitivity of graphene
to environment, that should be addressed to achieve a real breaktrough.



Chapter 1

Introduction and motivation

In the last decade graphene has been addressed by the scientific community as the material
of wonders, capable of replacing silicon in the next generation of electronics. This great
excitement have mostly been raised by graphene exceptional mobility, higher than 100,000
em?V-lstat room temperature [I], which is almost equal between holes and electrons [2] 3.
The absence of a bandgap in graphene results in bipolar conduction, namely the possibility
to switch continuosly between electrons and holes 2 4], a peculiarity that can ease the
circuit complexity and could represent an advantage for graphene with respect to conven-
tional semiconductors which require extrinsic doping to modify the type of conduction [5].
However, despite the huge research efforts, there are no graphene-based electronic devices
yet available on the market. The lack of a bandgap prevents graphene-based transistors to
be turned off, with consecutively low on-off ratios and high static power consumption repre-
senting huge obstacles for the development of graphene-based devices for logic applications
[6]. In the field of high-frequency analog electronics, however, the situation is different since
the complete switching-off of transistors is not required, thus making graphene an attrac-
tive option thanks to its ultra-high mobility (even though not fully preserved in top-gated
devices [7]]) that could allow to access the terahertz operation. In the following introduc-
tion I will try to review the main characteristics that led to the enourmous popularity of
graphene.

1.1 Beyond Moore’s law

Since the invention of S MOSFET in 1960, the semiconductor electronics has experienced a
constant progress. Following the Moore’s Law, the MOSFET integration density in ICs has
increased by a factor of almost 1.4 per year, with the advantage of reduced fabrication costs
and increased speed of operation [§]. This miniaturization has been accomplished through
an aggressive scaling of transistor dimensions, but nowadays this trend is approaching its
technological limits. Today Si MOSFETs with 20-nm gate length E] are in mass production
and for 2020 the ITRS roadmap requires to reach a 10-nm node [9]. At this scale length

'Physical gate length for 20-nm node is about 30 nm.



the MOSFET operation is degraded by the increasing influence of short channel effects
[10]. When the gate length L is scaled down, one of the main issues that has to be faced
is the reduction of gate control on the drain current. Moreover, when source and drain are
brought in too close proximity, a diffusion leakage current flows through the bulk to the
surface, significantly changing device characteristics. The easiest approach to counteract
short channel effects consists in a simultaneous reduction of all the characteristic dimensions
of the device. Thus, a shorter gate length should be accompanied by a reduction of the
source and drain dimensions, with a simultaneous increase in their doping concentration
to keep the channel access resistance as low as possible. However, this task is difficult to
accomplish since it requires a control at the atomic scale that is highly demanding from
a technological point of view, since even few atoms can make a difference in the doping
profile, leading to unavoidable device-to-device fluctuations [10].

One of the crucial parameters involved in the scaling process is the reduction of gate
oxide thickness. In order to preserve a good gate control, the SiOo thickness in past
nanoMOSFETs has been reduced to few atomic layers, demanding a strict control of ho-
mogeneity over millions of devices to avoid hot spots and ensure standard performances.
Since a further gate scaling would be physically limited by the tunnelling current, a higher
dielectric constant should be preferred to a reduced oxide thickness to provide increased
gate capacitance. In this perspective there is an ongoing research focused on high-x oxides
like ZrO2 or HfOq [II] and a new parameter has been introduced to define vertical scal-
ing: the equivalent oxide thickness EOT = toxesi0, /€ox , Damely the oxide thickness that a
generic gate stack with a certain capacitance would exhibit if it were made of SiOg. Despite
the benefits that this change seems to promise, the introduction of new types of dielectrics
faces some technological challenges, e.g. the presence of defective interfaces and dopants
diffusion that can severely degrade mobility and affect device performances [12] 13} [14].

While both oxide thickness and channel doping scaling were approaching physical limits,
increasing efforts have been directed to the development of new device architectures. The
introduction of SOI substrates has opened the way to multi-gate architectures and is at the
basis of FinFET technology. In FinFETs the channel is embedded in a thin silicon fin that
constitutes the body of the device, and is surrounded on three sides by the gate. With this
approach the thickness of the channel can be reduced to < 1/4 of the channel length [15],
resulting in an improved gate control that led to the recent commercial push to Si Fin-
FETs at the 22 nm node [16] 17]. However, all these technological improvements represent
just temporary solutions, while the continuous development of RF electronics requires new
materials with higher mobility than Si for faster operations.

The HEMT technology cannot be considered strictly “new” since the first HEMTs have
been described in 1980 [18]. In these structures, based on I1I-V semiconductors, a quan-
tum well confines the carriers, separating them from the ionized donor atoms to prevent
scattering, thereby leading to high intrinsic mobility, tipically about 10* cm?V-'s™! for InP
and GaAs HEMTs at room tmperature [19, I8]. Among the variety of systems belonging
to this category, the most notable are InAlAs/InGaAs HEMTs on InP and InAlAs/InGaAs



metamorphically grown on GaAs, showing extremely high frequency capability and low-
noise operation for low power applications, while AlGaN/GaN HEMTs, having a larger
bandgap, offer unique solution for high voltage and power applications [19]. However the
HEMT technology is limited to RF applications and seems not suitable for mainstream
highly integrated electronics, due to the high-costs and the technological difficulties related
to the fabrication process.

Against this background it should not surprise that the isolation of graphene in 2004
[2], with the cheap and perhaps naive technique of scotch tape exfoliation, raised a great
excitement in the electronics community. Thanks to its intrinsic 2-D nature, graphene al-
lows to reduce the channel dimension to a greater extent, with a strong improvement of
vertical scaling. Its high mobility makes it a good candidate for RF applications. The am-
bipolar transport allows the fabrication of electron and hole-type FETs without the need of
extrinsic doping. Moreover, the hole and electron mobilities in graphene are almost equal,
while in Si the ratio pp/pm is around 0.3, 0.05 in GaAs, and approaches 0.01 in the nar-
row bandgap compounds InAs and InSb. Therefore, high hole-mobility devices represent
a challenge for conventional semiconductor industry [I8]. However, the lack of a band gap
in graphene represents a serious problem that limits the applications of this material, and
demystification is needed to discern between realistic applications and speculations. Nowa-
days it is commonly accepted opinion that graphene cannot compete with I1I-V materials in
terms of speed and power consumption, but it retains promising perspectives in the flexible
electronics arena, where its flexibility and transparency, together with high mobility, can
offer great advantages over the conventional organic electronics [20)], 21].

This PhD work has been devoted to the fabrication and characterization of graphene
FETs and more complex graphene ICs. The realization of the first graphene audio voltage
amplifier showing a real voltage gain in ambient conditions [22] has set the basis for further
developments, such as the demonstration of device cascading [23], and the fabrication of
the first integrated graphene ring oscillators, operating in the gigahertz range [24]. The
influence of parasitic resistances and capacitances on the overall device performance have
been investigated. A study upon device scaling has allowed to identify the main limitations
related to the current graphene technology that should be addressed to guarantee further
developments.



Chapter 2

Graphene electronic properties

This chapter is devoted to the description of graphene properties that are relevant for elec-
tronic applications. Beginning with the derivation of graphene band structure it is possible
to derive all its fundamental properties. The origins of high mobility and ambipolarity,
introduced in chapter 1, will be discussed in details.

2.1 Band structure

All physical properties of materials can be directly inferred from their band structure.
Graphene is a two-dimensional sheet of carbon atoms arranged in a hexagonal lattice.

y I

Figure 2.1: a) Lattice of graphene in real space with atomic positions A and B and lattice
vectors a; and ag forming the primitive unit cell (shaded); b) first Brillouin zone (shaded)
with reciprocal lattice vectors by and bg and high symmetry points K, K’, I' and M.
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The lattice structure of graphene contains two carbon atoms per unit cell which form



two sublattices. Each Bravais lattice is given by the basis vectors connecting the next to
nearest neighbors: a; = ag (v/3/2;1/2)and as = ag (V/3/2; —1/2) where ag=1.42 A is the
carbon-carbon distance in graphene (figure [2.1a). Any physical property of the lattice f(r)
will inherit its periodicity, which means that f(r) is invariant under translation along the
primitive lattice vectors: f(r) = f{r+rn), where the translation vector R is the integer sum
of the primitive lattice vectors: R = )" ma, , with m integer.

The vectors by and by (figure 2.1p) are known as the reciprocal lattice vectors. Their
magnitudes have units of inverse length and their direction is perpendicular to the crystal
planes defined by the primitive lattice vectors. As the primitive lattice vectors define
the lattice in direct space in terms of the distances between atoms, the reciprocal lattice
vectors define a reciprocal lattice in terms of the spacing of crystal planes in the momentum
space (k-space). The reciprocal lattice is also invariant under translation such that for any
physical property in k-space g(k), g(k) = g(k+G) where the translation vector G is the
integer sum of the reciprocal lattice vectors.

The band structure of graphene can be derived with the aid of Bloch theorem, used
to describe the motion of particles subjected to the periodic potential of a crystal lattice.
Since the length scales of periodicity in crystals are on the order of Angstroms, a quantum
mechanical approach is needed to describe the motion of electrons. The time-independent
Schrédinger equation that expresses the classical energy conservation in a quantum me-
chanical context takes the following form:

2m

HU(r) = [pz + V(r)] U(r) = EV(r)

where p = —ihV is the quantum momentum operator, and ¥(r) is the eigenfunction of an
electron.

The solutions of the Schrodinger equation for a free electron are plane waves. When
electrons move in a periodic potential the plane wave solutions are subjected to the period-
icity of that potential. This can be translated in the periodicity of wave functions describing
the density of probability to find an electron in the periodic environment.

In the graphene lattice each carbon atom has 4 electrons available, one in the s orbital an
the other three in py, py and p, orbitals. For simmetry reasons the p, orbital is orthogonal
to the others, meaning that their wavefunctions cannot overlap (i.e., an electron that has a
certain probability to lie in an s orbital has a zero probability to be found in a p, orbital).
Therefore the p, electrons forming the n-bonds can be treated independently from the other
valence electrons, and each carbon atom can be modeled just as a single p, orbital centered
in the atomic position ry. According to this description the wave functions ¥(k,r) can be
expressed as a linear combination of atomic wave functions on each sublattice within the
LCAO formalism [25]:

U(k, 1) = ca(K)@a (k) + cp(k)Pp(k, T) (2.1)

10



with

B(k, 1) = Jlﬁ S e o (r 1) (2.2)

representing the periodicity of sublattice n (either A or B), where N is the number of
unit cells in the sublattice and ry is a lattice point. Schrodinger equation, H¥(k,r) =
E(k)¥(k,r), can be written as:

Han Has ca (k)
Hpa HaB ce(k)

where

1 .
Haa = (Pam(k)|H[Pan(k)) = / Chm(K)HOAn(K)dr = — D e T ([ H|pzam)

1 A
Hag = (Pam(k)| H [Pp (k) = / A m(K)HEpn(k)dr = — > e (. [ H] P2Bon)

m,n

with Haa = Hpp representing the onsite energies and Hpa = Hp representing the hop-
ping energies.

An explicit calculation of Hap by restricting the sum over the first nearest-neighbors
gives:

1 k. e
Hap = N (1 + e (p, a0 [H|PsBay) €% (p2 a0 [H] Pz,B,a2>> = "0a(k)

where vq is the transfer integral between the first neighbor orbitals, with typical values
comprised between -2.9 and -3.1 eV [26].
Setting the reference value for energy, Haa = 0, the Hamiltonian becomes:

H(k) =

0 Yoa(k)
Yoo (k) 0

Solving the secular equation |H — I E(k)| = 0, gives the energy dispersion relation [25]:

E(k) = £ |y0a(k)| = £70v/3 + 2cos(k - a;) + 2cos(k - ag) + 2cos(k - (ag —a1)) = (2.4)

k
= +70,| 3 + 4cos <\é§aok‘x> coS (aOZ y> + 2cos(agky)

where the plus sign is associated with the conduction band and the minus sign with the
valence band. Since there are two m-electrons in the unit cell the valence band is fully
occupied, while the conduction band is empty. The two bands touch at the K and K’
points, where the energy goes to zero, so the Fermi level Ey is the zero-energy reference

11



and the Fermi surface contains all the K and K’ discrete points.

Now consider the condition for elastic reflection of waves from a periodic structure.
According to Bragg’s law the reflection from a periodic structure only occurs when the
incident wave k and reflected wave k’ interfere constructively, a condition fulfilled when
the difference between the incident and reflected waves is equal to a reciprocal lattice vector
G: Ak = k—k’ = G. Furthermore, an elastic scattering event requires that the direction
of the momentum is changed, while the magnitude remains constant: |k| = |k’|.

From these two conditions the expression of elastic reflection of a wave from a periodic
structure can be derived as [27]:

1
k-G = _|G?
5|Gl

The scattering condition enlights a fundamental difference between the points labeled
K and K’. The points labeled by K are considered to be equivalent since they can be
reached by a translation via reciprocal lattice vector. Therefore any physical property of
the lattice will be equivalent at the K points. However, one cannot translate from K to
K’ via a reciprocal lattice vector, and therefore these points are inequivalent giving rise to
the possibility of different physics at K and K’. This difference between the points K and
K’ will ultimately build a degeneracy into the band structure of graphene, known as valley
isospin. Furthermore, it is important to remember that an electron can live in two spin
states giving rise to an additional twofold spin degeneracy.

The plot of E(k) is by definition, the band structure. The band structure around the
special points in the Brillouin zone K and K’ is approximately conical (see figure .

Figure 2.2: Energy band diagram derived trough a tight binding approximation, inset shows
the energy dispersion close to the Dirac point [26].

A linearization around a(K+0k) (see gives the behavior of the band structure near

12



the Dirac points.

3v0a0
2

Here vp is the Fermi velocity which has a value of approximately 10%cm /s [3} 26].

E.(0k) = + |6k| = +uph |0k| = +or |p| (2.5)

In even the most heavily doped graphene the highest electron energies are tipically less
than 300 meV. Since the Dirac cones have an extent of £1 eV around the Fermi level [26],
electrons in graphene occupy the Dirac cones at equilibrium [28]. The low-energy physiscs
just introduced becomes important in all calculations regarding electronic properties at
equilibrium or near equilibrium.

The density of states per energy is related to the density of states in k-space by the
expression: p(E) = p(k)dk/dE. Taking the linear expression for energy close to the Dirac

point results in [29]:
2|E|
Ey=——-= 2.6
oB) = s (26)
According to (2.6) close to the Dirac point, where E=0, the DOS goes to zero. This
unique linear dependence, a direct consequence of graphene linear spectrum, differs from
conventional semiconductors, where p(E) « vE , and also from 2-D electron gas, where

DOS is constant with energy [27].

2.2 Massless Dirac fermions and electron-hole simmetry

The motion of charged carrier in the crystal lattice is usually described by the effective

mass tensor, defined as [27]:
1 9EKk)

(i)™ = 12 Bk,

Since for graphene the first derivative of energy with respect of momentum is a discontinuos
function, this expression turns out to be meaningless. Instead, a relativistic approach is
needed to relate mass and energy of the particles. The relativistic expression for energy is:

E = \/m3c* + 2p? (2.7)

with mgbeing the rest mass of the particle. To obtain expression from , with
Fermi velocity taking the place of speed of light in graphene lattice, the rest mass should
be set to zero at K and K’ points. It is for this reason that electrons near the K and K’
points are termed massless Dirac fermions and the K and K’ points themselves are known
as Dirac Points.

As discussed above, in the proximity of Dirac points the energy-momentum relation is
linear. An alternative way to write the linear Hamiltonian around K points involves the
use of Pauli matrices:

M = vp6 - p (2.8)

13



with 6 = (04, 0y,0), where

0 1 0 —1 1 0
Oz = y Oy = . y Oz =
1 0 1 0 0 —1

are the Pauli matrices.

For the inequivalent K’ point, the Hamiltonian is the transposed of Hyer = Hi.
Equation has the same form of a Dirac equation with rest mass of the particle equal
to zero and electron Fermi velocity vy which is almost 300 times smaller than the speed
of light. These Pauli matrices do not operate on the spin, but on the sublattice degree of
freedom, that takes the name of pseudospin. The Hamiltonian is proportional to the helicity
operator, namely the projection of the pseudospin on the momentum direction, defined as
h=6- %‘. This quantity can be either positive or negative, stating that pseudospin
and momentum are parallel or antiparallel one to each other (see figure . Since the
Hamiltonian is proportional to 6% at the point K’ , the helicity is inverted when passing

from K to K’. We can write once more the Hamiltonian of equation (2.8)) as:

0 eif@
ng = VF |p’ ( efifa 0 > (29)

where p = |p| e, 6§ = arctan(p,/p,) and =1 (point K) or -1 (point K’). The eigenstates

of (2.9) can be written as:
1 1
|\IJ§7S> = % ( Se+i§9 )

where s = +1 is the band index (plus sign stands for conduction, minus for valence band),
and & is the valley index which indicates the sublattices located in K and K’ [25].

Around the K point the pseudospin is parallel to the momentum in the conduction
band and antiparallel in the valence band. In the K’ point the situation is reversed. This
peculiarity has serious consequences on the transport properties of graphene. In the absence
of pseudospin-flip processes (for which we need to take into account perturbation theory),
an electron moving to the right can be scattered only to a right-moving electron state
or left-moving hole state, in other words backscattering is strictly forbidden due to the
pseudospin conservation.

14
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Figure 2.3: Momentum and pseudospin direction in the valence and conduction band at
points K nd K’ in the first Brillouin zone.

This peculiarity leads to an interesting relativistic process, named Klein paradox, in
which a potential barrier exceeding the electron’s rest energy becomes transparent to elec-
tron penetration. In such a case, the transmission probability, T, depends only weakly
on the barrier height, with very high barriers approaching the perfect transparency. For
single-layer graphene, an electron wavefunction at the barrier interface perfectly matches
the corresponding wavefunction for a hole with the same direction of pseudospin, yielding T’
=1 [30]. This anomalous tunnelling is expected to play an important role in the transport
properties, in particular for low carrier concentration regime, where disorder induces signif-
icant potential barriers and the systems are likely to break up into a random distribution
of p-n junctions [31]. In conventional 2-D systems, strong enough disorder causes electronic
states to be separated by potential barriers with exponentially small transparency, leading
to the Anderson localization [32]. In contrast, in graphene all potential barriers are rela-
tively transparent, preventing charge carrier confinement. Therefore, the so-called different
electron and hole “puddles” induced by disorder are not isolated but percolate, therefore
suppressing localization [33].

2.3 Carrier density and quantum capacitance

Carrier density n is defined as the number of charge carriers available in a certain volume (or
surface in case of graphene) of material and as such it depends on the position of the Fermi
level inside the band structure, related to the DOS through the Fermi-Dirac distribution

f(E):
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n= / (B f(B)E (2.10)

Eo

Several experiments [34] [35], have demonstrated that the actual carrier density differs
from that predicted by theory for Fermi energies close to the Dirac point. The minimum
carrier density of an ideal graphene layer should come from the thermally generated carriers,
ngw = (7/6)(kgT/hvp)? ~ 8- 10%%m=2 at T = 300 K [36]. However, in any real 2-D
graphene sample extrinsic random-charged impurity centers are invariably present causing
the nonideal system to break up into spatially inhomogeneous conductive 2-D electron and
hole puddles [31], i.e., regions with a Fermi level above (electron) or below (hole) the Dirac
point. These electron and hole puddles lead to a minimum residual carrier density that can

n*\ 2 9
no = 5 ) T

where n"is the residual carrier puddle density that induce a surface potential distribution

be expressed as [36]:

in the graphene sheet.

nand p (cm?)

-0.2 -0.1 0.0 0.1 0.2

& - &,(eV)
Figure 2.4: Electron (n) and hole (p) carrier densities as a function of the Fermi level
position relative to the dirac point ep-ep. From reference [4].
Typical values of ng are 10''-10'2cm™ for graphene on SiOs substrate [37] and 10*3cm™
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for epitaxial graphene on SiC [38], comparable with the sheet carrier density of St MOSFET
and HEMT channels [21].

The charge density of graphene can be modulated through electrostatic doping by plac-
ing an oxide/metal gate stack on top of it, to build a parallel plate capacitor (see section
3.1). This kind of structure resembles a MOS-C and is of fundamental importance because
it constitutes the basics of any graphene field-effect device. The capacitance of the metal-
oxide-graphene system cannot be simply calculated as the oxide capacitance itself, namely
Ca # Cox = €0€0xA/tox, Where eox and togare the dielectric constant and thichkness of the
oxide layer and A is the gate area. Since graphene is a 2-D system, the effect of quanti-
zation in the vertical direction (out of plane) plays an important role in determining its
physical behavior, thus a correct estimation of the capacitance should take into account the
quantum capacitance of graphene, Cg = e?p(E), that can be regarded as the additional
energy cost of inducing carriers in the limited-DOS material. An explicit form derived on
the basics of a 2-D, free-electron gas model and taking into account the residual carrier
density gives for the quantum capacitance [35]:

262
VinG| + [n*| (2.11)

CQ - th ﬁ

— Ve \?
G- ﬁvpﬁ

is the gate-induced carrier concentration in the channel depending on the channel potential

where

Ven. Expression gives values that are in good agreement with measurements, and
that are usually much larger than the predicted value for minimum quantum capacitance
of Cyqmin~ 0.8 uF/cm?, attributed to thermal induced carriers [35].

The total capacitance of the metal-oxide-graphene system results from the series con-
nection of the oxide capacitance and the quantum capacitance of graphene, with the smaller
of the two dominating the other. Thus, when studying graphene-oxide-metal systems with
a large oxide capacitance (provided by thin, high-x dielectrics), it should be taken into
account that the total capacitance can be significantly lower than what would be expected
for a MOS-C equivalent structure.

2.4 Transport properties

Mobility is the fundamental transport property that describes the motion of carriers sub-
jected to an external electric field, from which conductivity (or sheet resistance) and carrier
density can be derived as [27]:
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Within the Boltzmann theory, valid for carrier density much larger than scattering-center
density (i.e., for energy far from the Dirac point) the mobility can be expressed as:

= ev%(ﬂ
F

where (7) is the energy-averaged finite-temperature scattering time that sums up all contri-
butions arising from different scattering sources. In pristine free-standing graphene at very
low temperatures the mobility can take extremely high values, up to 100,000 cm?V-'s!,
because the carriers can only scatter with lattice acoustic phonons due to the absence of
backscattering [1]. However, when graphene is transferred on a dielectric substrate and/or
covered with a gate dielectric, mobility drops dramatically. The dielectric surface introduces
several additional sources of scattering, like lattice defects, charged impurities located at
the interfaces and surface optical phonons of the lattice that couple to the external electric
field. At low temperatures the main scattering contribution comes from acoustic phonons
and charged impurities (so-called Coulomb scattering). The mobility limited by acoustic
phonon scattering is found to be inversely proportional to the carrier density, because a
larger number of carriers leads to a larger number of collisions. The mobility limited by
Coulomb scattering does not depend on the carrier density, but just on the density of
scattering centers [39]. At room temperature the carriers acquire enough kinetic energy to
scatter with surface and substrate optical phonons [34], 40]. The optical-phonon scattering
limited mobility has found to decrease monotonically as p o 1/y/n [41]. Moreover, the
activation of this phonon scattering mechanism leads to a degradation of mobility with
increasing temperature [39]. It should be mentioned that the substrate plays an important
role on the extent of mobility damping. It has been demonstrated that high-x dielectric
substrates such ZrOy and HfO9 improve the mobility at low temperature by screening the
charged impurities, but this effect is washed out at higher temperatures by the increased
rate of optical phonon scattering compared to SiOg substrate [4I]. In this perspective,
the ideal dielectric material should possess both high static dielectric constant (to screen
charged-impurities) and high-energy phonons that are not activated in low-field transport.

Another important transport property, that defines the ultimate speed of any electronic
device, is the carrier’s drift velocity wvgrits. At low fields the velocity-field dependence is
linear, with vang = pFE [5]. At high fields the drift velocity tends to saturate, limited by
the scattering of carriers with the optical phonons, which is modeled by [42]:

uwE

_ 2.12
1+ pE/vsat ( )

Udrift =
The saturation velocity wvsyy at low temperatures and low carrier densities is a constant,
Usat,low = (2/7)vr, while at higher carrier density it scales as vgar = %UFhQ/EF = 2Q/V3n,
where €2 is the energy of graphene optical phonons [36]. On SiOs substrate the saturation
velocity is degraded because the dominant scattering mechanism is related to substrate
low-energy phonons (A = 55 meV) rather than graphene zone-edge phonons (A2 = 160
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meV). Thus, in order to achieve a high saturation velocity, a condition that is necessary for
high-speed devices, substrates with higher phonon energies are required. Moreover, high-
field saturation velocity can only occur in highly-ordered samples showing little defects and
impurities concentration so that the elastic scattering events are minimized and optical
phonon scattering prevails. If this condition is not satisfied the drain current continues to
increase monothonically with the drain bias [43].

It is worth to point out that electronic devices are far from being ideal systems.
As already mentioned, the extremely high mobility of suspended graphene cannot be
achieved in real devices, since the unavoidable presence of a substrate introduces sev-
eral scattering sources. High intrinsic mobility (after extraction of contact resistance) up
to 24,000 cm?V-tshas been demonstrated for exfoliated-graphene top gated devices and
CVD-graphene buried gated GFETs [44. [7], still far from the record values for suspended
graphene. However a lot of research efforts have been done to face this issue, and depositing
graphene on h-BN has shown promising results. The h-BN can be used both as a substrate
and as a gate dielectric, completely embedding the graphene channel. This approach has
proved to be effective in reducing the roughness of graphene sheets, while the high dielec-
tric constant improves the screening of charge impurities. The result is graphene exhibiting
low doping, low hysteresis and high mobility up to 40,000 cm?V-'s'! for bilayer graphene
devices on h-BN at room temperature and 100,000 cm?V-'s™! in top gated devices embed-
ded in h-BN at 1.6 K [45], 46]. However, this technique is not yet mature to deliver the
longed-for technological breakthrough. The main drawback is represented by the lack of
scalability, since high-quality BN is obtained through exfoliation E], h-BN crystals are quite
expensive and the device processing requires several transfer steps that introduce contam-
inations and lead to a random device-to-device variation. For these reasons, despite the
possible improvements, the use of h-BN has not been considered in this thesis.

! Although h-BN can be growth with CVD on Cu, similarly to graphene, the quality is lower compared
to exfolited material. [47]
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Chapter 3

GFETs and voltage amplifiers

This chapter is a review of GFETs characteristics. The influence of graphene physical
properties on devices operation will be discussed and compared to standard Si MOSFETs.
The possibility to achieve good performance by careful parameter-design tuning will be
investigated.

The chapter is organized as follows: first a brief introduction to Si MOSFETs will be
given, to enlight the main differences between semiconductor-based and graphene-based
devices. Then, some important small-signal FOMs, like transconductance and output re-
sistance, will be introduced and their dependence on material properties will be discussed.
The last section will be devoted to graphene-based inverters, covering theory of operation,
device fabrication and characterization.

3.1 The basic unit: GFET

The MOSFET is the most commonly used Si-based device. It comprises a conductive
channel connected to three terminals: the source from which carriers are injected in the
channel, the drain from which carriers leave the channel and the gate that modulates
the channel doping through capacitive coupling [48]. Different techniques, such as ion
implantation, are used to introduce dopants in the Si substrate to realize either p-type
or n-type FETs [5]. The characteristic of PFETs and NFETs differ due to the different
electron and hole mobilities in Si, related to different effective masses. In contrast, GFETs
are ambipolar devices, so they exhibit both hole and electron conduction tunable through
electrostatic doping [2]. Moreover the electron and hole mobilities in graphene are almost
equal (deviations from this behavior will be discussed in section 4.2.2), making the transfer
characteristics of GFETs symmetric.

3.1.1 Current-voltage characteristics

The analysis of the current dependence on drain-to-source and gate-to-source voltage en-
lights the differences between a MOSFET and a GFET.
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Consider as an example a graphene sheet n-doped by external impurities, connected
between two electrodes labelled as source and drain. Adding an oxide/metal stack on top of
the graphene layer results in the formation of a GFET. The I-V and transfer characteristics
of a GFET differ from that of the MOSFET. In a MOSFET the channel formation depends
on the voltage applied between the gate metal and the substrate. Only if this voltage
is above the treshold value Vi (that is constant) an inversion layer is formed and the
MOSFET turns on. In a GFET the treshold voltage Viy has a different meaning since its
value is not fixed, but is rather a function of the Vpg.

a)

V =V, +a=V

s~ “tho

*'d VGD = VGS_VDS =-a

V (V. )=V, +V /2

th* DS tho

Figure 3.1: Doping profile of the GFET channel extending from source (x = 0) to drain (x =
L). a) When no bias applied. b) Applying Vas = Vino the potential of the channel reaches
the value at the Dirac point. ¢) Applying Vps> 0 the potential at the drain increases. d)
To restore the charge neutrality of the channel at fixed Vpg, the Vg should be increased
of an amount o, so that the potential Vgp = Vgs -Vpg = - a and the Dirac point is in
the middle of the channel. This condition is satisfied when o = Vpg /2. The new treshold
voltage, Vin= Vino+ o, is then a function of Vpg: Vin(Vps) = Vino+ Vbs /2.

Figure shows the channel potential of a GFET with no bias applied. A voltage
Vas = Vino should be applied between gate and source terminals (see figure ) to shift
the Fermi level of graphene channel to the Dirac point. When a positive Vpg is applied the
potential at drain side decreases (figure ) and therefore, to restore the charge neutrality
of the channel, Vg should be increased of an amount «, so that the potential at the drain
Vap = Vs -Vps = - a and the Dirac point is in the middle of the channel (figure )
This condition is satisfied when o = Vpg /2, so the treshold voltage is a function of Vpg
and can be expressed as Vin(Vps) = Vino+ Vps /2 E Thus, at larger Vpg, larger Vgg are
required to restore channel neutrality.

!This treatise is valid in the assumption that the electron and hole conduction are symmetric.
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Figure 3.2: The output [-V characteristic and corresponding doping profile of an intrinsi-
cally n-doped GFET biased at a fixed Vgs. a) When Vpg = 0 the channel is not conductive.
b) Increasing Vpg to positive values an electron current flows between source and drain. c)
When the channel potential at the drain equals Vi, ¢ the channel pinches off at the drain
side, exhibiting pseudosaturation in the I-V curve. d) At higher Vpg the Dirac point enters
in the channel that becomes ambipolar and current increases.

The output I-V characteristic of the GFET at a fixed Vg is shown in figure[3.2] When
no voltage is applied between the electrodes, i.e. Vpg = 0, the channel is not conductive
(figure [3.2h). If the source is kept to ground potential and a positive Vpg is applied, an
electron current flows in the channel (figure [3.2b). Increasing Vpg the channel pinches
off at the drain side (figure ) The pinch-off occurs when the potential at the drain,

22



Vap , equals the treshold value Viy g so that the reduced DOS limits the carrier injection.
While in Si MOSFETs the pinch-off leads to current saturation, in GFETs this phenomenon
causes only a pseudosaturation, because a further increase of Vpg would directly switch the
channel below drain from n to p-type resulting in a mixed electron-hole conduction (figure
3.2d).

To examine the transfer characteristics of the GFET consider figure 3.3] where the Vpg
is fixed at a positive value. If Vgs < Vino is applied, a hole current will flow in the channel
(figure ) When Vgs= Vinpo the channel pinches off at the source (figure ) and
increasing Vgg further will cause the Dirac point to move inside the channel resulting in
mixed electron-hole conduction (figure 3.3¢). The current minimum is found at Vg =
Vin(Vps), when the Dirac point is in the middle of the channel so that electron and hole
currents are equal and the carrier density is at its minimum value (figure 3.3d) [4]. At
higher Vg the channel conduction will experience a transition from a majority hole to a
majority electron carriers figure (3.3p) until pinch-off at the drain side occurs when the
Vap= Vinyo (figure ) In contrast with Si MOSFETSs, the channel in GFETSs is always
conductive, and the gate voltage cannot switch the transistor between the on and off states,
but rather between p and n-type, passing trough a state of maximum resistance. For this
reason while the typical current on-off ratio, Ion/Iog, of MOSFETs is between 10* and
107, in GFETs it is usually below 10 in air ambient, limiting GFETs potentiality in digital
electronics [21]. There is an extensive research concerning bandgap opening in graphene
in order to increase the current on/off ratio. This can be accomplished by patterning of
graphene in nanoribbons, application of high perpendicular electric fields to A-B graphene
bilayers [49], or fabrication of heterostructures with other 2-D materials [50]. However all
these approaches exhibit drawbacks. In graphene nanoribbons the edge roughness and the
bandgap opening result in a reduced mobility and consequently low on current. In bilayer
graphene, the bandgap opened with perpendicular electric fields can be as high as 250 meV,
a value still too small to fabricate good transistors [2I]. Heterostructures with MoSy and
h-BN are currently under investigation, but their fabrication still involves exfoliation and
transfer methods, thereby limiting these structures to a proof of principle devices [51].
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Figure 3.3: Transfer characteristic and corresponding doping profile of a GFET when a
fixed Vps > 0 is applied. a) At Vgg < Vino the channel experience hole conduction. b)
When Vgg= Vino the channel pinches off at the source. ¢) Increasing Vgg the Dirac point
enters the channel. d) When Vigg= Vin( Vps) the Dirac point is in the middle of the channel
resulting in a current minimum. e) At higher Vg the majoritary carriers are electrons.
f) When the potential below the drain, Vap, goes to Vipo the channel pinches off at the

drain side.
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3.1.2 Intrinsic gain

The intrinsic gain Ag is an important parameter, defined as the maximum gain that is
available from a single transistor, and corresponds to the open-circuit voltage gain of the
GFET shown in figure [52]:

Vout
Ag = = gmT"d
Vin

where rq4 is the output resistance and g, is the transconductance of the GFET (the deriva-
tion of the small-signal model is provided in section 5.3).

< —
+
< —>0

in Vgs 9nVin I out

0 &—

Figure 3.4: Small-signal equivalent circuit of an ideal GFET valid at low frequencies. The
parameter gn, is the transconductance and ry is the output resistance of the GFET.

The output resistance can be derived from the DC characteristics as the inverse of
channel current derivative with respect of the voltage drop along the channel:

(o
rq = <8VDS) (3.1)

As discussed in section 3.1.1, current saturation in standard MOSFETSs arises from pinch-off.

The conductive channel of a MOSFET is created when the potential difference between the
gate and the substrate is above a threshold value Vi, so that an inversion layer connecting
source and drain is formed. When a Vpg is applied, current flows between the drain and
source. When the gate-to-drain voltage difference is below the threshold, Vop < Vi, the
MOSFET enters in pinch-off mode characterized by the lack of channel region near the
drain. Although the channel does not extend the full length of the device, the high electric
field existing between the drain and the channel allows conduction, with the drain current
showing a weak dependence upon drain voltage and controlled primarily by the gate-source
voltage [5]. In graphene there is no threshold voltage for conduction, thus current saturation
can only occur as pseudosaturation when electron and hole conduction equals or as velocity
saturation in high-field regime (see section 2.4) [42].

The achievement of a good current saturation is one of the main issues of GFETs
technology. One option is to look for high saturation velocity in ultra-clean samples with
low-defectivity on high-phonon energy substrates like h-BN. However this technology is
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not yet mature to be applied to a large-scale production, and is limited by the high cost
and complicate processing. Similarly, patterning graphene into nanoribbons reduces cur-
rent and mobility, washing out the advantage of higher saturation (see section 2.4). A
different approach consists in using thinner gate oxide, to increase the depletion rate of the
channel and reduce the effect of intrinsic carriers and interfacial traps, with a consistent
improvement in saturation characteristics [53].

A thinner oxide has the other important advantage of improving the gate voltage control
on the current, the parameter defined as transconductance:

ol
Jm = oVas

(3.2)

Assuming an approximated large-signal model valid in the linear region [22] to describe a
single GFET as a simple voltage-controlled resistor, the drain current can be modeled as:

€0€ox

tox

w
In(Vbs,Vas) = T <UO + w|Vas — Vth|> Vbs (3.3)

where op is the conductance of the channel at Dirac point E] An explicit calculation of
(3.1) and (3.2) from (3.3)) gives for transconductance an output resistance the following

expressions:

€0€ox

. 4

g . uVbs (3.4)
W €0€ -t

rq = [L <Uo + Zpu(Vas — Vth)ﬂ (3-5)

The expressions show that high-x, thin oxides (large ox/tox) can provide both a higher
transconductance and a higher output resistance compared to conventional SiOs dielectric.
This solution has been investigated in the current work to develop devices with high intrinsic
gain for a wide range of applications.

3.2 Graphene inverters

The CMOS inverter is the main device based on MOSFET structure. It consists of a
PFET and an NFET connected in series, sharing a common drain electrode. A digital
signal applied to the input terminal (the gate) comes to the output (the common drain)
with its phase shifted by 180°, i.e. inverted. In digital electronics, several CMOS logic
gates can be connected together and cascaded to perform multiple logic operation. The
Si CMOS technology offers extremely low static power consumption, fast on/off switching
rate and higher packing density compared to BJT-based devices, leading this technology to
dominate the market [54]. In this section graphene inverters fundamentals will be presented

“Note that this oversimplified expression does not take into account the shift of the drain voltage
dependence of V.
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and compared with Si CMOS inverters, and details on fabrication and performances will
be given.

3.2.1 Operating principle

Since graphene is a bipolar conductor, a single GFET can be either p-type or n-type
depending on the bias condition. Thus, in principle, graphene inverters can be simply
fabricated by connecting two GFETs in series on the same graphene channel, sharing a
common electrode, see figure [3.5

- Voo
m SISO,
—||:GZ B Ti/Au electrodes
AlO, gate oxide
IN— — OUT W Al gate metal
_| l—:G1 (O graphene

Figure 3.5: Graphene inverter (right) and circuit schematic (left). From reference [22].

When no bias Vpp is applied, the two GFETs have the same average doping level. When
Vpp> 01is applied, the channel would be depleted from electrons, thus a more positive input
voltage will be needed to restore the charge neutrality. The voltage drop occurs all along
the channel, but the potential of the channel in G2 increases with respect to that in G1,
shifting the Dirac point of G2 to higher input voltages. Indeed the average potential of G1
varies from Vi to (Vour+ Vin)/2, while the average potential of G2 varies from Vi, to
(Vop+ Vour)/2. Complementary operation is obtained applying an input voltage between
the Dirac points of the two GFETs, with one GFET biased in the p-type-operation region
and the other one in the n-type, figure B.6p.

The output voltage of the inverter is obtained from the voltage divider shown in figure
3.0k

Vbp Vbp

DR, — 3.6
Ri+R " R (36)

Vour =

where R; and Ry are the resistances of GFETs G1 and G2, see figure [3.5] Note that in
graphene inverters, differently from conventional CMOS inverters, rail-to-rail operation is
not possible, i.e., the output voltage never reaches zero or Vpp because GFETs cannot
be turned off. The maximum voltage swing, V,—, = Vout,max — Vout,min, 18 related to the
resistance on-off ratio vy:

v—1
v+1

Vi p= Vop.
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If we assume that the GFETs are identical, so that their on and off resistances are the

same, then Voyr varies between Vpp/ (14 ) and vVpp/ (1 + ) . Typical values for y
are between 2 and 5, so in the best case of v = 5 the maximum swing is = 66% of Vpp.

R (kQ)

V. =15V
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Figure 3.6: Transfer curves of single GFETSs in inverter configuration. (a) At low bias (Vpp
= 0.1 V) GFETs have the same doping level. The application of a large bias to the inverter
(Vpp =1.5 V) causes the Dirac points of the GFETs to split. (b) When Vg is lower
than the Dirac points of the two GFETs (Vgs< Vina1< Vinz2), both GFETs are p-type; (c)
between the two Dirac points they exhibit complementary operation (Vin1< Vas< Vin2);
(d) at Vina< Vinz< Vas both GFETs are n-type. Adapted from reference [22].

T
Vin (91 +9m2)Vin Farllranl|RL \jit

Figure 3.7: Small-signal equivalent circuit for an inverter in complementary configuration,
valid at low frequencies (where capacitances can be neglected). Here Rj, and Ry, represent
input and load impedence related to the measurements setup.
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Since almost all electronic circuits comprise multiple stages, each stage must provide
voltage amplification in order to preserve the signal integrity during transmission. A circuit
is an amplifier if the output voltage swing is larger than the input voltage swing, the amount
of the amplification being equal to the voltage gain:

Vout = AyVin (3.7)

The voltage gain of an inverter can be derived from the small-signal circuit shown in

figure 3.7 as:

v
Ay, = ;m = —(gm1 + gm2)(ra1||raz||RL).

This model is valid at low frequency, where the value of ac voltage gain approaches the DC
value Ay(0) = dVour/dVin. Assuming that GFETs have identical characteristics so that
rq1 = rq2 = T4 and gm1 = gm2 = gm, the expression simplifies to:

Ay = —2gm(rq/2||RL) (3.8)

With Ry, — oo the voltage gain assumes the maximum value of:
Ay = —gmrq (3.9)

that is equal to the intrinsic gain of a single GFET derived in section 3.1.2, A, = —A
(minus sign stems for signal inversion).

3.2.2 Experimental background

Pioneering works on graphene transistors have been based on graphene flakes exfoliated on
top of Si/SiO9 substrate [2]. The production of graphene flakes through mechanical exfoli-
ation is a very cheap technique that can be used at laboratory scale to obtain monolayers
up to hundreds microns of size. It counsists of peeling-off the surface of HOPG with a scotch
tape, pressing the tape on top of the silicon chip and peeling it off again to release the
material [55]. Among the debris transferred on the substrate, having different thickness
distribution, there will be also a certain probability to find graphene monolayers. Usually
these mechanically exfoliated flakes exhibit much better physical properties compared to
graphene obtained through physical growth or chemical synthesis, because they are free of
defects and grain boundaries. Despite the great advantages in terms of cost and perfor-
mances offered by this technique, it is limited to the laboratory scale, where it has been
extensively used to demostrate early proof of principle devices. Nowadays growth tech-
niques like CVD on Cu and epitaxy on SiC are mature enough to provide good quality
material, compatible with industrial processes, that is extensively supplanting exfoliated
graphene [56].

In the early reports, GFETs exhibited a very poor transconductance mainly due to the
low-%x (eox= 3.9) and the high thickness (tipically 300 nm) of the silicon oxide covering
the substrate and providing a back gate dielectric [57]. The choice of such substrates was
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forced by practical considerations, since in this case the optical interference allows one to
see even a monolayer with optical microscope under white light, providing an easy method
to identify graphene flakes [58]. However, with poor transconductance, voltage gain was
very low (much less than one) and high back gate voltages (up to hundred volts) were
needed to tune the channel doping [57].

In 2010 Tsukagoshi and co-workers demonstrated that aluminum evaporated on top of
the graphene channel not only oxidizes at the outer surface, but also at the interface with
graphene, thereby providing a very thin layer of a gate dielectric of 4 nm in thickness [59].
The dielectric constant of this native oxide, even though lower that that of stoichiometric
Aly03, is around 7, higher than that of SiO5. This oxide not only improves the transcon-
ductance, but allows to operate the device with much smaller gate voltages, making it
possible to achieve input/output signal matching.

3.2.3 Fabrication of exfoliated-graphene amplifiers

The technique based on spontaneous formation of AlOy has been adopted to fabricate high
performances amplifiers. Graphene flakes were obtained through the scotch-tape method
and transferred on top of highly As-doped (n-type) Si chips. The top side of the chips is
covered by a 300 nm thick layer of thermally grown SiOs, while the bottom side is covered
by a 3 nm of Cr, 5.5 nm of Sb and 200 nm of Ag conductive layer. Graphene crystallites can
be visualized by the use of optical microscopy and the optical contrast gives an indication
on the thickness. The selected flakes were specifically identified as mono, bi or multilayers
with the aid of Raman spectroscopy, which allows a precise measurement of the flake height.
The typical distance between two graphene planes in bulk graphite is known to be around
0.4 nm [2]. However, the thickness measured with AFM is usually higher, an evidence
commonly attributed to the presence of a layer of adsorbed water between the substrate
and graphene layers deposited on top. Thus, thicknesses of the order of 1-1.4 nm were
commonly attributed to monolayer graphene, while higher values up to 2 nm, to bilayers.
The randomness of exfoliation process is responsible of the irregular shape and variable
size distribution of the flakes, preventing the use of a standard device design. Thus, all
the fabricated GFETs differ in terms of channel shape and size, preventing a collection of
a good statistics on the device performance.

Figure 3.8: Optical image (a) and SEM image (b) of a graphene voltage amplifier. From
reference [22].
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Source, drain and top gate contacts were fabricated through an e-beam lithography
process with PMMA as positive resist, followed by e-beam evaporation and lift off. Top
gates were fabricated in the first step by direct evaporation of 100 nm of Al on the patterned
area. The metal oxidizes all around the contacts as described previously, providing an
insulating layer of AlOx. In order to eliminate access resistances, the 5 nm Ti/ 50 nm Au
electrodes were overlapped with the gates, assuring a complete channel coverage, as shown
in figure [3.8]b. This procedure resulted in an improved channel stability compared to
standard non-overlapped devices, since the coverage prevents the contamination of channel
by enviromental doping, thereby reducing hysteresis in the I-V characteristics.

With this approach the first graphene amplifier showing a room temperature voltage
gain higher than 10 dB has been demonstrated [22]. The characterization of these high-gain
amplifiers will be further investigated in the following section since these devices represented
the starting point of this research.

3.2.4 Characterization of high gain amplifiers

Figure shows the circuit diagram of the fabricated inverter in the complementary push-
pull configuration used to perform the AC measurements. In this setup the gate terminal
(IN) was biased with a sinusoidal signal vy = Vin + Vipsin(27 ft) applied by a Tektronix
AFG 3022B function generator, while input and output signals were measured by an Agilent
infiniium 54832D mixed-signal oscilloscope. The output resistance of the function generator
(R =50 Q) is small compared to the input impedence of the oscilloscope (Z = 1 MQ ||13
pF), thus it can be neglected in the series connection. Figure shows the transfer curve
VouT vs. Vin of the amplifier biased with Vpp= 1.5 V. The largest value of the voltage
gain obtained with this supply voltage was |Ay|max— 2.1 at the DC operating point Q. The
expression for the low-frequency voltage gain can be derived from , and , see

section 3.2.1:
Vbs

~ Vas — Vin + 0otox/ (€0coxht)
Assuming that at point Q the two GFETs exhibit the same resistance (see figure [3.6]b),
then the voltage drop on each GFET should be approximately |Vps| =~ Vpp/2, and the

A, = (3.10)

quantity (Vas — Vin) = (Vin,2 — Vin,1) /2 = AVin , since the Q point corresponds to the in-
put voltage that lies between the Dirac voltages of the two GFETs. Therefore the expression
for the maximum voltage gain becomes [22]:

Vbp
AVIN + QUOtOX/ (5050XH)

‘Av‘max = (311)

where the quantity A Viy depends on Vpp. Expression (3.11) shows that a higher gain
can be found at higher supply voltages.

31



—| G2
20 Q IN ouT
+ »
ST T
VIN+ N[ |7 R<Z ouT

L1 1

Figure 3.9: A circuit diagram of the amplifier. Z =1 MQ||13 pF is the input impedance of
the oscilloscope used to measure input and output signals while 50 €2 is the output resistance
of the input voltage source. Since |Z]>>50 € the input signal fully drops across Z, i.e.,
vIN(t) = Vin+uin (t), where Viy is the DC bias voltage and vy (t) is the AC component of the
input signal. The load resistance Ry, simulates the input resistance of the next amplifying
stage. In the measurements presented here this resistance was infinite.
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Figure 3.10: Principle of voltage amplification. a) Static (DC) transfer curve of the amplifier
is shown in blue. Dynamic (AC) transfer curve is shown in red and was obtained by plotting
output voltage vour vs. input voltage vin = Vin + Vipsin(27 ft), with f = 1 kHz. b) Low-
frequency voltage gain A, = dVoyur/dVin. A small signal superposed to the DC operating
point @ is amplified at the output. ¢) AC components of the input and output voltage
signals at a frequency f = 10 kHz. From reference [22].

The fabricated GFETs at high supply voltages exhibit a transconductance of g, /W ~

500 mS/mm [22], that combined with relatively large output resistance rqW ~ 10.5 k2 um
(see figurg3.11)) results in measured DC and AC voltage gains above 10 dB.
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Figure 3.11: Static (DC) characteristics of one of the fabricated GFETs whose Dirac point is
at Vin = —1.12 V. a) Current-voltage characteristics. b) Output resistance. From reference

22].

Figure 3.10f shows measured ac components of the input and output voltage signals of
the amplifier biased at Vpp = 2.5 V (DC components have been removed from the plot for
clarity). At this supply voltage a maximum voltage gain of | Ay|max—3.7 was measured at
an input frequency of 10 kHz. As discussed above a higher gain could be obtained at higher
voltage supplies. The maximum applicable bias is set by the maximum current density that
can be sustained by the flake (~1.2 mA /pm [60], five times higher than the current flowing
in our devices at 2.5 V) and by the maximum voltage drop sustained by the gate oxide.
Since the upper part of the channel is at a potential Vpp , the voltage drop on the gate
oxide is given by Vpp -vn. Here vy = Vin + Vipsin(2nft), where Vix = -0.22 V and Vi
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= 0.35 V, giving -0.57 < vuiy< 0.13 V, so for Vpp > 2.5 V the voltage drop on the gate
would be higher than 2.35 V, a value that is close to the breakdown voltage of the oxide
VBox= 2.5 V.

The frequency response of the fabricated amplifiers has been investigated and results
are shown in figure 3.12h. The amplifier is biased at Vpp = 2.5 V and a small AC signal
is superposed to the DC Q point-voltage, giving the maximum signal amplification | Ay|max
= 3.7 (11.4 dB). The gain remains constant up to about 20 kHz, and then decreases as
the frequency is increased, dropping by 3 dB at the higher cutoff frequency f3q4p5 = 70
kHz which also defines the bandwidth of the amplifier. The amplifier is capable of signal
amplification up to a unity-gain frequency fi — 360 kHz. At this frequency, the amplifier
operates as a unity-gain amplifier (buffer), while for f > f; it attenuates the input signal.
The signal phase shift ¢ introduced by the amplifier is 180° at low frequencies (signal
inversion), decreasing to 90° at high frequencies, see figure .
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Figure 3.12: Frequency response of the amplifier. a) Gain magnitude. b) Phase shift
between input and output signals as a function of frequency. From reference [22].

Both amplitude and phase characteristics of the voltage gain indicate a typical dominant-
pole (at f3qp) behavior. However, this pole does not originate from the amplifier but from
the capacitances of the cables used to connect the amplifier to the measurement equipment.
The cables have a total conductor-to-ground capacitance C, ~ 0.5 nF which introduces a
pole at a frequency f, = (2n(rq/2 + R.)Cc) '~ 100 kHz, where R, ~ 1.5 k() is the contact
resistance of the output line. The obtained value is consistent with the measured f3qg. As
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no other poles were observed, the fabricated amplifier has cutoff and unity-gain frequencies
above 5 MHz which may extend its application to high-frequency circuits ﬁ

3.3 Cascading of stages

The discussed GFETs, despite representing a huge step forward to fully-integrated graphene
circuits, were not scalable and exhibited wide performance variations from one sample to
another due to the randomness of exfoliation procedure. This fundamental issue had to
be addressed in order to realize more complex electronic circuits. This section is devoted
to discussion on the advancement that allowed to demonstrate cascaded devices, beginning
with an introduction of the fundamental characteristics that a single stage should exhibit
in order to provide cascading capability.

3.3.1 Operating principle

In order to fabricate more complex circuits the issue of signal matching is of fundamental
importance, because it represents one of the requirements for device cascading. To cascade
two identical inverters the output and the input DC offsets must be equal at the highest
gain point, so that one stage can drive the other in the amplifying mode to propagate
the signal without loosing its amplitude. The highest voltage gain is reached at the DC
operating point that lies approximately between the Dirac points of the two complementary
GFETs, labeled as Q point. When a negligibly small Vpp is applied, the DC offset of Vour
is almost zero according to , and the offset of Viy is set equal to Vi to operate the
device in the Q point (see figure 3.6p). By increasing Vpp the splitting between Dirac
points of the two GFETs increases, and the DC component of Vin should be increased to
Vin + Vbp/ (1 + R1/R2), while the DC component of Vour shifts to Vpp/ (1 + R1/R2),
where Ri/Ry ~ 1 in Q (see figure [3.6f). It follows that, in ideal condition of undoped
graphene such that V4, = 0, Vin = Vour = Vbp/2. The matching is possible because the
input voltage Vin has the same order of magnitude of the bias voltage Vpp. With a lower
capacitive oxide, such as the thick SiOy back gate, the Vin required to reach the Dirac
voltage is almost one order of magnitude higher than Vpp, so Vour is not enough to drive
the next stage in the highest gain point [57] [59].

Voltage gain and signal matching are the two requirements that must be fulfilled for cas-
cading, togheter with homogeneus devices characteristics (on-off ratio, channel resistance,
doping level), thus an efficient gate oxide and high quality graphene with low doping level
are necessary.

The voltage amplifiers described in section 3.2.4 did not show signal matching (see figure
3.10p), thus were not suitable to fabricate more complex circuits. A breakthrough was
achieved through the implementation of CVD grown graphene as GFET channel material.
The joint efforts of several research groups in developing the growth process resulted in an
improved quality of CVD graphene, that despite being still more defective than exfoliated

3 An intrinsic unity-gain frequency can be estimated to be ~ 8.6 GHz [22].
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graphene can deliver sufficiently high mobilities (up to ~ 5,000 cm?V-'s!) to fabricate
GFETs with good performances.

3.3.2 Fabrication of CVD-graphene amplifiers

In this stage of the project we have employed CVD-grown graphene provided by the group of
Eric Pop at the University of Urbana-Champaign, IL. Graphene CVD-growth has undergone
large improvements recently, thanks to the intensive research to understand the impact of
the initial nucleation and growth dynamics on the final film quality. It has been shown
that the growth from CHy precursor on Cu(111) surface at high temperatures (7 = 1000
°C) promotes monolayer formation thanks to a high cracking and diffusion efficiency of
carbon atoms [56]. The quality of the material employed in this work has been confirmed
by Raman analysis. The G/2D peak ratio suggests the presence of primarily monolayer
graphene, while the small integrated D/G ratio (< 0.2) implies relatively good quality of
graphene grown by CVD, see figure [3.13
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Figure 3.13: Raman spectra of typical graphene films used in this study. From reference
[23].
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