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Abstract

The first experimental preparation and characterization of a monolayer graphene in 2004 has
triggered the interest of the scientific community because of the peculiar graphene properties (e.g.
structural, electrical). The two—dimensional (2D) structure with monoatomic thickness and the
incredible high carrier mobility of graphene have created widespread expectations that it could
be the perfect material for future nanoelectronic devices. Graphene-Field-Effect—Transistors
(GFETSs) have been extensively investigated, but the absence of an energy bandgap in monolayer
graphene (which heavily hampers its use in digital electronics which requires high Ion/Iorr
ratios) leads to non-saturated output characteristics, hence in poor intrinsic voltage gains. For
this reason, vertical graphene-based architectures, as the Graphene-Base-Transistor (GBT),
have been proposed as alternative solution for THz RF electronics. Unluckily, the technological
difficulties related to the fabrication processes have slowed—down the improvement of these
transistor concepts. Because of the early stage of the technology, the modeling and simulations
play a major role, in order to understand the physical mechanisms involved in the graphene—
based device operation and to provide useful guidelines to support the design of optimized
devices.

This thesis is positioned in this framework, and it is focused on the development of physics—
based models and simulators for GFETs and GBTs, with the aim to support the design of
fast transistors and to reliably predict the device performance limits. Concerning GFETSs, in
this work we mostly focused on the drawbacks related to the series resistances associated to the
metal /graphene contact, both from modeling and experimental perspectives. For GBTs, instead,
we developed an electrical model and a single—particle Monte Carlo simulator able to predict
the RF performance and the impact of electron scattering on the device operation, respectively.
The developed simulators represent an important set of tools to support future investigations on
the use in electronic devices of graphene and other 2D materials, e.g. semiconducting transition
metal dichalcogenides, which show properties that can overcome the limits of graphene.
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Chapter 1

Introduction

For decades, the market of Integrated Circuits (ICs), e.g. microprocessors and memory elements,
has been guided by the well—known Moore’s law, which predicts the doubling of the number of
transistors per chip every 18 month with a simultaneous exponential decrease of the prices of the
single transistor [1]. The key factor of this fast evolution has been the continuous shrink of the
geometrical dimension of the Metal Oxide Semiconductor Field Effect Transistor (MOSFET),
at the base of the Complementary-MOS (CMOS) technology. In the recent years, the extreme
reduction of the MOSFETs size has led to a strong enhancement of the short channel effects
[2, 3], which results in a significant reduction of the device performance, mostly due to the
quantum tunneling leakage between the source and drain regions of the device. Consequently,
the transistor performance must be supported by alternative scaling strategies, like material
and structure engineering, in addition to the simple geometrical shrink. Since the state—of—
the—art IC technology is still based on Silicon (Si), a first step in this direction has been the
introduction of the strain in the Si crystal to enhance the carrier mobility in the channel [3,
4]. However, because of the limits of the carrier mobility increase for large strain levels, new
strategies have been later introduced, e.g. the use of high—k material as top dielectric that allows
the reduction of the equivalent oxide thickness [3, 5] and the further scaling of the device. These
approaches to further improve the CMOS technology are internationally recognized part of the
More Moore domain. Additional and alternative strategies, that are not related to the dimension
scaling and are based on the diversification of the integrated circuit functionalities, are known as
More than Moore, which includes technologies combining digital electronics with analog Radio
Frequency (RF)/high—voltage modulus, sensors, biochips, etc. In the More than Moore domain,
the possibility of alternative FET channel materials featuring high carrier mobility, as additional
semiconductor compounds (e.g. GaAs, InP, GaN) or two dimensional (2D) materials, is largely
explored.

In particular, the interest of nanoelectronic community on 2D materials has started in 2004,
when two works regarding the realization of graphene—based devices have been published [6, 7].
From the beginning, the incredibly high carrier mobility and the two—dimensional nature of the
monolayer graphene have created the expectation that it could be the perfect channel material for
high speed FETs [6, 8, 9, 10]. Indeed, in short times, the scientific community was able to develop
Graphene-FETs (GFETs) with cutoff frequencies above the GHz limit [11] and comparable to
that ones obtained by well-established technologies. Despite its rapid development and the
amazing properties, graphene presents strong and impacting drawbacks, and the absence of an
energy bandgap is the most limiting one. First, the missing bandgap strictly prevents the proper
switch—off of the graphene channel, making GFETSs not suitable for digital logic circuits, because
of the resulting large leakage current during the off-state. Second, it results in the ambipolar
behavior of graphene, that causes the non—saturated output characteristics during the on—state
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and a strong decay of some analog figures of merit, as the intrinsic voltage gain of the device
[12, 13]. Last but not least, the series resistance associated to the metal/graphene contact
at the Source (S) and Drain (D) terminals of GFETSs are currently very large if compared to
those achievable in conventional MOSFETS [14]. Hence, the optimization of the metal/grapehne
contact represents, nowadays, a fundamental issue for the GFETs technology [15, 16].

In this framework, different strategies are explored to solve these severe issues. As an example,
the possibility to form an energy bandgap by the fabrication of narrow graphene nanoribbons
[17, 18, 19] or the use of bilayer graphene [20, 21] represent possible solutions to improve the
GFET operation. Alternatively, the investigation of new device architectures not prone to
the lack of the energy bandgap may be a viable way for graphene-based electronics. In this
latter scenario, vertical graphene device concepts have risen special interest in the last years; in
particular, the Graphene—Base—Transistor (GBT, [22]), suited for RF application, shows very
high—performance potential, at least at simulation level [23, 24, 25, 26].

In this context, the modeling and simulation of graphene-based devices are of fundamental
importance, in order to support the fabrication of the experimental prototypes. Indeed, the
simulation activity can provide realistic guidelines on the best materials and structure options to
maximize the device performance and can help in the comprehension of the physical mechanisms
involved in the device operation [27, 28]. Of course, since the early stage of the technology
of the graphene-based devices, the physics—based models must be continuously benchmarked
against experimental measurements, in order to realistically predict the device performance.
This thesis is positioned in this framework and it is focused on the development and integration
of models/simulators dedicated to graphene—based devices, especially related to GFET and GBT
architectures, with the aim to explore the performance limits of these devices.

The thesis is organized as follows. In Chapter 2 we discuss the material properties of
graphene, providing the basic concepts behind the theory describing the graphene honeycomb
lattice. Later, we illustrate the most interesting properties of this 2D material, from the elec-
trical to the thermal ones. Then, we briefly describe the state—of-the—art of graphene—based
devices and, in particular, of GFET and GBT devices, mostly focusing on RF application.

Chapter 3 is focused on one of the most impacting issues for GFET devices, the already
mentioned resistance related to the metal/graphene contact, which seriously contributes to the
increase of device access resistance. First, we introduce the Monte Carlo (MC) simulator devel-
oped at the University of Udine [29], which solves the semi—classical transport in GFET devices.
We show how the metal/graphene stack is modeled in order to be included in the simulator.
Furthermore, we discuss how to include directly in the MC simulator the detrimental effect of
the series resistance at the source and drain terminals.

The end of the chapter is instead focused on the experimental characterization of the metal /graphene
contact resistance, based on a specific experimental technique. Indeed, the modelling of the se-
ries resistance requires an in—depth understanding of the physical mechanisms occurring at the
metal /graphene interface, hence, proper extraction methods are required to characterize the
metal /graphene contact and to calibrate the corresponding models.

Chapter 4 is mostly dedicated to the modelling of the GBT. First, we describe the developed
electrical model for GBT devices, that includes also secondary effects as the space charge effects.
The model is able to predict the maximum achievable cutoff frequency, considering all of the
most important contributions impacting the RF performance. The validation of the electrical
model has been made by comparison against alternative simulation approaches and experimental
results [30].

Once calibrated, the electrical model allows us for an exploration of the GBT design space,
considering realistic insulator materials and trying to optimize the device structure in terms of
the principal RF figures of merit.



We also developed a Monte Carlo simulator to investigate the electron transport in GBTs,
capable to estimate the contribution of electron scattering to the base current, which is very
large in the first experimental GBT prototypes.

Finally, the last section is dedicated to the simulation of the most recent and advanced GBT
structures [31], with the aim to assess the final RF performance of the GBT.
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Chapter 2

Graphene in Nanoelectronics

Because of its extraordinary high carrier mobility and large velocity saturation, from its discovery
graphene has created large expectations as possible material for the replacement of Si in the con-
ventional Metal-Oxide—Semiconductor—Field—Effect—Transistor. Furthermore, its monoatomic
thickness due to its two—dimensional structure should ensure a good electrostatic control of the
channel by the gate terminal, partially solving the short channel effects in ultra—scaled devices. In
this context, this chapter first introduces the monolayer graphene structure in Sec. 2.1, discussing
its honeycomb crystal lattice, the gapless energy dispersion relationship, as well as its limited
density of states. Then, a summary of the most interesting properties of graphene (i.e. electrical,
mechanical, optical and thermal) is provided, mainly keeping the focus on the possible electronic
devices applications. Section 2.2 finally presents the state-of-the—art of graphene—-based devices,
starting from the most conventional architecture, namely the Graphene—Field-Effect—Transistor
(GFET), to more exotic ones featuring perpendicular transport across the graphene plane.

2.1 Graphene

As stated above, in this section we briefly present the monolayer graphene in terms of crystal
lattice and band structure. The section starts with the description of a general three—dimension
(3D) crystal lattice, that will be a useful guide toward the understanding of the two—dimensional
(2D) graphene crystal lattice and the corresponding energy dispersion relation. Finally we
provide a summary of the most interesting properties of graphene.

2.1.1 Crystal and reciprocal lattice

In general, the crystal structure is an ordered state of matter that can be represented by the
combination of a Bravaiz lattice and a basis [32]. Concerning the former, it is a periodic set
of discrete points, the so—called points of symmetry, which features the property to see around
itself exactly the same pattern with respect to any other symmetry point. The basis, instead,
denotes the arrangement of the atoms in a Bravaiz lattice period.

A Bravaix lattice for a 3D crystal can be mathematically described as:

3
R, = anak, (2.1)
k=1

where ny is an integer number, while a; are the primitive vectors. The choice of the latter ones
is totally arbitrary and consequently not unique.
Let us define now the primitive unit cell, a volume that could be placed periodically in the lattice
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structure without create either overlaps or empty regions by a translation of vectors in the form
of Eq. 2.1, expressible by the set of the points satisfying:

3
R = Zxkak, (2.2)
k=1

where xjp can assume values between 0 and 1. A common way to form a primitive cell is
the Wigner—Seitz—cell structure, which is created intersecting the perpendicular planes to the
segment that joins one lattice point with the closest neighbors.

The periodic structure described so far is also called direct lattice. The reciprocal lattice, defined
in the wave-vectors space, is instead:

3
Gm = kabk, (2.3)
k=1

where by are the primitive vectors in the reciprocal space, while m; are integers numbers
satisfying the relation:
exp (iIGm - Rn) =1, (2.4)

which is valid when:
bi ay; = 27’[‘(5@', (25)

where the d;; is the Kronecker’s delta, while a; and b; are again the primitive vectors of the
direct and reciprocal lattice, respectively (see Egs. 2.2 and 2.3). It can be demonstrated that
Eq. 2.5 is verified when:

2 2 2T
ap x az), ba= ag xay), bg=
chll ( ) chll ( ) chll

b1 = (a1 X ag), (26)
where Q¢ is the volume of the primitive cell defined above, namely Q.. = a3 - (az X ag).

We can now apply the above mathematical representation of the crystal lattice to describe the
direct and reciprocal lattice of graphene. Graphene is a planar allotrope of carbon, composed by
a monolayer of carbon atoms arranged in a honeycomb structure forming a 2D lattice (Fig. 2.1),
in which atoms form covalent bonds with each other on the plane [34]. By looking to Fig. 2.2,
which shows the arrangement of carbon atoms in the graphene lattice in real space, we define
the distance between two adjacent atoms as Ly = 1.42 A. We can identify the primitive cell for

Figure 2.1: Atomic structure of graphene monolayer, showing the hexgonal honeycomb pattern
(adapted from [33]).
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graphene as composed by a basis of two carbon atoms (blue circle, note the periodicity of the
cell in Fig. 2.2). Because of the 2D lattice of graphene, Eq. 2.1 becomes [34]:

R = nja; + nqay, (27)

where (n1,n2) is a couple of integer numbers, while a; and as are the primitive vectors of

graphene, expressed as:
a; = ax+by
as = ax — by

The terms a and b are:

a = \ggao (2.10)
ao

= = — 2-11

b o (2.11)

respectively, where ag is the distance between two adjacent lattice points (lattice constant),

namely:
ap = 2 cos (%)Lb = V3L, = 2.46, (2.12)

expressed in A.

Figure 2.2: Sketch of the graphene direct lattice in real space. In blue is circled the two-atoms
basis while the blue atoms represent the lattice points. a; and as are the primitive vectors.
Image adapted from [33].

Concerning the reciprocal lattice of graphene, the primitive vectors of the reciprocal lattice
are defined following Eq. 2.6, so that:

b, — zwmi) =1 (2) +X, (%) (2.13)
il
b

a; - (ag X 2
by = 272Xy (E) f1£y< ) (2.14)

aj - (a2 X i)
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where k, and Ey coincide with the unit vectors x and ¥ of Egs. 2.8 and 2.9, respectively. At this
stage, it is possible to construct the entire reciprocal lattice and identify the First Brillouin Zone
(FBZ), defined as the primitive cell in the reciprocal lattice, by means of the Wigner—Seitz—cell,
whose vertices, normally noticed with K—points but known as Dirac Points for graphene, are:

(3). (2ed) (5g).

(-5). () (oed) o

positioned in a hexagonal shape as shown in Fig. 2.3.

o O

2T
(“%)

Sl

(& 5)

()

Figure 2.3: Graphene reciprocal lattice (blue empty points) and first Brillouin zone (black solid
line). by and by are the reciprocal lattice vectors. Vertices belonging to the same degenerate
valley are highlighted with the same color (green or red). Figure adapted from [33].

2.1.2 Band structure and energy-dispersion relation

The band structure of graphene can be determined by solving the Schrodinger equation by means
of a tight—binding approach, namely:

E(k) = [h(K)](¢), (2.16)

where h(k) [s x s| is the Hamiltonian operator. By getting the eigenvalues of the latter we
are able to obtain the energy-dispersion relation F(k) (giving the energy level for every wave-
vector), which presents a number of branches equal to s, corresponding to the dimension of the
Hamiltonian matrix or equivalently the number of eigenvalues. By considering the 4 orbitals
(namely 2s, 2p,, 2p, and 2p,) for each carbon atom, we can assert that there are 8 orbitals for
every primitive cell, since it is inclusive of two atoms. Furthermore, it can be shown that the
energy levels close to the Fermi energy are determined by the 2p, orbitals only, while the 2s,
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(b) ()

Figure 2.4: Graphene band structure (a) and corresponding projection along &, (b) and &, (c).
The conduction band is colored in red, while the valance band in blue. Adapted from [33].

2p, and 2p, can be neglected in the calculation since their energy levels are too far with respect
to the Fermi energy, resulting in s=2. When the closest—neighbors are considered, the matrix
[h(k)] can be expressed as:

[h(k)] = [,SO }g’] , (2.17)

where

ho = —t[1 + 2 exp(ikza) cos(kyb)], (2.18)

where t = 2.7 €V is the hopping integral between two nearest—neighbors [17]. As a result, the
branches of the energy dispersion relation can be now expressed as

E = j:t\/l + 4 cos (kyb) cos (kza) + 4 cos? (kyb). (2.19)

Figure 2.4(a) shows the band structure of graphene (the red and blue surfaces are the conduction
and valance band, respectively), while in Fig. 2.4(b) and Fig. 2.4(c) are reported the correspond-
ing projections along the k, and k, directions, respectively. As visible, the conduction band
and the valance band are touching each other in the six hexagonal shaped vertices of the FBZ
(Dirac Points), resulting in a gapless energy dispersion relation. Furthermore, the profile of the
energy surfaces at the Dirac Points is symmetric for the conduction and valance band, leading
to the well-known ambipolar behavior of graphene.

Focusing in the proximity of the Dirac Points, the energy dispersion relation in Eq. 2.19 can
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be approximated with a linear equation, namely:

B(K)fe0r = h0slkpp| = £hop K2 pp + K2 o (2.20)

where 7 is the reduce Planck’s constant, k, pp and k, pp are the k, and k, components refereed
to the Dirac Point, respectively, while vy is the Fermi velocity, defined as:

_ V3 aptq

A

and, consequently, the group velocity v, corresponds to the Fermi velocity in proximity of the
Dirac Point:

(2.21)

10F
h ok
The linear energy-dispersion relation in Eq. 2.20 is representative of the massless particles (mass-
less Dirac fermions), that are particles with zero effective mass, responsible of the very high
carrier mobility in graphene [10] (see Sec. 2.1.4). The linear dispersion relationship has been
demonstrated up to 0.6 eV from the Dirac Point by experimental spectroscopic measurements
[35]. Hereafter we will assume that k, = k; pp and ky, = ky pp.

The eigenvectors, obtained by solving Eq. 2.16, are [36]:

L fexp(—i- ak/2>>}
= — . , 2.23

Vi V2 [:t exp(i - ag/2) (2.23)
where a, = ky/k, and the plus and minus signs are referred to conduction and valance band,
respectively. Finally, the spinor—overlap F'y, between two states k and k’, both belonging to the
conduction band is defined as:

Vg = = vy. (2.22)

1+ cosf

Frrr = 7#;2 CPpr = — (2.24)

where 6 is the angle between k and k’ and 1 is the conjugate transpose.

2.1.3 Density of states and carrier concentration

The density of states (DoS) of graphene at low energies can be estimated as [17]:

2
DoS(E 2”””5 / S[E — B(k <q> E, (2.25)
T \vsh

where ¢ is the modulus of the electron charge, while ny; and n, are the number of the spin and
of the degenerate valleys, respectively. Concerning the latter and looking to Fig. 2.3, the six
minimum of the FBZ are contributing to a third of a single degenerate valley, finally resulting
in two degenerate valleys (n,=2, grouped in green and red, respectively). Furthermore, the
properties of symmetry and linearity of the energy dispersion relation in the proximity of the
Dirac Point (Eq. 2.20) lead to a symmetric and linear DoS in the conduction and valance bands.
Equation 2.25 shows that the DoS of graphene is finite and very low in the proximity of the
Dirac Point; as a consequence, the effect of the resulting limited quantum capacitance must be
necessary taken into account in the electrostatics determination of the graphene—based devices
(see Secs. 3.3.1 and 4.3).

Electrons and holes concentrations (n and p, respectively) are generally expressed as:

n = / DoS(E) - f(E) dE (2.26)

p = / DoS(E) - [1 — f(E)] dE, (2.27)
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where f(FE) is the occupation probability described by the Fermi-Dirac statistics, namely:
1

f(E) = P~
14+ exp [q( kBTF)}

(2.28)

where Er is the Fermi level, kp is the Boltzmann’s constant and 7" the temperature. By using
Eq. 2.28, the electron and holes concentration in Egs. 2.26 and 2.27 become [37]:

2
mh vy
2
p = —55Fi(—Ep/kgT), (2.30)
mh vy

where F1(Er/kpT) is the first order Fermi integral of Er/kpT.

2.1.4 Main characteristics of graphene

The particular crystal structure of graphene results in unique properties. Among them, we
recall:

e Electrical characteristics - Graphene exhibits very high carrier mobility, mainly due to
the low effective mass of carriers (see Sec. 2.1.2). Electron mobility up to 10% cm?/(Vs)
[10, 38] has been reached for suspended monolayer graphene in vacuum, which is more
than 100 times higher than in Silicon (Si). However, remote phonon scattering have a
strong impact on the carrier transport in graphene when deposited on insulator substrates,
drastically reducing the carrier mobility [39, 40]. Indeed, mobility of 15000 cm?/(Vs)
has been measured for Chemical Vapor Deposited (CVD) graphene transferred on SiOs
substrate [41, 42] that is, anyway, much larger than in the Si channel of MOSFETs.
Furthermore, the velocity saturation in graphene has been estimated to be ~5 times larger
than in Si [43] leading, as a consequence, to very low resistivity of the material (about
10~® Q). Finally, as already anticipated, the symmetric band structure of graphene (see
Fig. 2.4) results in the ambipolarity of the material, making possible the electrostatical
doping of graphene through the simple application of an electric field, influencing the
position of the Fermi level (see Sec. 3.3.1). In fact, shifting the Fermi level in the valance
band, the graphene could be enriched of holes or, alternatively, electrons when the Fermi
level lies in the conduction band. On the other hand, the absence of a energy gap in
graphene limits its applications for digital electronics (see Sec. 2.2);

e Optical characteristics - Monolayer graphene is transparent, with the 97.7% of the
radiation crossing the layer [6, 44], which is an essential feature for interesting optical
applications (e.g. flexible display [45], light—emitting diodes [46], photodetectors [47, 48],
etc.);

e Mechanical characteristics - Despite its atomic thickness, graphene shows an extraor-
dinary strength (it exhibits a Young’s modulus in the range of 0.5-1 TPa), due to the
o-bonds occurring between the electrons of the carbon atoms arranged in the plane. On
the contrary, by considering vertically stacked graphene layers (namely graphite), the
weak m—bonds formed in the perpendicular direction make possible the mechanical ex-
foliation of graphite in singles monoatomic layers. Furthermore, monolayer graphene is
extremely bendable, being stretchable up to 20% [49]. These mechanical characteristics
make graphene an excellent candidate for the implementation of Nano—-ElectroMechanical
Systems (NEMS) [50], as well as for flexible—electronic applications [51];
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e Thermal characteristics - Experimental data confirm that, at room temperature, the
thermal conductivity values of graphene can vary in the range 4800-5300 W/mK [52], much
better than those of diamond (1000-2200 W/mK). This is a paramount characteristic for
electronic applications, since it demonstrates the capability of the material to quickly
dissipate the heat.

2.2 State—of-the—art of graphene—based devices

From its discovery, graphene has been considered a possible candidate in the semiconductor
industry for the post—Si age. Besides its incredible high carrier mobility, the atomic thickness
of graphene is one of the most attractive characteristics from the point of view of electronic
devices. Indeed, devices featuring graphene as alternative channel material may be down—scaled
without facing the short channel effects strongly impacting the conventional MOSFETS, hence
possibly overcoming the state—of—the—art of the semiconductor—based devices [53, 54]. Moreover,
as mentioned above, the good thermal properties (Sec. 2.1.4) further motivate the integration
of graphene in CMOS technology. The current section presents the state—of-the—art of the
graphene—based devices mainly focusing on the Radio Frequency (RF) applications, starting from
the largely investigated Graphene-Field-Effect—Transistors, and later moving to more recent and
alternative vertical device concepts, which exploit perpendicular charge transport with respect
to the graphene plane.

2.2.1 Graphene—Field—Effect—Transistor

As already stated, the use of alternative channel material replacing silicon (Si) in conventional
Si Metal-Oxide—Semiconductor Field-Effect—Transistors (MOSFTESs) represents a possible way
to overcame the physical limits imposed to the scaling and keep the progress of the integrated
circuit technology. In this framework, graphene has been widely investigated as channel material,
in the so—called Graphene-Field-Effect—Transistor (GFET), which is nowadays the most mature
and studied architecture among the graphene—based devices [11, 42, 55, 56, 57, 58, 59, 60].

Graphene

Gate

L : .
G Isolation

Isolation
Substrate

Figure 2.5: Sketch of a Graphene-Field-Effect—Transistor (GFET). Adapted from [61].

Figure 2.5 shows a generic GFET structure, consisting in an insulator substrate with a
large—area graphene channel on the top, the metal source and drain contacts at the sides of the
graphene channel and a thin—dielectric separating the graphene from the gate. The use of mono-
layer graphene allows to exploit its incredible high carrier mobility and, moreover, should ensure
an excellent electrostatic control of the device by the gate terminal, because of the graphene
monoatomic thickness. Concerning RF performance and the achievable cutoff frequencies (fr),
experimental GFETs (claiming a record of fr=427 GHz [11]) can well compete with the state-
of-the—art nanoscale RF devices, see Fig. 2.6, even though the unity power gain is still limited
(fmaz slightly above than 100 GHz [67]).
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Figure 2.6: Experimental cutoff frequency as a function of the gate lenght achieved by GFETs
(stars, taken from [11, 51, 59, 62, 63, 64]) and by other RF devices (i.e. InP HEMTs, GaAs
mHEMTs [12, 65] and RF Si MOSFETSs [12]). The solid lines are guides for the eyes showing
the general trend of the cuttoff frequency as a function of the gate length. Adapted from [66].

Nevertheless, there are still some critical issues limiting GFETs performance, which must neces-
sarily be overcome in order to make GFETSs truly competitive with conventional semiconductors—
based devices. For instance, the lack of a bandgap in graphene is also responsible of the non—
saturated output characteristics of GFETSs, causing the increase of the output conductance, thus
limiting the intrinsic gain of the device [12]. Furthermore, the carrier mobility is strongly im-
pacted both by the dielectrics sandwiching the graphene monolayer, as mentioned in Sec. 2.1.4,
and by the fabrication process. Finally, the contact resistance associated to the metal/graphene
interface at the source and drain of GFETs still represents a fundamental limit (see Chap. 3).
On the other hand, GFETSs are really promising candidates for flexible-electronics, showing the
capability to reach fr and fy,4. in the order of 200 GHz and 28 GHz, respectively, when flexible
substrates are used [51, 66].

Briefly discussing also the possible application of GFETSs in digital logic gates, the zero bandgap
of monolayer graphene is a kind of roadblock. In fact, the gapless energy dispersion relation re-
sults in very poor Ipn /Iorp ratios, showing values laying order of magnitudes below the ITRS
(International Technology Roadmap for Semiconductors) requirements. To solve this critical
issues intrinsically related to the nature of graphene, different techniques have been proposed to
induce a bandgap, namely the use of graphene strips (creating a bangap through quantization by
cutting the graphene in narrow nanoribbons [17, 18, 19, 40, 68, 69]), graphene bilayer (obtained
stacking two graphene sheets according to Bernal approach [20, 21]) or inducing strain in the
graphene [70]. However, this solutions are quite far from a mature technology.

2.2.2 Vertical transport graphene transistors

The concept of vertical graphene—based transistors, that exploits the charge transport perpen-
dicular to the graphene plane, is more recent and less investigated than the GFET architecture,
especially at experimental level. In this category of devices, we find the graphene barristors
(proposed in [71] and exploiting the modulation of a graphene/semiconductor Schottky barrier
to tune the current crossing the device), the vertical field—effect transistor based on graphene
reported in [72, 73, 74] (exploiting the tunneling through a thin insulating layer placed between
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n-Si (Emitter)

Figure 2.7: Sketch of a Graphene-Base-Transistor (GBT). Adapted from [30].

two graphene layers) and the Graphene-Base—Transistor (GBT), proposed in [22]. Concerning
the latter, the GBT structure consists in two insulating layers sandwiching the graphene base
and forming a vertical stack that separates the emitter from the collector, as in Fig. 2.7.

The working principle of the GBT is similar to the metallic-base Hot—Electron—Transistor

(HET) and it is based on the tunneling of hot electrons through thin—insulating layers [75, 76].
In HETSs, a fundamental requirement for the achievement of high performance, is to keep the
thickness of the metal-base as thin as possible, in order to ensure (i) quasi—ballistic tunneling
transport through the base and (ii) a short base transit time. On the other hand, the extreme
shrinking of the base leads to an increase of the base resistance, which limits the RF performance.
For this reasons, the use of graphene as base represents an excellent solution to overcome this
trade—off, since the atomic—thickness of the layer and the semi—metallic behavior due to its high
carrier mobility (that results in low base resistances).
The DC functionality of the GBT has been already proven experimentally [30, 31, 61, 77], but,
at the moment, RF performance have been investigated by simulations only. However, these
simulation works have shown the great potentialities of GBTs in reaching cutoff frequencies and
unity power gains exceeding 1 THz [23, 24, 26, 78] (see Chap. 4).

Also alternative versions of the GBT have been proposed, as the Graphene—Base Heterojunc-
tion Transistor (GBHT [79, 80]), obtained by stacking a semiconductor emitter, a monoloayer
graphene acting as base and a semiconductor collector. During normal operation, the height
of the quasi—triangular barrier formed between the emitter and the collector (because of the
difference between the work—functions of the semiconductors and the graphene layer) is con-
trolled by the base—emitter voltage. Differently from the GBT, where the conduction is given
by injection from the emitter of electrons able to tunnel the insulating layers, in the GBHT
the conduction is governed by thermionic emission over the barrier. The advantage of GBHT
with respect to GBT is mainly the absence of insulating layers in the transistor architecture,
whose optimization is critical concerning process fabrication. Simulations of ideal GBHTs have
confirmed their RF potentialities, showing fr in the range of THz and an intrinsic voltage gain
higher than 10 [79, 80].



Chapter 3

The Metal /Graphene Contact in
GFETs

3.1 Introduction

As introduced in Sec. 2.2, the large carrier mobility in graphene can boost the performance of
devices for Radio Frequency (RF) electronics. In particular, during the last decade, graphene
has been largely investigated as alternative channel material in MOSFETS devices, leading
to the Graphene-Field-Effect-Transistors (GFETs). Although nowadays GFETs have reached
cutoff frequencies comparable with many well-established technologies (see Sec. 2.2.1), the se-
ries resistance still represents one of the major drawbacks of the device [16, 81]. Indeed, the
far from ideal metal/graphene contacts induce high series resistances, that strongly limits the
performance of GFETs and, in particular, reduce the extrinsic transcoductance. If compared
with the contact resistance of transistors exploiting Si or III-V materials, the metal/graphene
resistance exhibits values that are much larger, see Tab. 3.1. Furthermore, the characteristics of
metal /graphene contacts present several critical points, for instance the strong dependence on
the fabrication process, on the measurement conditions (e.g. measurements in air or vacuum)
and on the biasing conditions, because of the possibility to electrostatically dope the graphene.

Table 3.1: Comparison of the metal/graphene contact resistance against contact resistance
achieved in Si or III-V transistors.

Transistor R [ pm] Metal Ref.

Si-MOSFET <10 82]
InP-HEMT 30 [83]
GFET 69 Pd (84]

84 Pd 85]

100 Ni 86]

<100 Ti/Pt/Au | [87]

110 Pd/Au [14]

In this framework, accurate models able to realistically predict GFETs performance also
including the strongly limiting extrinsic parameters (e.g. the series resistances) are strictly nec-
essary for the development of the GFET technologies. Among other simulation approaches,
semi—classical transport models are one of the best options to this purpose; in fact, scatter-
ing mechanisms can be easily implemented and the computational cost is less if compared to
full-quantum simulators, e.g. based on Non—Equilibrium Green’s Functions (NEGF). At this

15
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regard, in Sec. 3.2 we provide an overview of the Monte Carlo (MC) simulator for GFET devices
developed at the University of Udine [29]. The model was initially developed to simulate only
GFETSs with chemically doped Source (S) and Drain (D) regions. However, since the technolog-
ical difficulties in chemically dope the graphene, there was the need to extend the Monte Carlo
model to simulate devices with electrostatically doped S/D regions, which is a technological
ready option for GFETs. Hence, in Sec. 3.3, we introduce the modelling of the metal/graphene
stack, providing also a comparison between GFET with chemically and electrostatically doped
S/D. Furthermore, once evaluated the series resistance value, a common way to include this
detrimental effect in the device performance is the use of the look—up—tables approach, based
on a post—processing of a large set of simulations [88]. Here, instead, we included the series
resistances directly in the self-consistent loop of the Monte Carlo simulator, thus directly ac-
counting for their effect during the device current calculation. The details of the used modelling
approach are given in Sec. 3.4.

Furthermore, the modelling of series resistances requires an in-depth understanding of the phys-
ical mechanisms occurring at the metal/graphene contact. As a consequence, there is the need
of experimental techniques able to characterize the different contributions to the overall access
resistance of the device. In this framework, in Sec. 3.5 we revised the concept of the front—
contact and end—contact resistance methods applied to the measurements of transfer length
method (TLM) structures, which can provide important reference data to verify and calibrate
the simulations models.

3.2 Monte Carlo simulator for GFETSs

In the current section we make an overview of the Monte Carlo simulator developed at University
of Udine, that solves the semi—classical charge transport in GFET devices, including also the
main Generation/Recombination (G/R) mechanisms. We summarize the fundamental aspects
of the modelling approach and the validation of the model against results of a NEGF-based
simulator developed ad the University of Pisa [69] and against experiments. All the details of
the Monte Carlo simulator can be found in [29, 89].

Figure 3.1 shows the flow chart of the semi—classical Monte Carlo for GFET devices. The
gapless energy dispersion relation £ = hvy|k| and the translational invariance along the width
(W) directions are assumed. The Boltzmann Transport Equation (BTE) for electrons and holes
is coupled in a self-consistent loop to the non-linear Poisson equation, implemented as:

v. [5(;)v¢(r)(k+1)] — nm)® exp [¢(r)k+]1€;T¢(r)(k)}

$(r)* ! — ¢(r) k)
kpT

p(e)® exp [ }  Np(r) + Na(®),  (3.1)

where ¢(r)**1) and ¢(r)*) are the potential calculated at the current and at the previous
iteration, respectively, Np(r) and N4(r) are the donor and acceptor densities, while £(r) is the
electric permittivity. Particles are steadily injected in the simulation domain following:

B * 2vy DoS(FE) dE
Ie,i - qW/ 7 9 E—qVi—E}; (32)
0 1 + eXp(T)
% 2vy DoS(F) dr
In; = qW/ o 9 EtqVitEL (3.3)
0 1 + eXP(T)

where vy ~ 8.8 x 107 cm/s is the Fermi velocity (see Eq. 2.21), DoS(E) is the density of states
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Figure 3.1: Flow chart of the Monte Carlo simulator: the Boltzmann Transport Equation (BTE)
is coupled in a self-consistent loop to the Poisson’s equation solver, which describes the electro-
statics of the GFET.

Figure 3.2: Sketch of the profile of the Dirac Point along a GFET with doped S/D regions
along the transport direction z. The Fermi level at the source (E%) and at the drain (ER) are
separated by ¢qVpg, taking El‘g = 0 as reference level. Notice the flat profile in the S/D regions
corresponds to a null electric field, hence with a constant charge concentration that corresponds
to the graphene doping.

in graphene (Eq. 2.25), V; is the potential at the source (if i=S) or at the drain (if i=D) and
finally E% is the corresponding Fermi level (see Fig. 3.2).

Concerning the scattering mechanisms, elastic intra—valley acoustic phonons have been in-
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cluded following the approach of [17]:

onkpTD2, DoS(E(k;))
pfw% NNy

1
Sap(E(k;)) = 5 , (3.4)
where ng = 2 is given by the spin, while n, = 2 represents the number of the degenerate
valleys. D,.=14 eV is the deformation potential, p=7.6 kg/m? is the graphene density [90] and
vs=2 x 10% cm/s is the sound velocity in graphene [91].
Inelastic optical phonons have been modeled again following [17]:

Sop(E(k:i)) =

©D% < 1 1> DoS(E(k;)) + thp, (3.5)

nop + 2 ™ 2 NNy

where upper and lower sign is for absorption and emission, respectively, Dop = 10'! eV /m is
the deformation potential [92], hwop=152 meV is the energy of the phonon [92] and npop =
1/[exp(hwop/(kpT)) — 1] is the phonon occupation.

Finally, remote phonon scattering originating in the dielectrics sandwiching the graphene layer
have been included as in [18]:

2w
Srp(ki, ke) = hj|Fki,kf|2q2 <nRP +5F5 ) S0 exp(—2|q|d)é[E(k;) — E(ke) + hiwgp], (3.6)

1 1) fwaP
where A is the normalization area, k; and k¢ are the initial and final wave—vectors, respectively,
separated each other by the angle 6, Fy, x, = (1 + cos#)/2 is the spinor-overlap (see Eq. 2.24),
q = k¢ — k; is the exchanged wave—vector (|q* = (k? + k:]% — 2k;kys cosf)) and d is the distance
between the dielectric and the graphene sheet. In this work d=0, since it has been verified
that a change of d up to a few A is not affecting the calculated current [33]. ngp is the
phonon occupation function given by ngp = 1/[exp(hwrp/(kpT)— 1], where hwgp is the energy
of the remote phonon. In the calculation of the scattering rates only the phonon at lowest
frequency is considered and possible couplings between phonons belonging to different dielectrics
are neglected.

Because of the gapless energy dispersion relation in graphene, Generation/Recombination
mechanisms (G/R) play a substantial role in GFETs operation, leading to the strong ambipolar
behavior of these devices. Recently, a local model describing band—to—band tunneling (BBT)
phenomenon has been included in the Monte Carlo simulator [29], that can be written in terms
of G/R by means of Wentzel-Kramers-Brillouin (WKB) approximation as:

2, () (fule) — fula)) [+ K2huy
(2n)2h /oo exP(‘ qFx<x>>d’“y

_ (folz) — fe(z)) <qFx(m)>3/2
WQ\/(Uf) A )

where F,(x) is the magnitude of the local electric field along the transport direction z, &, is the
y-component (normal with respect to the transport direction) of the wave—vector, f,(z) (fe(z))
is the local occupation probabilities of the particles impinging the classical turning points in the
valance (conduction) band. More specifically, at the drain side, where a high negative electric
field is present (see Fig. 3.3), holes with positive group velocity ( f}j ) are contributing to f,, while
electrons with negative group velocity (f.") contribute to f.. In this region, the occupation term
(fo—fo)=1—f7— f,j becomes quite close to 1, which means an high generation rate following
Eq. 3.7. The generated holes move towards the source, where an high positive electric field is
present, causing the recombination of a part of them with the electron injected from the source.

&Q

Gppr(r) — Rppr(z)

(3.7)
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Figure 3.3: In the source region, a part of the holes generated at the drain side and moving
toward the source experience recombination with the electron injected from the source. The
remaining holes reach the source contact.

Fig. 3.3 reports a sketch of the situation illustrated above. It has been verified that Eq. 3.7 gives,
at the maximum net generation rate, i.e. when (f, — f.) = 1, results similar to the full-quantum
simulator NanoTCAD Vides [29].

Another G/R phenomenon included in the Monte Carlo simulator is the interband recombi-
nation assisted by phonons, by using the simplified expression [29]:

Ryn(a)  M00:(0), pla)) 5s)

T

where n(z) and p(z) are the electrons and holes concentration along z, respectively, while 7 is
the recombination time, fixed to 1 ps, consistently with [93] that estimates for this 7 value a
concentration of n(z) = p(z) ~ 102 ecm~2.

An important aspect directly correlated to this work is how the boundary conditions for the
Poisson equation are treated (Eq. 3.1), namely:

e Dirichlet conditions, at top and bottom gates. Consequently, the potential at the mesh—
points belonging to the top (Vrg) and at the bottom (Vpg) gates are directly applied;

e Neumann conditions, at the source and drain contacts. In these regions a null derivative of
the potential with respect to the spatial variable x is imposed (note the flat profile inside
the S/D regions in Fig. 3.3).

Since Neumann boundary conditions are assumed in the S/D regions, only GFETs with chemi-
cally doped S/D regions can be simulated, because of the null electric field imposed inside these
regions.

Simulation results of nanoscale GFETs obtained by means of the developed Monte Carlo
simulator have been compared against NEGF simulation results. The NEGF simulator has
been developed at the University of Pisa, more details are reported in [29, 69]. For a fair
comparison, all scattering mechanisms have been switched—off. Figure 3.4(a) reports the output
characteristics of a GFET with a channel length (Lcgy) of 30 nm, 1 nm of SiO2 both as top
and bottom dielectric, uniformly doped S/D regions (Np = 5 x 10'3 ¢m™2) perfectly aligned
with the top—gate [29]. The current calculated with the Monte Carlo (full symbols) is in good
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Figure 3.4: (a) Comparison between the simulated output characteristics obtained with the
Monte Carlo simulator (full symbols) and by means of the NEGF simulator (empty symbols).
For Vrg = Vpg = 0.25 V, also a simulation without including BBT is reported (dot line).
(b) Dependence of fr as a function of channel length Lg. The inclusion of the scattering
mechanisms in MC simulations (solid line) is necessary in order to approach the experimental
values (symbols, [11, 59]). Adapted from [29].

agreement with the NEGF simulations (empty symbols), also for different values of the top—gate
and bottom-gate biasing (Vrg = Vpg). Note how the Monte Carlo simulator, by accounting for
BBT, is able to caught the typical ambipolar behavior of GFETs, which gives rise to the non—null
output conductance at high Vpg voltages (the dotted line has been obtained non-considering
the BBT).

Figure 3.4(b) shows instead the comparison between the cutoff frequency (fr) extracted from
the semi-classical simulations (lines) and from experimental devices reported in the literature
(symbols, [11, 59]). The cutoff frequency is calculated using a quasi-static approach, namely:

B Alpg
2w AQ Vps

fr (3.9)

where Alpg and AQ are the variations of the current and of the total charge in the entire device,
respectively, obtained considering two simulations in which slightly different gate voltages are
imposed. It can be noticed how the inclusion of the scattering mechanisms (solid line) reduces
the simulated fr, allowing a better agreement with the experimental data, than in the case of
the ballistic simulation (dashed lines).

3.3 Modeling of electrostatic doping of source and drain regions
in GFETs

In Sec. 3.2 we pointed out that the model of [29] can simulate only GFETs with chemically doped
S/D regions. However, as already mentioned, chemical doping of graphene is still challenging
for many reasons, as the limited long-term stability (due to the desorption from the graphene
of the dopant atoms) or the poor reproducibility and homogeneity of the doped surface (the
number of the dopants is difficult to control) [94, 95]. Therefore, in real devices, source and
drain metal contacts are normally used to electrostatically dope and control the polarity of
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the graphene underneath the metal contacts at the sides of the channel [96, 97]. Clearly, it is
fundamental to include the effect of the metal/graphene Schottky contact in the Monte Carlo
simulator, extending the model presented in Sec. 3.2.

1>
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Source graphene Drain TapIens Layer (IL)
Back-Oxide Back-Oxide
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Figure 3.5: Sketch of GFETs with chemical doping (a) and electrostatic doping (b) induced by
the S/D metals. Vrg, Vag, Vs and Vp are the top—gate, back—gate, source and drain biases,
respectively.

Figure 3.5 sketches GFETs with chemical doping (CD, (a)) and electrostatic doping (ED,
(b)) in the S/D regions. The dashed orange box is the domain of the Monte Carlo transport
simulation. For the case of chemical doping, S/D regions (reported in red) are part of the
domain and Neumann boundary conditions are used in the Poisson equation (see Sec. 3.2). For
the case of electrostatic doping, instead, S/D regions are external but coupled to the Monte
Carlo domain, since they impose Dirichlet boundary conditions to the Poisson’s equation, as
explained in the following section.

3.3.1 Modeling of the metal/graphene interface

For ED GFETs, before the Monte Carlo transport simulation, the electrostatics of the vertical
metal/grafene stack is solved (see section AA’ in Fig. 3.5(b)), assuming the presence of an insu-
lating layer (IL) between metal and graphene, acting as a tunnel barrier [98]. The introduction
of the insulating layer allows to mimic different phenomena occurring at the metal/graphene
interface, as the non—perfect adherence between the two materials, the electrochemical equaliza-
tion and the resulting charge transfer which leads to the formation of a dipole at the interface.
Furthermore, also orbital hybridization might partly be involved in real contacts, with the for-
mation of 7—d interactions between metal and graphene. On the other hand, the assumption of
an insulating layer of 0.2 nm of vacuum is in line and consistent with previous works [99, 100].

Focusing now to the source contact of a GFET device, Fig. 3.6 shows the band diagram of
the considered stack. For the sake of simplicity, Fig. 3.6 omits the back—oxide and the back—
gate, reducing the structure to a metal/IL/graphene (MIG) capacitor, although the simulator
implements the entire metal/IL/graphene/back-ozide/metal (MIGIM) structure, as reported in
Fig. 3.5(b). Clearly, the tunneling barrier associated to IL can be seen as a tunneling resistance
at the contacts, an additional contribution to the series resistance. Nevertheless, we will tem-
porarily neglect this effect, whose role will be addressed in Sec. 3.4, in which we discuss the
introduction of the series resistance in the Monte Carlo simulator. For this reason the metal
Fermi level (Ep ) is perfectly aligned with the Fermi level of graphene underneath the S/D

S/D

contact (E7/ "), as visible in Fig. 3.6.

The electrostatics of the MIG structure at the source (as well as at the drain) is governed
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Figure 3.6: Band diagram at the source contact along the section AA’ of Fig. 3.5, neglecting the
presence of the back—gate.

by the following equations:

oM — % =xcr — Ep (3.10)
L

0 00
Qcr = q[/ DOS(E)-[l—f(E,ED)]dE—/O DoS(E) - f(E,Ep)dE|, (3.11)

where ¢j; is the work function of the metal contact, xggr is the graphene affinity (here set
to 4.6 €V), DoS(E) is the graphene density of states (defined in Eq. 2.25) and Cp, is the
capacitance associated to the insulating layer, namely £¢/t;;. The MIG structure is described
taking into account the effect of the graphene quantum capacitance and exploiting the Fermi-
Dirac distribution f(E,Ep) for charges. Once solved, the system of Eqgs. 3.10 and 3.11 provides
the charge Q@ r accumulated in the graphene underneath the metal contact and the displacement
(E2=EB=FEp) of the Fermi levels (E%, ER) with respect to the graphene Dirac Point. Ep is
then used as Dirichlet boundary condition for the Poisson equation (Eq. 3.1) at the left and
right sides of the MC domain in Fig. 3.5(b).

Fig. 3.7 shows the displacement Ep as a function of the work—function ¢p; of the metal
contact for a couple of values of the IL thickness (t77) in the metal/IL/graphene stack (solid
lines) and in the metal/IL/graphene/back—oxide/metal structure (dashed lines). As expected,
Ep is null when the metal work—function equals the graphene affinity (vertical grey dashed—
dotted line) and, the thinner the IL is, the larger the charge induced in the graphene is, since
C7rr increases. We see that the presence of the back—oxide (here 20 nm of SiOg, consistently with
what simulated in the following of this section) does not change significantly the amount of the
induced charge in the graphene and finally, the value of Ep is almost the same of the previous
structure (compare solid and dashed lines). This means that the metal is the only responsible
for the doping of graphene for this structure.

The trend of Ep in Fig. 3.7 can be easily understood with the support of the band diagrams
reported in Fig. 3.8. Let us consider the case of ¢j; lower than xgr (Fig. 3.8(a)); under
this condition, in graphene there are many available states as final states; consequently, we
assist to an electron transfer from the metal to the graphene, resulting in a graphene enriched
of electrons, namely an electrostatic n—doped graphene. The Fermi level is laying above the
graphene Dirac Point, so Eg/ P~ (corresponding to the left side of Fig. 3.7). The opposite
situation is sketched in Fig. 3.8(b), taking place when ¢y, is larger than xgr and the amount of
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Figure 3.7: Displacement Ep versus the work—function of the S/D metal contact considering
(dashed line) or neglecting (solid line) the presence of 20 nm of SiOy as back-oxide for a couple
of t;r,. The grey dashed—dotted line indicates the graphene affinity. The source to back—gate
voltage is null.
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Figure 3.8: Fermi level alignment between the metal contact and the graphene in the case of
om < xar (a) and ¢y > xgr (b). VL represents the vacuum level.

empty states in graphene is much lower than the occupied states in the metal contact. Now, the

S/D
D

graphene is enriched of holes, thus F < 0, resulting in an electrostatically p—doped graphene.

3.3.2 GFETs with electrostatic doping of graphene

After the analysis of the single contact made in Sec. 3.3.1, we move now to the simulation of a
complete GFET structure with electrostatically doped S/D regions, that can be compared with
the results of GFETs with chemically doped S/D regions.

Figure 3.9 shows the connection between the metal /IL/graphene stack at the source (left side)
and at the drain (right side) contacts. Recalling that, at the moment, we are neglecting the effect
of the tunneling resistance (both at the source and at the drain side), the displacement between
Eg and E}Q corresponds to the extrinsic Vpg voltage directly applied between the source and
drain metal contacts. In both chemical and electrostatic doping, carriers are injected at the S/D
ends of the Monte Carlo simulation domain according to a Fermi-Dirac distribution (Egs. 3.2
and 3.3) with Efl:O and EIQ =—qVpg, respectively. Unless otherwise stated, we simulated n-
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Figure 3.9: Band diagram of the metal/IL/graphene stack at the source side (on the left) and
that at the drain side (on the right). Again, for the sake of simplicity, we are neglecting the
presence of the back—gate and the tunneling resistance associated to both the insulating layers.
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Figure 3.10: Sketch of the simulated GFET showing the assumed parameters.

GFETs with channel length Log=30 nm, 2 nm underlap (spacing between the S/D and the
top—gate), 2 nm SiOg as top-oxide (t7g) and 20 nm SiO9 as back—oxide (tpg). A sketch of the
simulated device is reported in Fig. 3.10.

At the equilibrium (Vpg = 0 V), for the sake of a fair comparison between the devices in
Fig. 3.5 (chemically vs. electrostatically doped S/D regions), the work—function of the S/D metal
is tuned in order to induce in the graphene underneath the metal contact the same amount of
charge as in the CD case. In fact, as for the CD case, the value of the doping is an input for the
Monte Carlo transport simulation, in the ED case, instead, the work—function of the S/D metal
contacts is used as an input.

Under these conditions, Fig. 3.11 compares the electron concentration along the transport
direction in the two cases; here, for the ED case, we set a work—function of the S/D metal
(¢pr=2.061 eV) that induces Qgr/q=5-10'3 cm~2 at the S/D, that is the value (dashed orange
lines) of the n-doping set in the CD case (black line). Furthermore, again with the sake of
a fair comparison, we switch—off the injection in the simulation domain of holes due to the
band-to-band—tunneling (BBT) generation. In particular, the BBT model for the ED case is
under development at the moment, since the determination of the BBT rate requires a careful
estimation of the carrier fluxes in the high electric field regions that feature significant differences
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Figure 3.11: Comparison between the electron concentration along the transport direction be-
tween the ED case (red line) and the CD case (black line) at Vpg = 0 V for the device reported
in Fig. 3.10 with L.,=30 nm.

in the ED and CD cases. Furthermore, if holes are injected at the S/D contacts, they have a
strong influence in the evolution of the potential profile at each iteration of the Monte Carlo,
leading to an unfair comparison between ED and CD cases.

® Chem. Dop.
A Elect. Dop.

Dashed: Lch=20 nm
Solid: Lch=50 nm
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Vra [V

Figure 3.12: Average electron density in the channel as a function of Vpg for GFETs with
Leg=20 nm (solid lines) and Loy=50 nm (dashed lines) and comparison between chemical
(circles) and electrostatic (triangles) doped S/D regions. These simulations have been performed
at the equilibrium, so applying a null Vpg bias.

Fig. 3.12 compares the average electron density under the top—gate as a function of Vrg in
the case of CD and ED at the equilibrium (Vpgs=0 V), for a couple of different channel lengths.
As expected, longer the channel is (solid lines, L.,=50 nm), better is the mutual agreement
between the curves related to the chemical and the electrostatic doped S/D. This means that
the electrostatics of the device is correctly controlled by the gate terminal, while the S/D regions
only set the position of the electron Fermi level near the gate edges, verifying the model.

Fig. 3.13 compares the output characteristics of GFETs with CD or ED in the source and
drain. For the CD case, simulations including the contribution of BBT are also reported in
Fig. 3.13, showing the typical non—saturated behavior [29]. The observed differences are inves-
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Figure 3.13: Ipg as a function of Vpg for GFETs with chemical (dashed) and electrostatic
(solid) doping. Results including BBT according to the model in [29] are reported at Vyg=0.3
V for the case with CD. BBT model for the ED is under development. The red and green circles
indicate the Vpg bias at which the profiles in Figs. 3.14 and 3.15 are taken.

tigated with the help of Figs. 3.14 and 3.15, showing the electron velocity v (a), concentration
n. (b) as well as the potential energy U (c) along the device at Vpg=0.05 V and Vpg=0.5 V,
respectively. First, note the same n. at the S/D sides in the two devices. At high Vpg the
agreement between these profiles in the CD and ED cases is worse than at low Vpg, explaining
the small differences in the resulting output characteristics of Fig. 3.13.
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Figure 3.14: Electron velocity (a), density (b) and potential energy (c) along the channel
for GFETs with chemical (black—dashed) and electrostatic (solid-red) doping for Vyg=0.3 V
and Vpg=0.05 V. Device parameters: Loy=30 nm, 2 nm underlap, t7¢=2 nm (SiO2) and
tpe=20 nm (SiOyg).
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Figure 3.15: The same as in Fig. 3.14 with Vpg=0.5 V.

3.4 Modeling of the series resistances

So far we have included the effect of the graphene/metal Schottky contact in the calculation of
the GFET electrostatics. In doing that, we have temporarily neglected the effect of the tunneling
resistance associated to the insulating layer (IL) when solving the metal/IL/graphene stack. We
remind that, under this condition, the calculation of the displacement Ep in the S/D regions
(see Egs. 3.10 and 3.11) is independent of the subsequent Monte Carlo transport simulation.
However, the non—negligible tunneling resistance associated to the IL translates into a significant
series resistance [101, 102], whose effect should be accounted for at both source and drain sides.
To this aim, we decided to include in a unique series resistance (R) the single contributions of
(Fig. 3.16):

e the tunneling resistance (Rpyn), thus the vertical resistance associated to the IL;

e the graphene resistance (Rgrapm), hence the horizontal graphene sheet resistance under-
neath the S/D regions, that includes also the graphene junction resistance due to different
charge concentration between the graphene under the metal and in the channel.

Consequently, we considered R = Ryyn + Rarapr. In this way, we are able to account for the
series resistance in the same manner for both the electrostatically and in the chemically (where
Rryn = 0 is not considered) doped S/D cases.

Let us focus now on the ED case. To account for the effect of the series resistance, we
consider the voltage drop across the insulating layer. The injection levels of the particles in
the Monte Carlo domain must be changed at both source and drain sides. This means that, at
each iteration of the Monte Carlo transport simulation, we need to shift the Fermi level Ef/ b
underneath the metal with respect to the Fermi level of the S/D metal contact by the value of
the voltage drop over the series resistance, that of course depends on the current Ipg flowing
into the device. Figure 3.17 shows the new band diagram of the metal/graphene contact at the
source side considering the effect of the series resistance on the electrostatics. Namely, at the
source side:

Epum — Ef = qRIps, (3.12)

while, at the drain side:
EP — Epar = qRIps. (3.13)
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Figure 3.16: Sketch of the metal/graphene contact at the source side showing the vertical
tunneling resistance Rryy and the graphene resistance Rgprapp contributing to the access
resistance of the device. A similar situation is considered for the drain.

SOURCE: IL GRAPHENE

vacuum level

XGR Ea

Figure 3.17: Band diagram at the source contact along the section AA’ of Fig. 3.5(b) considering
the effect of the series resistance. The Fermi level E}g in the graphene underneath the contact
is now shifted of an amount RIpg with respect to the metal Fermi level Er s, differently from
Fig. 3.9.

Hence, Eq. 3.10 becomes:

dm — % = xer — Ep — qRIps, (3.14)
IL

while Eq. 3.11 is still valid. Clearly, shifting the Fermi levels at the S/D regions requires also to
modify the term E}; in Egs. 3.2 and 3.3, considering Eqs. 3.12 and 3.13 1.

It is easy to understand that now the charge transport directly impacts the Dirichlet bound-
ary conditions at the S/D terminals (namely the displacement Eg/ D) at each Monte Carlo
iteration for the ED case. To cope this mutual dependence between the electrostatics and the
carrier transport, it is necessary to solve a self—consistent loop between the MC transport and the
electrostatic solver at S/D, that can possibly lead to instability issues. In particular, Fig. 3.18
shows that, without introducing any damping procedure, the simulation does not converge (solid
line). For this reason, the instantaneous current (estimated as an average along the channel of
the product between the carrier concentration and the average carrier velocity) used to calcu-
late the voltage drop across the S/D stack requires a proper estimation. To avoid oscillations,

LConcerning chemical doped S /D regions instead, since it is not needed to solve the MIG stack at the contacts,
it is enough to shift the Fermi levels in Egs. 3.2 and 3.3 (see Fig. 3.19).
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Figure 3.18: Example of Ipg evolution during the MC simulation of a GFET with series re-
sistance. Without the damping procedure, the simulation does not converge (solid line). The
damping algorithm solves the problem (dashed line). The dash—dotted line is the current value
used in the algorithm to calculate the voltage drop across the series resistances at each iteration.

we limit the variations of the RIpg value to less than 1% between two MC iterations. The
dash—dotted line in Fig. 3.18 shows the current value used to calculate RIpg, while the dashed
line is the Ipg obtained at every iteration, that now converges thanks to the proposed damping
scheme. Although the assumed maximum variation could seem a strong limit to the current
evolution, we verified that the MC simulator is anyway capable to converge to a reliable value
of the final current (see also Figs. 3.21 and 3.22, where the dashed lines are obtained without
introducing the damping scheme).

Moving now to the simulations that account for the effect of the series resistance, Fig. 3.19
shows the potential energy profile along a CD GFET for Vr¢=0.5 V and Vpg=0.5 V with R=0
(dashed line) and with R=100 Qum (solid line). Following Egs. 3.12 and 3.13, to account for
the effect of series resistance, E}? is reduced by the amount RIpg, while E? is increased by the
same amount. This reduces the intrinsic voltage drop across the channel:

Vhs = Vps — 2RIps, (3.15)

as clearly shown by Fig. 3.19.

Furthermore, by introducing the series resistances, the injection barrier at the source side is
increased, changing also the intrinsic top-gate bias (V) experienced by the graphene channel.
At this regard, Fig. 3.20 shows the energy potential profile obtained for a simulation imposing
Via=Vra—RIps, V}js and R=0 (dashed line). The difference between this simulation and
another one that, instead, considers Vg, Vps and R=100 Qum (solid line) is rather constant
over x. Hence, only a rigid shift is present between the two curves, namely Ag=Acr=qRIpg.
It is interesting to note that Arop in Fig. 3.19 is smaller than Agp,=Ag in Fig. 3.20; this
demonstrates that R not only reduces Vf)S? but also increases the effective potential energy
barrier (As — Arop) at the injection point, as it should be, namely:

Via = Vra — Rlps. (3.16)

Note that in Figs. 3.19 and 3.20 simulations of a CD GFET have been shown. However, very
similar results have been obtained also for the ED case (not shown because of the redundancy
of the results).
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Figure 3.19: Potential energy profile along the GFET (CD) without (dashed black) and with
(solid red) the series resitances. The Fermi levels in the S/D regions (E3, EE) are reported
(dashed black: no R; solid red: with R). The shift of the Fermi levels in the source and in the
drain regions reduces the intrisc Vzb g across the channel.
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Figure 3.20: Potential energy profile along the GFET (CD). Solid red: simulation with Vpgs, V¢
and the series resistance. Dashed black: simulation with the intrinsic biases VTiG:VTg—RI DS,
VgS:VDS—2RI ps and without the series resistance. Ag=A¢) demonstrates the rigid shift
between the two potential energy profiles, since EIS; and E? are shifted of ¢RIpg in the two
simulations.

In order to verify the implemented model, Fig. 3.21 compares the output characteristics in
the CD case with (solid lines) and without (dashed lines) the series resistance. In the figure it
is also reported the case where R is introduced as a lumped element (symbols), by transforming
the Ips(Vps, Vra) plane through look—up tables [88]. This corresponds to stretch the output
characteristics from the (Vps,Vrg) plane to the (Vg Vi) plane through Egs. 3.15 and 3.16.
Switching—off the BBT tunneling and hole injection (Fig. 3.21(a)), a really good agreement
between the method of [88] and our implementation (where R is introduced in the MC loop) is
obtained, also considering different values of the series resistances. The agreement is good also
when BBT is activated (Fig. 3.21(b)), confirming the correctness of our modelling approach,
that has the advantage of saving the simulation time needed to construct the look—up tables (at
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Figure 3.21: Ipg as a function of Vpg for a GFET with chemical doping without (a) and with
(b) the contribution of BBT. Results without (dashed lines) and with the series resistance (solid
lines) are compared. Symbols are the data without R after the trasformation of the plane (Vpg,
Vra) to include the series resistance potential drop through post—processing of simulated data
(as proposed in [88]).
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Figure 3.22: Ipg as a function of Vpg for a GFET with electrostatic doping without (a) and with
(b) the contribution of BBT in the ED case. Results without (dashed lines) and with the series
resistance (solid lines) are compared. Symbols are the data without R after the trasformation
of the plane (Vpg, Vre) to include the series resistance potential drop, as proposed in [88].

least a factor of two in time if a coarse table is used).

We verified the correctness of the model also in the case of electrostatic doped S/D regions
(Fig. 3.22). In Fig. 3.22(a), when BBT is not included, the Monte Carlo simulation including
series resistance (solid lines) are similar to the values obtained by the look—up-tables, also for
different Vr¢ voltages. When BBT is activated (Fig. 3.22(b)) the good agreement is still valid,
but the Monte Carlo simulator is estimating a non-negligible current at null Vpg. This is clearly
an error, and it demonstrates how the model describing the BBT (see Sec.3.2) is not valid in the
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case of the electrostatic doped S/D regions, where a high electric field is present at the border of
the simulation domain. Hence, the BBT model must be further developed to describe the BBT
also in the ED case.

3.5 Characterization of metal/graphene contact resistance

During this activity, we investigated also on reliable techniques able to characterize the different
contributions to the overall series resistance linked to metal/graphene contacts. This is of fun-
damental importance, in order to fully understand and fairly model the impact of this extrinsic
parameter on the GFET performance. In particular, the current section is dedicated to the
experimental characterization of the metal/graphene contact resistance, through the applica-
tion of the end—contact method to transfer length method (TLM) structures, and it collects the
most significant results deriving from the measurements done at the University of Siegen, in the
framework of the collaboration between the two universities.

The end—contact method has been first proposed in [103] and it has been largely used to charac-
terize the contact resistance to Si, to III-V materials [103, 104] and, more recently, to graphene
[105, 106]. In the beginning of this section, we will illustrate the theoretical background behind
the definition of the front(end)-contact resistance and the transmission line model, commonly
used to describe the graphene/metal contact (Sec. 3.5.1). Then, after a brief summary on the
structural parameters of the characterized TLM samples (Sec. 3.5.2), in Sec. 3.5.3 we analyze the
results of the measurements and how, under certain biasing conditions, the exploited model is
not anymore accurate to describe the metal/graphene stack, finally giving a possible explanation
and discussing the conditions under which the technique can provide reliable results.

3.5.1 End-—contact method applied on TLM structures

Figure 3.23(a) shows the sketch of a metal/graphene contact of and the so—called transmission
line model, proposed first by Berger [107] to describe the metal/semiconductor contacts. Also
for the metal /graphene contacts, the potential profile in the graphene is influenced by both the
specific contact resistivity p. and the sheet resistance under the contact Rgg .

Following the transmission line theory [107, 108]:

di(z)  V(x)W

T = o (3.17)
dV(r)  I(x)Rsk

= (3.18)

where x is the spatial variable whose the zero—reference is the vertical edge of the metal graphene
contact (see Fig. 3.23(a)), V(x) and I(z) are the voltage and current profile along x, respectively,
while W is the width of the contact. Solving Egs. 3.17 and 3.18, we end—up with the expression
of the potential as a function of the spatial variable, namely:

_ IVpcRsk cosh[(Looy — x)/Lri]
w sinh (Lcon/Lri)

V(x) (3.19)
where [ is now the current flowing through the contact, Looxw is the contact length, while Ly is
the transfer length, that is smaller than the contact length (see Fig. 3.23(b)) and characterizes
the current crowding occurring at the metal/graphene contact. The so—called front—contact
resistance can be easily found by imposing x = 0 in Eq. 3.19, so:

V(x=0) /pcRsK

= = th (L L . 2
Rerp Tz =0) o (Lcon/L1K) (3.20)
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Figure 3.23: (a) Circuit schematic of the transmission line model for the metal-graphene contact.
(b) Experimental setup and TLM structure used for the series resistance measurements.

I
metal contacts

Figure 3.23(b) shows the transfer length method (TLM) structure and the experimental setup
used to study the graphene—metal contact resistance. While forcing the voltage Vis, the current
115 is measured between contacts 1 and 2 and the total resistance Ry of the back—gated transistor
is obtained as [103]:
Vis  RspLcnu
I, W
Anyway, a complete TLM structure is made of a series of GFET devices with an increasing
channel length Log (see Sec. 3.5.2). By measuring the current I12 as a function of Vi for
the different devices (see Fig. 3.24(a)), we can extract Ry for different graphene lengths simply
evaluating the slope of the curves. The front—contact resistance Rop and the sheet resistance
Rgpr of the graphene channel are finally obtained by means of a linear fit of the measurements
in the plane Rror(Lcog), as done in Fig. 3.24(b); in particular, the slope and the intercept of
the linear fit with the y—axes are correlated to the Rgy and Rop, respectively, through Eq. 3.21.
The end—contact resistance is instead defined as the resistance measured at * = Lcon,
namely:

Rp = +2Rcp. (3.21)

Rep = 32 2 Viz=Loont) _ Pe . (3.22)

T2 I(x =0) Ly W sinh (LCON)

TK

The technique used to characterize experimentally Rop consists in measuring 112, while imposing
simultaneously a zero current between contacts 2 and 3 (see Fig.3.23(b)); in the meantime, the
potential drop V3o across the graphene—metal contact is also measured.

Figure 3.25 shows the linear trend of the measured V3y as a function of I;5 for the same
devices reported in Fig. 3.24. Since the slope of the V3y([12) curve represents the value of
the end—contact resistance, the independence on Lo obtained in Fig. 3.25 indicates that the
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Figure 3.24: (a) Current measured through the graphene channel of the TLM structure exploiting
Au contacts. (b) Total resistance versus Loy obtained in a TLM structure with Au contacts.
The linear fit allows to extract the front—contact resistance Rcpr and the sheet resistance Rggy
of graphene.
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Figure 3.25: Voltage measured at the end—contact through the experimental setup of Fig.3.23(b).
Note the linearity of the characteristics and the independence of Loys.

resistance associated to the contact is not varying over the TLM structure, hence, all the contacts
show the same Rcg, as expected.

Following [103, 104], since Rcp can be modeled with the transmission line model (see
Fig. 3.23(a)), being the potential profile under the contact determined by the specific con-
tact resistivity p. and the sheet resistance Rgx of graphene under the metal, it is possible to
correlate Rop and Rop with p. and Rgg using the following equations [103]:

RC F LCON

= h 3.23
Reg cos ( Ltk > (3.23)
Lrk = +/pe/Rsk (3.24)

Therefore, by measuring Ror and Rog, it is possible to extract Rsx, LTx and p. for the specific
graphene—metal contact under study by solving Eqgs. 3.22, 3.23 and 3.24.
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3.5.2 TLM samples

As anticipated in Sec. 3.5.1, a complete TLM structure is built as a series of many GFET
devices featuring different channel lengths. Figure 3.26 is a microscope image of a general TLM
structure, used for the analysis reported in Sec. 3.5.3. In detail, the GFET on the left side of
the figure measures the shortest channel length, equal to 5 um in the design mask, while the
device on the right is the longest one with Lo =50 pm. The channel variation between adjacent
devices is 5 um (or 8 pum for other samples, see for instance Fig. 3.27 where Log=8 pum).

Figure 3.26: Microscope image of the measured TLM structure; the arrow indicates the graphene
channel, while the yellow pads are the source and drain contacts of the different GFETs forming
the complete TLM. The space between contacts (Lcog) varies from 5 pm to 50 pm (from left
to right) with a 5 pm increase between adjacent channels. The channel width (W) is 5 ym in
this particular structure. Other structures with W varying between 4 pym and 40 pm have been
measured (see next figures).

Furthermore, devices consist of back—gated graphene channel, whose widths (W) varies from
4 to 40 pm. TLM structures with various metal contacts, i.e. gold (Au), nickel (Ni) and
nickel/gold stack (Ni/Au, with Ni in contact with graphene) to chemical vapor deposited mono-
layer graphene have been fabricated (more details on the devices and their fabrication are pro-
vided in [81]). Anyway, the work—functions of the exploited metals (~5.1 eV for both Au and
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Figure 3.27: Comparison between typical current versus Vpg curves of a device exploiting the
Ni/Au stack contacts measured in air (solid line) and under vacuum (dashed line). Because of
the graphene charging due to the air, the Dirac Point (DP) is shifted from ~30 V to very high
VBa bias (it is located above 60 V).
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Ni [109]) are higher than graphene affinity, hence, the graphene underneath the metal contact
will be electrostatically p—doped [99, 110] (see Fig. 3.8(b)).

The proper functioning of every single device, as well as the corresponding position of the
Dirac Point (fundamental in order to determine at which bias the carrier type involved in the
transport is changing), are verified by measuring the source—drain current (I2) during a back—
gate voltage (Vpg) sweep. As an example, Fig. 3.27 shows the trend of the transfer characteristic
for a GFET with Log=8 pum and W=20 pm measured in air (solid line) and under vacuum
(dashed line). The sample has the Ni/Au stack contacts and 85 nm of SiOs as back—oxide. As
visible, the measurement in air is not showing the minimum conductivity point (corresponding
to the Dirac Point) typical of GFET devices, because the air has a strong impact on graphene
charging, that shifts the Dirac Point (doping of the graphene through humidity [111, 112]). In
fact, the particles of water trapped by graphene shift the Dirac Point from of the measurement
under vacuum, to very high Vg bias. As it can be noticed, also the measurement under vacuum
shows a Dirac Point shifted towards positive values Vpp ~30 V. This is probably due to the effect
of the post processing Rapid Thermal Annealing (RTA) the sample underwent, as discussed in
[15].

3.5.3 Measurement results and failure of the transmission line model

We start with an investigation on the front—contact resistance and of the sheet resistance. Fig-
ure 3.28 shows Rgp (black circles, left axis) and Rcp (red triangles, right axis) versus W
obtained from TLM structures with Au contacts when applying a zero back—gate bias (Vpg).
As expected, Rgp is almost constant since it is linked to the quality of the graphene sheet and
in principle independent of the W, while Rop scales inversely with W (Rop o< 1/W).
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Figure 3.28: Sheet resistance (black circles, left axis) and front—contact resistance (red triangles,
right axis) versus W of samples with Au contacts. The reported Rgy and Rop values are aver-
aged between measurements made on different TLM structures. The rather constant Rgy and
the Ror inversely proportional to W (dashed line) confirm the reliability of the measurements.

In Fig. 3.29 the dependence on the back—gate voltage is analyzed; both Ror (a) and Rgg (b)
increase with increasing Vg [81, 106], as expected also looking to the I12(Vpa) characteristic
reported in Fig. 3.27, that shows a Dirac Point above 60 V; in fact, by increasing the Vpg bias
from large negative values to large positive ones, we are approaching the Dirac Point, where the
graphene charge density is reduced to a minimum value, leading to a less conductive graphene.
Moreover, we see that Rop shows a stronger Vpg dependence than Rgy.

Concerning the measurements of the end—contact resistance, Fig. 3.30 reports Rog versus W
obtained at V=0 V for samples exploiting different metal contacts; Au contacts (circles) show
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Figure 3.29: Front—contact resistance (a) and sheet resistance (b) as a function of Vg for TLM
structures with different W and Ni/Au contacts. By increasing the Vpg value, the hole charge
accumulated in the graphene is reduced (Dirac Point is larger than 60 V, see Fig. 3.27), thus
increasing Rgy. Rop shows a similar trend as Rgpy.
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Figure 3.30: End-contact resistance as a function of W of samples with Au (black circles),
Ni contacts (red triangles) and exploiting the Ni/Au stack (green squares). Rcpg is obtained
averaging on measurements made on different TLM structures. The dashed lines are guides for
the eye representing the W ~! behaviour.

a smaller Rop than Ni (triangles) and Ni/Au contacts (squares, we recall that Ni is in contact
with graphene), hence the potential drop across Ni—graphene is larger than in Au-graphene. As
expected, also Rop scales with W, as Rop (see Fig. 3.28).

Regarding the dependence of Rog on the Vg, Fig. 3.31 compares the trend of Rop and
Rer (see also Fig. 3.29(a)) as a function of Vpg (black circles). While, as already shown, Rop
increases for increasing Vpg, Rcop is instead independent of Vpg, as reported also in [106].
This is a clear signal of the independence of Vpg by the potential under the contact (V3 in
Fig. 3.23(b)) on Vp¢; this means that the potential under the contact is essentially fixed by the
metal (Fermi level pinning, see also the simulation results in Sec. 3.3.1). As a consequence, a
fixed hole density is also expected under the contact.
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Figure 3.31: End-contact resistance (black circles) and front—contact resistance (red squares) as
a function of Vg of a sample with Ni/Au stack contacts for a TLM structure with W=10 pm.
Note the Vg indipendence of Rop, while Rop largely increases for Vg values closer to the
Diract Point.
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Figure 3.32: Transfer length (a) and specific contact resistivity (b) calculated by applying
Egs. (3.22) and (3.23) to the Rop and Rep values of Fig. 3.31. Note how Lprg and p. are
essentially constant for Vg <-20 V, while largely vary for Vpg >-20 V.

We used Eqs. (3.22)—(3.24) to extract Rgx, L1k and p. from the measurements in Fig. 3.31.
Fig. 3.32 shows Lrg (a) and p. (b) versus Vpg. For Vpe<—20 V, Lrg and p. are rather
independent of Vg, while for Vpg>—20 V, the two quantities are strongly varying. A similar
behavior is shown for Rgx in Fig. 3.33 (black circles). This would suggest that, for Vpg>—20V,
the hole concentration under the contact is largely changing. However, this is inconsistent with
the picture discussed above, hence with Rop values independent of Vpg. Furthermore, p. is
usually associated to electron tunneling between metal and graphene, hence the p. variation
with Vg (Fig. 3.32(b)) suggests a Vg dependence of the potential under the contact, but this
is again in contrast with a contact electrostatics fixed by the metal.

These inconsistencies suggest the failure of the transmission line model to describe the front—
contact Rop, at least for Vpa>—20 V. Indeed, for this biasing, the channel hole density de-
creases, creating a p-pT junction near the contact edge. This typically induces a further series
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Figure 3.33: Comparison between the sheet resistance under the contact (Rggx, black circles)
obtained from Eq. (3.24) and the sheet resistance in the graphene channel (Rgy, red triangles)
of the device reported in Fig. 3.31. For Vp<—20 V, Rgy ~ Rgk suggesting that there is no
variation of the charge concentration between the channel and the graphene under the contact.
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Figure 3.34: Sketch of the hole concentration of graphene in the proximity of the contact. Rjyyn
represents the resistance due to the p-p™ junction in graphene that should be considered as an
additional contribution to Rop. For large negative values of Vgg, the p-p™ junction disappears
and Rjyy becomes negligible, so Ror can be described by the transmission line model under
the contact (see Fig. 3.23(b)) [106].

resistance contribution (Rjyy) that adds to Reop, schematically reported in Fig. 3.34 [98]; by
focusing on the blue solid line (generally referred here to Vpg>—20 V, see the vertical dashed
dotted line of Figs. 3.31-3.33) and moving along the = axis on the figure, the hole concentration
in graphene starts to rapidly increase in proximity of the contact region, causing the formation
of the junction. The commonly used transmission line model does not account for this addi-
tional resistive contribution, generating errors in the extracted parameters. This is confirmed
by Fig. 3.33, that shows the extracted Rgx becoming larger than Rgy for Vpg>—20 V, while
it should be the contrary since the hole density in the channel is reducing with increasing Vpg.

For Vpe<—20V, instead, the graphene channel is strongly p—doped, see the dashed blue line
in the sketch of Fig 3.34. Hence, there is no evident difference between the hole concentration
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Figure 3.35: Estimation of the junction resistance R j;yy by means of the measurements reported
in Fig. 3.31.

in the channel and under the contact. In these conditions, Rop is independent of Vpg as Rog
(see Fig. 3.31) and the extracted Rgy, LTi and p. are constant. In particular, Rgx is very
close to Rgp (Fig. 3.33) and this supports the picture of similar p concentration in the channel
and under the contact (assuming similar hole mobility). In this Vpg range, we consider reliable
the results obtained with the model equations and we extract Rgx~500 /0, p.~6 - 107° Qcm?
and Lpg~3.5 um for the Ni/Au contact.

Following the reasoning proposed above, Fig. 3.35 provides the trend of the junction resis-
tance Rjyn directly extracted from the measurements reported in Fig. 3.31.

Although this analysis has been shown for the Ni/Au metal contacts, similar results are
obtained also in case of the other metal contacts (not shown).

3.6 Conclusion

In this chapter we initially presented the state-of-the—art of the Monte Carlo (MC) simulator
dedicated to GFET devices developed at the University of Udine. Then, we moved to the ex-
tension of the semi—classical transport model, including the possibility to simulate GFETs with
electrostatically doped source (S) and drain (D) regions. To this aim, we developed a simple 1D
physics—based model for the metal/graphene Schottky contact. Once solved the electrostatics of
the metal /IL/graphene stack, Dirichlet boundary conditions can be applied at the ends of the
graphene channel before the MC transport simulation, which is finally predicting similar cur-
rent values for GFETSs with chemically and electrostatically doped S/D regions having the same
S/D charge density. Anyway, we want to highlight that, because of technological limitations
(e.g. the difficulties in doping the graphene), the two solutions may be not equivalent in actual
experimental devices.

Moreover, we presented an efficient implementation of the S/D series resistance directly in the
self-consistent loop of the Monte Carlo model. The model has been validated comparing the
results of the MC simulations including the series resistance in the self-consistent loop against
results obtained following the approach base on look—up—tables, which requires a post—processing
of several simulation data. The obtained good mutual agreement confirms the correctness of
our technique, that has the important advantage in saving time needed to construct the look—
up—tables.
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The last section of the chapter is focused on the experimental characterization of the graphene/metal
contact resistance, where the so—called end—contact resistance technique has been used to extract
the different contributions of the series resistance. We have shown how the exploited transmis-
sion line model, generally used to characterize series resistance, fails to correctly describe the
graphene/metal contact under certain biasing conditions. We found a possible explanation in
the additional graphene junction resistance, which becomes relevant in that biasing range domi-
nating the dependence of the contact resistance and we provided the conditions under which the
technique could considered reliable. This provides a reliable characterization technique that can
help in calibrating the proposed GFET model, allowing for realistic predictions of the GFET
performance.
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Chapter 4

Physics—Based Modelling of the
Graphene—Base—Transistor

4.1 Introduction

This chapter is focused on the Graphene-Base—Transistor (GBT), a recent device concept based
on graphene proposed for high frequency applications [22]. The chapter is organized as follows.
Section 4.2 illustrates the structure and the operation principle of the GBT. In Sec. 4.3, we
report the details of the developed electrical model to predict the Direct Current (DC) and
Radio Frequency (RF) performance of GBT devices, from the preliminary version of the model
able to simulate the simpler GBT structure, to an improved one that includes the detrimental
space charge effects occurring at high current levels, to analyze their impact on the maximum
achievable cutoff frequency. The role of series resistances, discussed in Chapt. 3 for Graphene-
Field-Effect-Transistors, is analyzed also here showing their influence on the unity power gain
of GBTs. Finally, we validate our electrical model against the results obtained through a Non—
Equilibrium—Green—Function (NEGF) based simulator, developed at the University of Bologna
[24, 25, 113]. Furthermore, in Sec. 4.4, we briefly discuss the use of the electrical model as
reference for the calibration of the compact model for GBT devices developed at the University of
Bordeaux [114]. Section 4.5 presents instead the Monte Carlo simulator, that has been developed
in order to investigate the electron transport in GBTs and, in particular, the impact on the
common—base—current gain of electron backscattering in the base—collector insulator. Section 4.6
collects simulations exploring the GBT design space, giving guidelines for the optimization of the
principal GBT RF figures of merit. Section 4.7 is finally focused on the comparison between the
simulation results and the available experimental measurements. We start from the calibration
of the model against current—voltage measurements performed on “conventional” GBTs (proving
the proof—of-principle of DC operation [30]), we then move to more advanced GBT structures
exploiting bilayer insulators stacks as emitter—base-insulator, that recently have been realized
in order to overcame the limitations imposed by the first GBT prototypes [31, 113].

4.2 GBT structure and operation

The Graphene-Base-Transistor (GBT) has a structure very different from the more conventional
GFETs [22]. The structure is a vertical arrangement of three regions: a silicon or metal emitter
(E), a graphene base (B) and a metal collector (C). These regions are separated each other
by two insulators, the base-emitter insulator (EBI) and the base-collector insulator (BCI), as
reported in Fig. 4.1. The peculiarity of the GBT is the vertical electron transport through the
graphene layer. Although the base is very thin (one atomic layer), it is expected that the high
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RCO NT

Figure 4.1: Sketch of the GBT structure. Electrons leave the emitter by tunneling through the
emitter—base insulator (EBI), cross the graphene base and then travel inside the conduction
band of the base—collector insulator (BCI).

mobility of the graphene reduces the base resistance. This aspect has not been verified yet
because of the lack of ad hoc experiments, but, as it will be shown in Sec. 4.3.6, our simulations
predict a limited impact of the graphene resistivity on the device performance.

In the GBT, differently from conventional MOSFETs that rely on the band—gap of the
channel material, the ON/OFF state is controlled by the graphene base terminal and it mainly
depends on the filtering capability of the EBI and BCI dielectrics. Consequently, the absence of
a bandgap in graphene is not an issue for this transistor based on a “vertical” concept.

OFF-STATE
VBE~0

E
EFM ........

EMITTER EBI BASE BCI COLLECTOR
(graphene)

Figure 4.2: Energy band diagram of a GBT in the OFF-state. The base-emitter bias Vpg is
not sufficient to allow the electron tunneling through the EBI. Under this condition the collector
current is almost null.

ON-STATE

EBI BASE

(graphene)

Figure 4.3: Energy band diagram of a GBT in the ON-state. The Vg and Vo p are such as to
force the electron tunneling through both the EBI and BCI, giving rise to the collector current.
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Figures 4.2 and 4.3 report the energy band diagram of the GBT during the OFF and ON state,
respectively. Applying a very small or null base-emitter voltage (Vpg), the electrons in the
emitter face the tunneling barrier created by the EBI (Fig. 4.2). At the same time, up to a
certain collector-base voltage (Vip), the BCI acts as a filtering barrier, avoiding the charge
tunneling from the base to the collector and leading to a negligible collector current.

During the ON-state instead, a forward bias is applied between the base and emitter terminals.
Under this condition, the tunneling through the EBI and BCI of electrons injected from the
emitter is favored, giving rise to the collector current (Fig. 4.3). Furthermore, when the Vgg is
large enough, the tunneling barrier of the BCI completely disappears under the injection level in
the emitter, leading to a collector current independent of Vg, or in other words, to the collector
current saturation.

4.3 Electrical model for GBT devices

In this section we present the developed electrical model of the GBT, able to simulate the DC
operation and calculate the principal RF figures of merit. From the point of view of the GBT
operation principle, both metal and silicon (Si) represents a possible design option as emitter
material. Anyway, we first illustrate the modelling of a GBT featuring a Si—emitter (Sec. 4.3.1),
and then that of metal emitter GBTs (Sec. 4.3.2), since this latter is easily obtained from the
first one through simple simplifications. In Sec. 4.3.3 we give useful guidelines for the use of Si
or metal as emitter. In Sec. 4.3.4, we will introduce the effects occurring at high current levels
(here called high current effects), investigating their impact on the maximum achievable GBT
cutoff frequency. Then, we briefly move to the detrimental effect of series resistance on the unity
power gain of GBT devices. Finally, in order to validate our model, we compare our simulated
current—voltage characteristics against those obtained with a full-quantum simulator, based on
Non-Equilibrium Green Functions [24, 113].

4.3.1 Modeling of the GBT with silicon emitter

Let us consider a GBT device exploiting an n—doped Si—emitter. Figure 4.4 reports the complete
Conduction Band (CB) diagram of the structure. The developed one-dimensional model solves
the electrostatics along the x direction of the GBT (Fig. 4.1) and calculates the tunneling current
and the cutoff frequency (fr). Concerning the currents, although the out—of-plane transport
across a graphene layer is not assessed yet [115, 116] (as discussed in Sec. 4.2, in GBTs electrons
are crossing perpendicularly the graphene), in this work the graphene base is treated as a
completely transparent layer, and no scattering events or energy losses for the electrons that
are crossing the base are considered. Hence, we assume a—priori that the collector current
Jo is the current due to electrons injected from the emitter (Jg=.Jc) and crossing the whole
device. Consequently, in our simulations, the graphene base impacts only the GBT electrostatics
through the effect of the graphene quantum capacitance. This latter plays a fundamental role
in the GBT operation, since it leads to an incomplete screening between the collector and the
emitter regions. Furthermore, at the moment, we are neglecting any kind of high current effect
(h.c.e.), i.e. the electrostatic impact of the space charge in the insulators, that is important only
when the number of the charges flowing in the GBT is very large. These high current effects
will be included in the model later (see Sec. 4.3.4), but their quantitative relevance is small for
the GBTs currently available.

To solve the electrostatics of the device, the total potential drop in the Si-emitter (AVg)
and the Fermi level in the graphene base (ef) have to be determined. Note that e; is referred to
the Dirac Point (DP) and it is taken positive when the Fermi level lies below the Dirac Point,
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Figure 4.4: Conduction band diagram of a GBT with Si—emitter. The band bending in the Si—
emitter is calculated by the model self-consistently with the potential along the GBT structure.
The arrows indicate positive quantities.

as it happens in normal GBT operation [22]. As for the emitter—base section, by considering
the applied base-emitter voltage Vpg, we write (Fig. 4.4):

qVBe + Err + XE = ¢AVE + ¢AVEBI + XGR + €7, (4.1)

where AVgpr is the potential drop in the EBI, while xg and xgr are the Si and graphene
affinities, respectively (Fig. 4.4). Furthermore, Erp is the Fermi level referred to the CB in the
Si—emitter and, again, we take it positive when the Fermi level is below the CB bottom. In
particular, by assuming a Fermi—Dirac distribution in the Si—emitter, we have:

Epp = —kpTF];3(Np/Nc), (4.2)

where Np is the Si doping concentration, N¢ is the effective density of states for electrons, kp
is the Boltzmann constant and 7' is the temperature. F;(7y) is the Fermi integral of order i
according to [117].

From Fig. 4.4, we obtain also the equation for the base—collector section:

XGr +ef + ¢Vop = qAVeer + ¢, (4.3)

where ®¢ is the work function of the metal collector, AVpcr is the potential drop on the BCI
and Vop is the applied collector-base voltage (Fig. 4.4).

The base charge density Qp(es) is calculated as difference between the electron and hole
charges, hence it is related to the Fermi level position in graphene (see also Eq. 3.11):

__ 2% e el —e)/(kpT)] 0 J. de
QB(ef)_mWUo 1+exp[(ef—e)/(kBT)]d /_OOH L+exp(ef —e)/(kgT)] |

(4.4)
Eq. 4.4 directly expresses Qg(ef), where e=E—qAVE—qAVEpr—xar is the energy referred to
the Dirac Point (for graphene we considered a Fermi—Dirac distribution for carriers and negligible
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chemical doping). Now, Gauss law across the graphene layer yields

kegre krcre
QBley) = AVeEprCepr — AVpcrCper = AVepr EBI€0 AVser BCIEO
teBI ter

7 (4.5)

where Cgpr and Cpoy are the capacitance, kppr and kpoy are the relative permittivity and
tgpr and tgor are the thickness of the EBI and BCI, respectively. We get:

1
Caer
As mentioned before, in the derivation of Eqs. 4.5 and 4.6, we do not consider the electrostatic
effect of electrons traveling inside the EBI and BCI during the GBT conduction, whose effect is

relevant at high current levels only (see Sec. 4.3.4).
The continuity of the electric displacement field at the Si—emitter/EBI interface gives:

AVEBT
tEBI

AVpeor = (CeBIAVEBRT — QB(ef))- (4.6)

kepreo = epkls, (4.7)

where g is the permittivity of the emitter material (eg=cg; in our case) and Fg is the electric
field at the emitter side of the interface. By inserting Eq. 4.7 into Eq. 4.1 and Eq. 4.6 into Eq.
4.3, we can cast the equations for the emitter and collector regions as

3
Cq Y Es(AVE) + qAVE + ef =qVee + Err + XE — XGR
EBI (4.8)

19
L Bg(AVE) — =2 QRgslef) —ef = xar +¢VeB — @c,
Cacr Cacr

where Eg is expressed as a function of AVg and Qp(ey) is given by Eq. 4.4.
To derive an explicit expression for Fg as a function of the applied potentials, we start by
defining the difference between the Si intrinsic Fermi level and the CB minimum as:

Eqap kT <Nv>
LB (),
2 Ne

where Ny is the density of states for holes. Similarly, the distance between the top of the valence
band and the Si intrinsic Fermi level is:

FBY
5 T ™

Ko Ecap | kT Ny
Fp — — NC

. (4.10)

Consequently, by assuming Fermi—Dirac distribution for the carriers in Si, we write the electron
and hole density as

Krn

n = NeFij (u(x)—i—kBT) (4.11)
Kr

p = N (-u+ 7). (4.12)

where u(z)=q/(kpT)p(x) is the normalized (dimensionless) potential profile along the Si. With
the definitions given above, the Poisson’s equation becomes:

d*u(x) q> Kpy,
= N,
dz? kBTsE[ iz (“(w) * kBT>
K
—NVf1/2 (—u(m) —+ kBF;) — Np + NA:|
7
= S(Kpn, Krp). (4.13)

kBTz’:‘E
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Let us indicate with up and ug the potentials in the deep bulk (x — —o0) and at the Si/EBI
interface (r=—tgpr), respectively, so Z—Z( o0) = 0 and %(—tEBI) = Zg—:sp, where Fg is again
the electric field at the EBI interface. By defining y = (du/dz)? and following the method in

[118], we obtain:

0 up 2
q

= 2 Kpp, K . 4.14

/(qE )2 dy /u kBTf-:ES( Fny, Kpp)du (4.14)

kgT S

Keeping in mind the definition of S(Kpy, Kpp) in Eq. 4.13 and the general propriety of the
Fermi integrals (dF;(n)/dn=F;-1) [117], the solution of Eq. 4.14 is:

2kBT KF KFp
= _N -
Eg . |: V(]:3/2 ( up + k’BT> .7:3/2 ( ug + kBT> )

(P (o ) s (o 22) Y (0 Ym0

By considering the electron density in the deep bulk equal to the Si doping (n(—o0) = Np),
we can calculate the value of dimensionless potential up (by inverting Eq. 4.11) and ug (as a
function of the potential drop in Si) as:

KFn AVE

upg knT +.7'—1/2( D/ C) uUs = up + Vin ( 6)
We can now express Eg as a function of the potential drop AVEg, thus obtaining:
2kpT Kpn Krp
Eg(A = - N — Np/N,
S( VE‘) e |: V(fg/g <k‘BT ]:1/2( D/ C) kBT)
Kpy 1 AVg Ky
_ En Nn/N~) —
Fay2 (k:BT Fi2(Np/Ne) = 2= + 17
Ne( Fajo (FA(ND/N. Fypo ( FoL(Np/Ne) + 2VE
~Ne( Faje (Fip(No/Ne)) = Faja | Frh(No/Ne) + 5
A 1/2
_AVg (ND _ NA>:| (4.17)
Vin

We are finally able to solve the system 4.8, since it is a non-linear system of equations in the
unknowns ey and AVg. After numerically solving the system, it is possible to calculate AVgpr
and AVpcr by means of Eqs. 4.6, 4.7 and 4.17.

Once the GBT electrostatic is obtained, the GBT current density can be calculated. The
energy spectrum of Jg is [119]

gmpkpT

dJg =
E on2h3

In [1 + exp <Ek_fF>] Twis(E)dE, (4.18)
B

where Er = xg + Ergr is the Fermi level in the Si—emitter with respect to the vacuum level
(see Fig. 4.4) and mp is the electron mass in the emitter (for Si, we consider six—fold degener-
ate conduction band minimum assuming mg = 4,/mym; + 2my, and the crystal orientation is
assumed to be <100>). Then, we calculate the GBT current by integrating dJg over energy
and cross sectional area. In Eq. 4.18, we neglect quantization effects at the Si/EBI interface.
Indeed, they may induce small shifts along the Vpp axis in the simulated Jg(Vpg) curves [120],
but we consider them less relevant than other model uncertainties.

In Eq. 4.18, Twkp(F) is the transmission coefficient from the emitter to the collector for
the electrons tunneling at the energy E (defined as in Fig. 4.4), which we compute through the
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WKB approximation as:

T xcp(E) = exp [— % /0 " omi(Bo(@) = Byda|, (4.19)

where the integral is calculated over the transport direction z, E¢(x)— FE is the difference between
the minimum of the conduction band in the insulator at the x position and the considered energy
level E, while mj is the tunneling mass of the generic insulator; indeed, we left the possibility
to specify different tunneling masses in the EBI and BCI (mpgp; and mpcy, respectively).
Furthermore, we consider both direct and Fowler—Nordheim tunneling and, by denoting with
xegr and xgcr the EBI and BCI affinities, respectively, Ty kg depends on (I)EBII(XE—XEBI)
and <I>§01=(¢C—XBCI), that basically are the energy barriers between the emitter and the
EBI and between the collector and the BCI, respectively. Finally the collector current can be
calculated by integrating over energy Eq. 4.18:

90 kpT EY - E
Jo=Jp= / (TH¥s - Tiks - Tiwws) - (qm”g> ‘In [1 + exp (FﬂdE (4.20)
Eo 2m2h kT

where ¢g is the vacuum level, while the overall tunneling coefficient Tyy i g is split in different
contributions TV?,?(IB, TVC(V,G{ p and TV%%IB correlated to the tunneling barrier of the EBI, graphene
and BCI, respectively. Concerning transport through graphene, since the DP is at the K—points
[34], while the energy at the I'—point is larger, the assumption of momentum conservation would
result in a tunneling barrier which is not the CB profile of Fig. 4.4 but, instead, presents an
additional barrier at the position of the graphene layer [22]. However, in computing Tg/}( B, We
construct the tunneling barrier by using the minima of the graphene at the K—point (Fig. 4.4),
i.e. neglecting momentum conservation, since scattering due to disorder at the EBI/graphene
interface can occur. In any case, we have verified that this assumption is not a critical choice for
the Jg calculation, since the thickness of this additional barrier would be very thin (~<0.3 nm)
[34].

When high current effects are not considered, the cutoff frequency can be estimated following

a quasi—static approach, namely:
1

2n(tc +7p)’

fr= (4.21)
where 7o = dQp/dJg = dQp/Jc is the charging time, representing the delay spent to charge the
graphene base, while 7p is the drift time, representing the time needed by the charges to cross
the dielectrics. According to the Ramo’s theorem, this latter contribution can be calculated as
0 = (tgpr+tper—trn)/(2vp) [121], where tpy is the average length of the tunneling path, set
null in this work in order to consider the worst case; vp is the drift velocity and it has been set
to a realistic value of 107 cm/s (Sec. 4.5.2) and it plays a critical role when high current effects
are considered (Sec. 4.3.4). At high Vg, the delay 7p prevails on 7¢ leading to the saturation

of fT.

4.3.2 Modeling of the GBT with metal emitter

The conduction band diagram of a GBT with a metal emitter is reported in Fig. 4.5. With
respect to the band diagram reported in Fig. 4.4, the profile of the conduction band inside the
emitter is now completely flat. Consequently, a model for GBTs with metal emitter can be
easily derived from the previous reported in Sec. 4.3.1 by assuming AVp=0, Eg(AVEg)=0 and
considering xg + EFR:Q)%, where <I>J}‘3/I is the work function of the metal emitter (see Fig. 4.5).
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Figure 4.5: Conduction band diagram of a GBT with metal emitter. Note the flat profile of the
conduction band inside the emitter. Also in this case, the arrows indicate positive quantities.

Applying these simplifications, the equations of the Syst. 4.8 become:

qVpe +®¥ = qAVepr+ xcr +ef (4.22)
qQ@pB(e

C'(f) +er = qVop + Pc — XGRs (4.23)
BCI

while Eq. 4.4 is still valid. In the calculation of the tunneling current done in Eq. 4.18, the term
FEr must be now set to ¢%I.

4.3.3 Comparison between GBTs with silicon and metal emitter

By means of the developed model, it is possible to compare GBTs with metal and Si emitters
and investigate their performance as a function of the structure and material parameters.

Fig. 4.6 shows AVgpr calculated for different EBI and BCI thicknesses (tgppr and tpcr,
respectively) and a couple of insulator permittivity values (kppr = kpcr = k). The inflection
point in the AVgpr vs. Vpg curves indicates the Neutrality Point (NP), hence the zero base
charge condition (@ p=0), when the Fermi level in the graphene is aligned with the Dirac Point.
In normal GBT operation, the base is charged with holes, thus NP corresponds to the minimum
VpE that ensures the correct polarization of the device. We see that for Si—emitter GBTs (filled
symbols), NP is moved toward higher Vg than for the metal emitter GBT (open symbols), due
to the additional voltage drop in the Si emitter (AVg). This translates in a larger threshold
voltages in switching on the device. While tgp; and tpcy contribute in the definition of the NP
position (Fig. 4.6(a)), this latter is not impacted by & (b). In fact, taking into consideration the
metal emitter case and imposing the neutrality condition in graphene (Qp=0), then AVgp; =
qVBE + gZ)J\E/[ —qVeoB — ¢c, which depends only on the emitter and collector materials and on the
biasing of the device.

Figure 4.7 reports the calculated Jo vs. Vg for the metal (a) and the Si—emitter (b) GBTs.
It is worth noting the opposite dependence of the current on the k value in the two cases. In
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Figure 4.6: Potential drop AVEgpr as a function of Vgg for a few combinations of tgg; and tgor
(a) and for different kpp; = kpor = k (b) for GBTs with metal (open symbols) or Si emitter
(filled symbols). The Si band bending reduces AVgpr and induces a shift of the neutrality point
to higher Vpg with respect to the metal emitter case.
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Figure 4.7: Collector current density as a function of Vgg for a few values of kgpg;r = kpcr = k
for GBTs with metal emitter (a) and Si-emitter (b). The Si doping is Np=10*cm 3.

fact, the devices show markedly different Jo dependence on the permittivity of EBI and BCI
(kppr=kpcr=k) thus suggesting different optimization strategies. For the metal emitter GBT,
the smaller the k value is, the thinner the EBI energy barrier for electrons is (Fig. 4.8(a)), so
that a thinner energy barrier leads to larger Jo (Fig. 4.7(a)). For the Si-emitter, instead, Jo
increases when increasing k (Fig. 4.7(b)). Indeed, Fig. 4.8(b) shows that larger k values result in
lower EBI barriers with respect to the Si Fermi level (dashed line). This is explained by Eq. 4.7:
a larger k increases Eg and the Si band bending, thus pushing down the bottom of the Si CB at
the interface with respect to the Fermi level. Consequently, the energy barrier for the electrons
tunneling at the Fermi level decreases, thus increasing the current. Furthermore, the presence
of the band bending at the Si/EBI interface induces a dependence of the Si Fermi level on the
applied Vg, strongly modifying the Jo—Vpg behavior with respect to the metal emitter case
(see Fig. 4.7), in which the electron injecting level is instead fixed (i. e. the metal Fermi level,
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Figure 4.8: Conduction band diagrams calculated for GBTs with metal (a) and Si-emitter (b).
Note the opposite dependence of the EBI barrier on the kgg;=kpcr=Fk.
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Figure 4.9: Cutoff frequency versus Vg for a few values of kppr=kpcr=k for GBTs with metal
(a) and Si-emitter (b). The opposite fr dependence on the k value is explained by the CB
diagrams shown in Fig 4.8.

see Fig. 4.8).

Figure 4.9 reports fr versus Vpp curves for GBTs with metal (a) and Si (b) emitters. Clearly,
the dependence of fr on k is the same of the Jo curves in Fig. 4.7; consequently, for the metal
emitter device (Fig. 4.9(a)), the larger the k is, the lower the cutoff frequency is; contrary, larger
k values increase fr in Si—emitter devices (Fig. 4.9(b)). Anyway, the model predicts that THz
operation may be possible for both the design configurations.

4.3.4 Modeling of the GBT under high current regime

In general, the high current effects impacting the maximum fr of bipolar devices are due to
the electrostatic feedback generated by the mobile charge traveling through the collector high
field region [122]. To investigate if similar effects are relevant also in GBTSs, we included in the
electrostatics the charge traveling in the EBI and BCI layers.
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Figure 4.10: Parabolic potential profile considering a negative constant charge inside the EBI
and BCI. The blue area represents the graphene layer.

Since in the GBT current calculation we consider only electrons moving from the emitter to
the collector, thus neglecting possible hole tunneling components [24], the electron density in

the EBI is: 7
nNgpr — dE y (4.24)

QVEpr

where v, is the average electron drift velocity in the EBI (assumed constant in space). A
similar expression relates npor and ’U%CI in the BCI. As done in Eq. 4.21 for the calculation
of the drift time 7p, ’U%BI and U%Cl are both set to vppr = vpcr = vg = 107 em/s [123] and
hence, ngpr=npcr=n. Since the carrier density is assumed constant, the CB profile inside the
EBI and BCI becomes parabolic (see Fig. 4.10).

For simplicity, let us consider a GBT device implementing a metal emitter with work—function
@% , so Egs. 4.22 and 4.23 are considered. Figure 4.11 reports the conduction band diagram of
the complete device under high current regime.

The negative uniform charge (p=—gn) due to the electrons traveling across the EBI and BCI
enters the Poisson’s equation, which provides the parabolic potential profile in the dielectrics:

=ax2+bx+c=@x2+bx+c, 4.25
4 2
€

where ¢ is equal to kggreg for EBI and to kgcreg for BCI, and b and ¢ are two constants to be
determined. AVgpy is the difference between the potential at the graphene interface (x=0) and
at the emitter interface (r=—tgps, Fig. 4.11). From Eq. 4.25 we get:

an

t2EBI+bEBItEBfa (4.26)
EEBI

AVgpr = ¢(0) — o(~tepr) = ~3
hence, we can express the parameter bgpr as a function of AVgpgr:

qn
€EBI

1
by = —— |AVip; +
1 tEBI [ EBI 2

t2n 1] . (4.27)
Next, we find the electric field Egpr(07) at . =0":

_ [AVEBI L
2=0- Bl 2€EBI

dy

Eppr(07) =— I

tEBI] : (4.28)
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Figure 4.11: Conduction band diagram across a GBT with metal emitter under high current
fluxes. The figure reports the physical quantities used to derive the electrostatic model. The
arrows indicate positive quantities.

A similar approach is used for the BCI. By assuming no—potential drop inside the graphene layer
(Fig. 4.11), we obtain:

dy AVper qn

Epcr(0%) = — -

tper| - (4.29)

o=0+ tger 2epor

The base charge is Qg(ef)=epcrEpci(07)—epprEppr(07) and, by using Egs. 4.28 and 4.29,
as well as Eqgs. 4.22 and 4.23, we obtain:

Qples) =L

k € kpcre
5 EBIO(¢AE4+VBE—XGR—€f)— BCIto

(tepr +tscr) +
tEBr tpor

(xar+ef+ Ve — ¢c).

(4.30)
Now, by using Eq. 4.4 in Eq. 4.30, we derive a non-linear equation in the only unknown ey,
whose solution provides the potential profile once Jg is given.

To calculate the GBT current density, we again integrate over energy Eq. 4.18, by assuming
EFZCID%I and mp=myg as the electron mass in the metal emitter. Now, by combining Eqs. 4.24,
4.30 and 4.18, the complete system of non—linear equations for the device electrostatics and the
transport is obtained.

To solve the system, we implement an iterative, self-consistent procedure that, at each
iteration, calculates the potential profile and then Jg (see Fig. 4.12). This latter is used to
evaluate the charge inside the dielectrics (n, through Eq. 4.24), that becomes an input for the
solution of the potential at the next iteration (Eq. 4.30). A damping algorithm prohibits collector
current changes larger than 10% between two iterations, thus ensuring convergence.

Under this conditions, the cutoff frequency of the intrinsic device is now calculated as

_ 1 _ 1
2nTCe 2”% ’

fr (4.31)

differently from what done before in Eq. 4.21. Indeed, Eq. 4.31 does not include the transit time
7p of electrons through the dielectrics, since it is inherently accounted for in the electrostatics,
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Figure 4.12: Self—consistent procedure between the Poisson’s equation solver and the calculation
of the collector current for the inclusion of high current effects.
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Figure 4.13: Cutoff frequency of a metal emitter GBT calculated with the model non—considering
the h.c.e. (open symbols) and the one accounting for the moving electrons inside the dielectrics
(filled circles). At low Vg (<1.5 V), the latter agrees with the model in Sec. 4.3.2, where the
term 7p accounts for the electron drift across the dielectrics (open circles). For Vpp>1.5 V,
the electrostatic feedback of the traveling charges further reduces fr with respect to the model
in Sec. 4.3.2. In this preliminary model, neglecting 7p results in very high fr values (open

squares), which are completely different with respect to the other cases. @g B I:@EC =Pp. kis
the relative permittivity of both EBI and BCI and we assumed <I>]‘E/[:4.5 eV and mp=my [23].

where the traveling charge and its modulation with bias are included. This is demonstrated
by Fig. 4.13; for Vpg<1.5 V, the model developed so far (black circles) agrees with the model
not including space charge effects (Sec. 4.3.2), which calculates fr with Eq. 4.21 by adding the
term 7p to 7 (open circles). Instead, the two models largely differ if 7p is neglected (open
squares), thus confirming that, in the self-consistent model, the delay due to the traveling time
of electrons is already included. For Vpg>1.5 V, the electrostatic feedback of the electrons in the
insulators increases the base charge, resulting in lower transconductance than that calculated
with the non self-consistent model and, consequently, in smaller fr (also when including 7p).
Concerning the role of the drift velocity of electrons inside the insulators, Fig. 4.14 shows
fr versus Jo estimated assuming different v, values. The simulations that account for the high
current effects (lines) show the drop—off at large Jo typically seen also in HBTs. This effect
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Figure 4.14: Cutoff frequency fr vs. Jo of a metal emitter GBT calculated with different models
and for a couple of vy = v 5, = v%,; values. H.c.e induce fr drop at large Jc.

is not visible in the simulations with the model neglecting h.c.e. (symbols), that are reported
as a reference. When vy is reduced, the maximum fr of the device is lower. Anyway, with
the assumed value of v4=10" cm/s, the THz operation of the intrinsic device is maintained also
when accounting for high current effects.

4.3.5 Impact of high current effects on GBT characteristics

By using the complete model of Sec. 4.3.4, we analyzed the impact of the moving electrons in
the GBT electrical behavior.

Figure 4.15(a) shows the calculated AVgpy versus the applied Vpgp. The symbols are the
reference curve calculated with the non—self—consistent model of Sec. 4.3.2. When the high
current effects are accounted for (lines) and when the energy barrier height between the emitter

1.5M
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T

0.5F
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M 1 M 1 M 1 M M M
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Figure 4.15: Potential drop AVggr on the EBI as a function of the applied Vg for different
EBI barrier heights &5 (a) and for different dielectric constants (b) of metal emitter GBTs. (a)
The electrostatics visibly changes when relatively low ®p are considered due to the Jo impact
on the electrostatics. (b) The k value mediates the h.c.e.
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and the EBI (@g py) is relatively large, the tunneling current is low and, thus, the charge in the
oxides is small. In other words, the simulations with the complete model are getting closer to
the symbols when the barrier height is increased, hence n is becoming negligible. By reducing
B, instead, the tunneling of emitted electrons (thus J¢) increases. This raises the n value
inside the oxides and, hence, changes the potential profile. In fact, Fig. 4.15(a) shows that by
reducing @g g AVepr moves away from the non self-consistent simulation.

Figure 4.15(b) shows how the k value (again we are considering kppr = kpcr = k) mediates the
high current effects. For low k values, the difference between the two models (solid lines and
symbols for the self-consistent and non self-consistent models, respectively) is relatively large,
while for large k values it is reduced. This means that GBTs with high—k dielectrics are less
prone to h.c.e. and this is due to the fact that a larger permittivity of the dielectric reduces the
impact of the space charge on the GBT electrostatic (see Eq. 4.25).

Figure 4.16 shows Jg as a function of Vg for a few values of the EBI thickness. For Vpg
<1V, the Jg values calculated including the injected charge in the electrostatics (solid lines)
are close to the dashed lines, obtained without considering the contribution of the traveling
charge. For larger Vg, instead, the current in the device increases and the traveling charge
limits Jg. Indeed, the charge in the oxides (mainly in the BCI) opposes the further injection of
electrons from the emitter, thus leading to saturation of Jg. Note that Jg at high Vg becomes
insensitive to tgpr, because Jg(Vpg) is limited by the charge in the BCI, in agreement with
[24].

Solid lines: with h.c.e.

Dashed lines: w/o h.c.e.
1

-3 M N 1
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Figure 4.16: Current density versus Vpg for different tgp;. The inclusion of high current
effects (solid lines) leads to a saturation of Jg at the larger Vpp values. @gBI:¢gCI:<I>B.
k = kgpr = kpcr. In this and the next simulations, mgg;r = mpor = 0.25mg are assumed.

Figure 4.17 shows fr as a function of tgo7. Again, the cutoff frequency of the GBT is limited
by the electrostatic impact of the charge inside the BCI layer, as already seen in Figs. 4.13 and
4.14. The BCI is typically much larger than the EBI, hence it contains a larger amount of
charge that, via the electrostatics feedback, impacts the base hole density, thus reducing fr
(see Eq. 4.31). Indeed, by increasing tpcr, if high current effects are accounted for, the model
predicts fr values (Fig. 4.17, solid lines) much lower than those obtained with the non self-
consistent model (dashed lines). Again, the k value is effective in mediating the impact of h.c.e.
on fr: the larger the k is, the smaller the fr reduction is (see also Fig. 4.15).

Now, the developed model makes it possible to estimate realistic maximum fr values for
the intrinsic GBT device, allowing an accurate comparison of the GBT RF performance with
recently reported HBT data. Fig. 4.18 shows the GBT cutoff frequency as a function of Jg
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Figure 4.17: Cutoff frequency fr as a function of ¢ gor for metal emitter GBT's, calculated using
different models: thick BCI layers cause a serious decay in the GBT performance.
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Figure 4.18: Cutoff frequency versus Jg for a few dielectric constants kppr=kpcr=Fk. Reference
data for SiGe HBT devices are reported for comparison (symbols) [124, 125]. Simulations of a
GBT with very thick BCI are also reported (red line). We assumed ®5 5, =08 . ,.=®5=0.5 eV.

for a few k=kgppr=kpcr values. Again, the fr drop typical of high current conditions can be
observed (solid lines). In spite of the reduced performance, the maximum fr for GBT overcomes
the 1 THz threshold. High current effects appear to be less of a limiting factor in GBTs than in
SiGe HBTs (symbols). A maximum fr comparable to that of HBTs would be reached only for
a GBT design with a very thick BCI (¢pc7=50 nm, red line). Indeed such BCI thickness would
be close to the typical base-collector depletion region width in HBTs [122], thus explaining why
this case shows similar maximum fp.

The maximum fr for GBTs is obtained for Jgpa~0.1 A/um?; at present it is not clear if any
dielectric can sustain such high Jg. Reliability of SiOs has been studied for current densities
approximately up to 10~7 A/um? [126] and, consequently, it is hard to extrapolate a time-to—
breakdown corresponding to the current densities in Fig. 4.18. On the other hand, tunneling
current densities in the range 1073/1072? A /um? have been measured across boron nitride layers
sandwiched between two graphene electrodes [72].
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Figure 4.19: The same as in Fig. 4.7 but including the high current effects, for GBTs with metal
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Figure 4.20: The same as in Fig. 4.9 (dashed lines) including the high current effects (solid

lines).

In order to deeply evaluate the different technological options for the GBT, in Fig. 4.19 we
compare metal against Si emitter GBTs. We simulated the same GBT devices of Figs. 4.7-4.8,
but now including the high current effects. It is interesting to note now that, in the metal
emitter device (Fig. 4.19(a)), when high current effects are weak (i.e. Vpp<1.5 V), the larger
the k is, the lower the current is (as in Fig. 4.7(a)), differently to what happens for Vgr>1.5 V:
in this range in fact, high current effects are taking place and since GBTs with low—k oxides
are more prone to h.c.e., it results in lower Jo. For this reason in Fig. 4.19(a) the black line is
crossing the other curves.

For the Si—emitter device (Fig. 4.19(b)), the dependence of Jo on k shown in Fig. 4.7(b) is
maintained also including high current effects in the whole Vpg range. Furthermore, Fig. 4.19(b)
shows also that the Jo dependence on the Si doping (Np) is limited, especially at large Vpg,
where the Si emitter is driven in strong accumulation and the AVg is similar, regardless of Np.
Fig. 4.20 shows the impact of the high currents effects on the achievable fr. Even in presence
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of high currents effects (solid lines), THz operation are reached. In addition, for the metal emitter
GBT (Fig. 4.20(a)), at low voltage, the charge in the insulators is small and the electrostatic
feedback negligible, so the same behavior is expected as in Fig. 4.9(a). At large Vpg instead,
when high current effects take place, smaller k values result in a larger impact of n on the
electrostatics (Eq. 4.25), that reduces Jg and hence fp. This reduction has a twofold origin:
first, the charge inside the BCI induces holes in the graphene that reduce the electric field across
the EBI, thus lowering the tunneling current. Second, it raises the BCI energy barrier. Hence, a
trade—off exists, whereby a low k increases injection from emitter, but also space charge effects.
As a result, the Vpp at maximum fr changes appreciably, but the maximum fr only slightly
increases when reducing k (Fig. 4.20(a), solid lines).

For the Si-emitter GBTs (Fig. 4.20(b)) the dependence of fr on k is the same as in Fig. 4.9(b);
furthermore, the larger the k is, the lower the insulator charge related effects are, as discussed
above. Finally, the sudden drop of fr at Vpr ~2 V (solid lines) is due to the fact that the
electrons at the Si CB bottom start to see the top of the parabolic CB profile of the BCI,
pushed up by electron charge build—up. This effect strongly reduces Ty xp and Jg.

In Fig. 4.20(b), we assumed Np=10'" cm~3. However the maximum fr of Si-emitter GBTs
is weakly dependent on Np, since Jg is in turn weakly depending on Np (see Fig. 4.19).
Indeed, smaller Np leads to larger voltage drop in the Si, but once the emitter is brought in
strong accumulation (high Vpg), GBTs with different Si doping show similar Jg and similar fr.
Therefore, a lower Np will translate in a larger Vgg to reach high currents, but the intrinsic
device maximum fr is essentially unchanged.

4.3.6 Impact of the series resistance on the unity power gain of the GBT

Since series resistances are one of the major limitations in graphene—based devices (see Sec. 3.4),
we included in the model the impact of the series resistances on the performance of the GBTs
in terms of the unity power gain frequency (fmaz)-

We estimated fy,q, following the approach normally used for conventional bipolar transistor
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Figure 4.21: Comparison between fp,., and fr versus Vpg for metal (a) and Si (b) emitter
devices and for two values of Roont. We set kppr=kpcr= k =10, while hole mobility in
graphene is 1000 cm?/(Vs) [127]. W=L=1 pm.
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[122]:

_ | fr
Jmaz = SiRuCpe (4.32)

where Cpc is estimated considering the BCI capacitance only, that is Cpor = W+ L-epor/tser,
where W - L is the GBT area. Rp is the graphene base resistance, calculated as sum of the
intrinsic base resistance (R;n;_p, Fig.4.1) and the contact resistance between the graphene layer
and the base contact (Rcont [€2 - pm]). Namely

RCONT . L 1 RC’ONT

R :Rin, = : )
B R T 12 QB(ef)u§R+ W

(4.33)

that considers a simple squared GBT geometry and the graphene base contacted at both sides
[122]; L and W represent the distance between the two base contacts and the contact width,
respectively. The intrinsic base resistance depends on the effective hole density in the base and
on the graphene hole mobility (MI?R).

Fig. 4.21 reports the simulated fr and f,. as functions of Vg in the case of metal
(a) and Si-emitter (b) devices. We evaluated fpq, by assuming a realistic mobility value of
MER:IOOO cm?/(Vs) [127] and setting either Roon7=0 Qum (triangles up) or Roonr=500 Qum
(triangles down) [128]. As expected, fpqe is lower than fr and degrades when increasing Rp.
The contact resistance Rocont has a strong impact on f,4, and this indicates that special care
should be taken in the fabrication of the contacts to the graphene, a point that is strictly in
common with the Graphene-Field-Effect—Transistor devices (see Chapt. 3). Note that, even in
the worst case, the f,q. values are well above 100 GHz and they can reach 1 THz for very small

Rconr.

4.3.7 Verification of the tunneling model

We verified the correctness of the developed model comparing simulated current—voltage (IV)
curves against simulations performed with the model of [24, 25, 113] developed at the University
of Bologna. The two models are (i) exploiting two different modelling approaches (semiclassical
vs. Non-Equilibrium Green Function (NEGF) formalism), (ii) based on different assumptions
(e.g. our model assumes a uniform charge in the insulators, while the NEGF calculates locally
the electron density).

The simulated GBT template features a 3 nm EBI and a 20 nm BCI. The Bologna model
assumes a Si emitter, while the EBI and the BCI are silicon—like semiconductivity materials,
having the same band structure of Si but with an affinity such as to induce a Schottky barrier
of 0.2 eV between the emitter and the EBI, hence the difference between the conduction band
minimum in EBI and the Fermi level in the emitter is 0.2 eV (flat band conditions are assumed
in the emitter). In order to fairly compare the two simulators, in our model we simulated a GBT
with a metal emitter, with an effective mass m% equal to the DoS mass of the 4 silicon valleys

Table 4.1: Material parameters used in our model to simulate the GBT template.

$EBI = $BCI 0.2 eV
MEBI = MBCI 0.19 mo
keBr = kBcr 11.7 o
oM = oM 4.25 eV
m%f 44/0.19 - 0.916 mo
XGR 4.55
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Figure 4.22: Comparison between the energy conduction band profile obtained with the simu-
lator developed in this thesis (solid lines) and with the simulator of [24, 25, 113] (dashed lines)
at Vpp=1.5V for a few values of Vog. The inset better shows the difference in the tunneling
barrier height at the emitter/EBI interface.
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Figure 4.23: (a) Simulated collector current as a function of Vg (solid lines) and comparison
with the results obtained with [24, 25, 113] (dashed lines). (b) The agreement between the
curves is improved by increasing the EBI barrier height in our model.

having the principal axis of the constant energy ellipsoidal surface parallel to the emitter/EBI
interface. All the parameters used in our model are reported in Tab. 4.1.

Figure 4.22 reports the comparison between the conduction band diagrams obtained with
the two simulators at different Vg bias values and at Vgp=1.5 V. The inset reports the zoom in
the EBI region, in order to better show the difference in the simulated conduction band profiles
especially at the emitter/EBI interface: the Bologna model shows a significant bending of the
conduction band. This is due to the penetration of the electron wave—functions into the EBI,
that has not been included in our model. The resulting collector currents are instead reported in
Fig. 4.23(a). Despite the complete different modelling approaches between the two models, we
can say that a general quite good mutual agreement is obtained. The agreement becomes worst
at low Vo, when the EBI barrier height in the Bologna model is particularly high with respect
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to our calculations. The agreement of the IV curves is improved if an increased effective barrier
for the EBI is considered in our model (Fig. 4.23(b)), thus increasing the CB discontinuity from
0.2 eV to 0.25 eV, even though the situation at high Vo p is worst with respect to Fig. 4.23(a).

4.4 Compact model for the GBT

As an application of the developed model presented in Sec. 4.3, it has been also used as reference
to develop and calibrate a compact model for the GBT devices, in a joint collaboration with the
University of Bordeaux. In particular, the compact model has been developed by the University
of Bordeaux, while we provided the reference simulations to calibrate the compact model. All
the details about the compact model are reported in [114]. Basically, it relies on a self—consistent
base potential calculation and on a physics—based charge model associated with an empirical
transfer current equation.
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Figure 4.24: Charge accumulated in the graphene base Qg as a function of the collector current
Jo for a few values of the collector-base bias. Comparison between the numerical model (solid
lines) and compact model (dashed lines).

The template GBT device used for the calibration of the compact model has 2 nm of EBI
(kepr = 25) and a 12 nm BCI (kpcr = 2.5). Figure 4.24 shows a comparison between the
charge accumulated in the graphene base Qp as a function of collector current Jo obtained by
the numerical simulations (our model) and the results provided by the compact model for a
few values of the collector—base bias. A quite good mutual agreement is obtained between the
models, although the value of () p differs, especially at high base—emitter bias, where high current
effects take place. The largely different modelling approaches used to describe this phenomenon
causes the deviation of the curves.

A much better agreement is obtained in the transfer characteristics reported in Fig. 4.25,
again for few values of the collector—base bias, verifying the calibration of the compact model.
Finally, in Fig. 4.26 we compare the cutoff frequency obtained with the two models. A good
mutual agreement is observed up to the peak of the cutoff frequency, which represents the
optimum bias condition for circuit applications.

The developed compact model has been implemented in Verilog-A and it represents a good
trade—off between the accuracy of the predicted results and the simulation time and allows for
the analysis of circuits based on GBT devices.
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Figure 4.25: Transfer characteristics for a few values of the collector—base bias.
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Figure 4.26: Cutoff frequency fr as a function of the base—emitter bias Vpp for a few values
of the collector—base bias. Comparison between the numerical model (solid lines) and compact
model (dashed lines).

4.5 Monte Carlo simulator for the electron transport through
the GBT

The poor performance of the first GBT prototypes is also due to the large measured base
current Ip [30, 77] (see also Sec. 4.7.1). To solve the problem, there is the need to understand
the origin of Ig. A possible contribution may be due to the electrons backscattered by the
BCI, which rejects the electrons towards the graphene base and favors the electron capture by
the graphene. In order to evaluate this contribution that degrades the common—base current
gain (ap = Io/IEg) of the GBT, we developed a dedicated Monte Carlo simulator for electron
transport in the conduction band of the EBI and BCI.

It is worth noting that another important contribution to the base current can be the direct
capture by the graphene base of the forward moving electrons. However, in the lack of a
consolidated theoretical framework, in our simulations this contribution to Ip is neglected,



4.5. MONTE CARLO SIMULATOR FOR THE GBT 65

GRAPHENE

Electron

dALIINT ™

XV

Figure 4.27: Conduction band diagram of the GBT. The electrons injected from the EBI through
the graphene scatter in the BCI and either reach the collector (contributing to I¢) or backscatter
to the base and are captured by the graphene (thus contributing to Ig). The inset shows the
GBT structure and the definition of the backscattering angle 6.

making the calculated ap an upper estimate of the actual one. Again, consistently with [24], we
neglected hole injection from the graphene to the EBI (larger tunneling barrier for holes), since
it is expected to provide a negligible reduction of the emitter efficiency and hence of ap.

During the GBT operation, electrons are injected from the emitter towards the collector by
tunneling; with a sufficiently high Vpg, Fowler-Nordheim tunneling through the EBI barrier
takes place and electrons are injected in the conduction band (CB) of the EBI at z;,; (Fig. 4.27)
with an energy that corresponds to the Fermi level in the emitter. For electrons crossing the
graphene base, we assumed the conservation of the electron momentum parallel to the graphene
plane and of the total energy. After crossing the graphene, electrons reach the conduction
band of the BCI. During the motion in the conduction band of the dielectrics, the electrons are
subjected to many scattering events that can deflect their trajectory depending on the type of
the collision occurred. In this respect, we include in the simulator both emission and absorption
of polar optical and non—polar acoustic phonons, extending the model presented in [129] to a

Particle Injection

GBT () 5 N Y
Electrostatics 5 <_Q,<_ S
Particle
! Y

@ o

N

Scatt.
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Figure 4.28: Flowchart of the single—particole Monte Carlo simulator for GBT devices.
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non—parabolic conduction band material (see Sec. 4.5.1).

The flowchart of the Monte Carlo (MC) simulator is reported in Fig. 4.28. The developed MC
tool is of the single—particle type, so it injects in the device one electron at a time once the GBT
electrostatics has been determined through the electrical model of Sec. 4.3. Electron free flights
and scattering events are alternated until the particle exits the GBT, either arriving to the
collector terminal from the BCI with positive velocity (thus contributing to I¢), or impinging
the graphene layer with negative velocity due to backscattering in the BCI (thus contributing
to Ip, Fig. 4.27). In this latter case, the scattering events occurring in the BCI (mostly in
proximity of the graphene/BCI interface) deviate the electron trajectory towards the graphene
base (6 > 7/2, see the inset in Fig. 4.27). In particular, we consider an electron as captured
by the base every time it impinges on the graphene; hence, we discard the possibility that such
electron can be injected back again in the BCI conduction band. By knowing the amount of
electrons that are exiting through the collector and the ones captured by the base during the
simulation, we are able to estimate ar = I¢/(Ic + Ip).

4.5.1 Scattering model for the dielectric materials

As already mentioned above, the scattering model for the charges travelling in EBI and BCI of
the GBT has been taken from [129] and it has been extended to a non-parabolic conduction
band material [130]. The dielectric is considered as a bulk material and we use the following
non-parabolic dispersion relationship:

K2k?

E(1+aFE) = S,

(4.34)

where my is the transport mass (i. e. the curvature of the dispersion relationship in proximity
of its minimum) and « is the non-parabolic coefficient.
Scattering rates for absorption and emission of polar optical phonons are, respectively [130]:

3 1 1 1+ 2aF i T
g _ Cwoymi \/2mf< ).nw.m.log<m> (4.35)
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where wro [eV] is the optical-phonon—energy (or optical-phonon—frequency), e~ [F/m] (<) is
the permittivity at frequencies larger (smaller) than the considered wro, while nzo is the phonon
occupation calculated considering the Bose—Einstein statistics. Furthermore v; = E;(1 + aE;)
(in units of [eV]) and similarly vy = E¢(1 + aEy), where Ef = E; £ wro and E; and Ef are
the initial and final electron energy, respectively. We considered two different values of energy
for the longitudinal phonons, consequently in the following we will include the contribution of
two different phonons, whose corresponding frequencies are indicated as wro1 and wros. For
this reason, when computing the scattering rates related to the phonon at lower energy (or
frequency), then we take ex = eo and e. = ey (Where e and &;,,; are the permittivities
calculated at infinite and intermediate frequencies, respectively), while when the phonon at
larger energy is considered, then we consider es. = €;,,; and e~ = gy (where ¢¢ is the permittivity
calculated at zero frequency).

In the derivation of the model we considered the minimum and the maximum wave—vector values
of the phonon as kéVHN = k; — ky and kéVIAX = ki + ks (where k; and k¢ are the magnitude of
the wave-vector associated to E; and E¢, respectively). After the scattering event, the state is

selected considering a random number r and looking for the phonon wave-vector k;, ensuring
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Figure 4.29: Example of the scattering rates included in the Monte Carlo simulator for the case
of a SiO9 slab.

that «
Sfrn =k
EMIN Fg Mg
and thus
ki = kYN exp [rIn (k)A% /KN, (4.37)

The polar angle # between the initial and final wave—vector is estimated as:
2 2 )
ki + k5 — Kk

cos (0) = Dhikes ,

(4.38)
while the azimuth angle ¢ is uniformly distributed in the range [0,27].

Polar optical phonons alone are not able to stabilize the electron energy at high electric fields, so
another scattering mechanism must be introduced in order to dissipate the carrier energy under
these conditions and to avoid velocity—runaway phenomena. For this reason, we introduced in
our model non-polar acoustic phonons, whose scattering rates are calculated as [130]:

3m* (1 + 2aE;)q?C? Ryt k211
> = ae M dk,, 4.
Sap Amphk /qum E,\2 " ) (4:39)

where Cg is the deformation potential (in units of [eV] ), p is the dielectric density [kg/m?],
k:éVHN = 2movs/h (vs is the sound velocity [m/s]) and ké”AX = min(2k; — k:éVHN, 27 /\) (where
A is a minimum phonon wavelength). The phonon energy is:

2 Tk
Eq _ ﬂ_ﬁk‘Bzvs\/l — COS <21€qu) kq < kpz (4.40)
%thz’Us kq > kpz,
where kpz is the wave—vector at the border of the first Brillouin zone.
The wave-vector after the scattering event is selected considering the relation:
Ky kS
fké\%lIN Fz(nq + 1)dkq,

— T EMAX ;3 )
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Table 4.2: Scattering parameters used for the simulations of Figs. 4.29-4.34 and 4.43. SiO,
parameters taken from [130].

WLO1 Cae P
[meV] V]  [keg/m3]
SiO» 0.95 0.5 0.2 3.9 3.15 2.19 153 63 2.1 2.2x10% | 4.6x103
Al>O3 1.65 0.4 0.2 10 7.27 3.2 109 63.3 2.1 3.7x10% | 1.0x103
[131] | [131] (131] | [132] | [132] | [133] | [133]
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Figure 4.30: Calculated average electron velocity as a function of the electric field again in a
SiO3 slab and comparison with the data in [129].

where r is again a random number uniformly distributed between 0 and 1 and the final energy
By = E; + Ey(ky).

The scattering rates obtained by the described model are used as input for the Monte Carlo
tool (see Fig. 4.28). An example of the scattering rates obtained for a silicon dioxide (SiO2)
slab is reported in Fig. 4.29 (Tab. 4.2 summarizes the parameters used to simulate SiOg [130]).
Figure 4.30 instead compares the corresponding average electron velocity in the dielectric CB
as a function of the applied electric field (again in a SiOg slab) calculated with our Monte Carlo
simulator and the results obtained in [129], showing how the trend of the average velocity is
correctly reproduced.

4.5.2 Electron transport in the GBT

Moving now to the simulation of the GBT structure, Fig. 4.31 shows the calculated electron
concentration (n(z)) and the average velocity (v, (z)) along the transport direction z in a GBT
with SiOq dielectrics (both EBI and BCI) and tppr=3.0 nm and tpcr=12 nm for a few Vpg
values. As expected, the injection point z;,; moves backward as Vpg is increased due to the
larger conduction band bending. The electron concentration is calculated according to the
relation n(z) = Jo/(q-vz(z)), where Jo is the GBT collector current density simulated with the
electrical model presented in Sec. 4.3 and v, (x) is given by the Monte Carlo simulation. In the
EBI, n(z) decreases along z (Fig. 4.31(a)), because electrons are accelerated (Fig. 4.31(b)) by
the strong electric field. In the BCI, instead, the electron concentration and the average velocity
along x are essentially constant. These simulations verify the important assumption made in
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Figure 4.31: Average electron concentration (a) and average electron velocity (b) along a GBT
device with EBI and BCI made of SiO2 (tppr=3.0 nm, tpor=12 nm) for a few values of Vppg.

the development of the model in Sec. 4.3.4, where we assumed a constant electron drift velocity
(v} 5 =v%;=107 cm/s) in the dielectrics when accounting for the space charge effects.
Simulations of GBT featuring different BCI materials confirm that the average electron
velocity is always in the order of 107 cm/s. As an example, Fig. 4.32 shows the electron con-
centration (a) and the corresponding electron drift velocity (b) along the transport direction in
a GBT with a 5.0 nm of SiO2 and 15 nm of alumina (Al,Og3) for a few values of Vo [134].
Scattering parameters of AloO3 are reported in Tab. 4.2. The average behavior of the electrons
moving in the device is similar to that in Fig. 4.31. The structure of this latter simulated GBT
is similar to the first realized GTB prototype, which uses AlyO3 as BCI [30] (see Sec. 4.7.1).
Furthermore, these results confirm that, by using v% B I:v%C ]:107 cm/s in the electrical model,
we are overestimating the space charge effects, since in the simulated dielectrics the electron
velocity is always larger and, thus, the related space charge effects should be smaller. Moreover,
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Figure 4.32: Average electron concentration (a) and average electron velocity (b) along a GBT
device with an EBI of SiOy and a BCI made of AlsO3 (tgpp;=4.0 nm, tgcy=15 nm) for a few
values of Vgop and Vgp=5 V.
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Figure 4.33: Electron energy (a) and probability distribution of the angle of incidence € (inset
in Fig. 4.27) (b) at the EBI/GR interface (z=0 in Fig. 4.27). Ballistic electron transport is
reported as a reference in plot (a) (dashed line).

Fig. 4.14 already showed that no drastic fr drop is seen down to v4=>5-10% cm/s, reassuring
us on the assumed drift velocity and on the possible impact of the v%c ; variations due to the
different exploited BCI materials.

By considering again the GBT of Fig. 4.31, Fig. 4.33(a) shows the average kinetic energy
of electrons at the EBI/graphene interface computed with (solid line) and without scattering
(dashed line). Since the thickness of the EBI is quite limited, scattering induces only a small
energy relaxation in the EBI layer. Fig. 4.33(b) reports the probability density of the angle
0 (inset in Fig. 4.27) between the z axis and the electron velocity of the electrons hitting
the EBI/graphene interface from the insulator side. By increasing Vpgg, the distribution peak
approaches 0=0, since the electric field strongly directs all the electrons toward the base.

Concerning the transport in the BCI, for increasing Vpg, the average kinetic energy of
electrons entering the BCI is larger (Fig. 4.33(a)), hence, the average number of backscattering
events in the BCI increases, consequently increasing I5 and reducing ap (Fig. 4.34). In addition,
by increasing the BCI thickness, the field in the BCI decreases, leading to more backscattering
and further reducing ap (Fig. 4.34(b)). This reduction, however, is modest as can be easily
understood noting that in our model ap is given by (1—7), where r = I /I is the backscattering
coefficient in the BCI. For large ap values, r is small and large percentage variations of r result
in small percentage variation of ar (e.g. by changing tpcr from 10 nm to 20 nm, r varies by
28% whereas ap by 6% only; see Fig. 4.34(b) at high Vpg).

As for the tpcor dependence, by increasing the EBI thickness (tgpr) for given Vpg and
Ve, ap reduces as shown in Fig. 4.34(a), since the electrostatics of the device leads to a lower
electric field in the BCI. Furthermore, optimized GBTs typically feature different materials for
the EBI and BCI (see Sec. 4.6). In this case, by denoting with xgpr and xpcr the affinity of
the EBI and BCI, respectively, a conduction band discontinuity AE=(xpcr-XEBI) iS present
at =0 (Fig. 4.27). In this respect, for AE>0, the average kinetic energy of electrons entering
the BCI and the fraction of electrons that suffer backscattering increase, further reducing ap
(Fig. 4.34(a), empty symbols). Hence, the use of dielectrics with very different affinities can be
detrimental for ap.
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Figure 4.34: ar versus Vpg for different EBI thickness (tgpr) and AE for tpor=12 nm (a) and
for different BCI thickness (tpcr) with tgpr=2.0 nm (b). In all the proposed configurations,
SiOy parameters (Tab. 4.2) are used both for EBI and BCI, with the only exception of the open
symbols in plot (a), which are obtained enforcing AE=1 eV by imposing a different affinity
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4.6 Optimization of GBT devices exploiting realistic dielectric
materials

After the preliminary study of the GBT performance done in Sec. 4.3.3, we performed an ex-
ploration of the design space considering realistic materials for both the EBI and BCI, with the
alm to maximize the RF GBT performance.

Table 4.3: Parameters used to simulate the optimized GBTs. my is the tunneling mass inside
EBI and BCI to calculate the tunneling current. Collector metal is Ti.

DEV. 1 DEV. 2 DEV. 3
Emitter Si Ti Si
Np [em™3] dM [eV] Np [em™3]
1019 4.33 10
EBI Taz O35 SiCOH Taz 05
BCI TazO5 SiCOH SiCOH
my [mg] 0.5 Ref. [135, 136] 0.5 0.5
k [e] 25 Ref. [137] 2.5 Ref. [138] 25 /2.5
®p5 [eV] 0.36 Ref. [139] 0.53 Ref. [138] 0.36
M [eV] 4.33 4.33 4.33
tecr [nm] 12 12 12

The analysis in Fig. 4.7(b) pointed out that dielectrics with large k values ensure large J¢ for
Si—emitters devices. Therefore, to design an optimized Si—emitter GBT structure, we selected
TapO5 as EBI and BCI, because its large k value and the small conduction band (CB) offset
with respect to silicon can boost the GBT performance [139]. We assume a Si emitter doping
of Np=10" cm™3 and a BCI thickness of tpcr=12 nm, that ensures that the Neutrality Point
(NP) of graphene is positioned at relatively low Vg (see Fig. 4.6).
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Figure 4.35: Jo (a) and gy, (b) as functions of Vg for a few tgpr in DEV. 1.

Figure 4.35 shows the calculated Jo (a) and the transconductance g, (b) of the GBT de-
scribed above (hereafter referred as DEV. 1). In particular, assuming tgpr < 2 nm, Jo and g,
reach very large values. For Vg > 1.5 V, J¢ is rather independent of tgpr since it is limited
by the high current effects (h.c.e.) induced by the charge in the BCI. To simulate DEV. 1, we
used the model parameters listed in Tab. 4.3.

Figure 4.7(a) shows that GBTs with metal emitter are expected to have better performance
if low—k dielectrics are selected for the EBI and BCI layers (at least until h.c.e. do not start to
degrade the GBT operation). Hence, to design an optimized metal emitter GBT (hereafter re-
ferred as DEV. 2), we select a low—k material for the insulators (i.e. SiCOH, [138]). Furthermore,
we assumed Ti emitter and collector.
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Figure 4.36: Jo (a) and g, (b) of DEV. 2 as functions of Vpp for a few tgp;.

Figure 4.36 shows J¢ (a) and gy, (b) for DEV. 2, simulated by using the model parameters in
Tab. 4.3. We note that, by assuming similar EBI and BCI thicknesses in the two devices, Jo and
gm of DEV. 2 are lower than in DEV. 1 (see Fig. 4.35). This is due, first, to the smaller tunneling
barrier between Si and TasO5 (0.36 €V) than between Ti and SICOH (0.5 eV) and, second, to
the band bending in the Si emitter: it lowers the energy barrier height for the electrons that are
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Figure 4.37: Comparison of fr values of DEV. 1 (filled symbols) and of DEV. 2 (open symbols)
as a function of Vg for different EBI thickness.

tunneling at the emitter Fermi level (see Fig. 4.8), thus increasing Jc.

Figure 4.37 reports the simulated fr for DEV. 1 (filled symbols) and DEV. 2 (open symbols).
As it can be seen, DEV. 1 shows larger fr values than DEV. 2 for similar EBI and BCI thick-
nesses. This reflects the larger current of DEV. 1. This latter shows fr values up to 10 THz,
but also for DEV. 2 THz operation is reachable by the intrinsic device.

10° T T T
Full: DEV. 1 (Vg=1.0V) @t=1.5nm

Open: DEV. 2 (V=125 V) Atg=2.0nm

Figure 4.38: Intrinsic voltage gain ¢,,/gq as a function of Vo for a few values of the EBI
thickness, for DEV. 1 (filled symbols) and DEV. 2 (open symbols) GBTs.

Furthermore, Fig. 4.38 compares the intrinsic voltage gains (g.,/g4) and, now, DEV. 2 (open
symbols) shows better results. In particular, the metal emitter GBT can reach a g¢,,,/gq of about
20, while for the Si emitter case, the gain is rather low (=4).

In spite of the large g, the low intrinsic gain for DEV. 1 is due to the high output con-
ductance g4, that is much larger with respect to that of DEV. 2, as demonstrated by Fig. 4.39.
Indeed, the use of a high—k BCI induces a large capacitance coupling between the collector and
the base. The base potential can be largely influenced by the collector bias, thus increasing
the output conductance of the device. This problem can be alleviated by integrating in the
Si—emitter GBT structure a BCI with a lower k value, as demonstrated by Fig. 4.40, where we
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Figure 4.39: Output conductance g4 versus Vog for DEV. 1 (a) and DEV. 2 (b).

simulated a Si emitter GBT with TapOs EBI and SiCOH BCI (DEV. 3 in Tab. 4.3). The use of
a low—k BCI increases g4 and, consequently, the gain. In fact, g,,/gq for DEV. 3 is around 50 in
the best case (Fig. 4.40(b), red triangles) that is one order of magnitude larger than for DEV. 1
(Fig. 4.38, open symbols). DEV. 3 also achieves a maximum f7 above 1 THz (Fig. 4.40(a)). In
this case the lower dielectric permittivity of the BCI in DEV. 3 makes it more prone to h.c.e.
than DEV. 1.
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Figure 4.40: Cutoff frequency (a) and intrinsic gain (b) for DEV. 3.

4.7 Comparison with experiments

In this section we summarizes the comparisons between the simulation results and the available
measurements, that have been done with the aim to verify and calibrate the developed models.
In the beginning (Sec. 4.7.1) the model has been compared with the first GBT prototypes
available in literature, while later, in Sec. 4.7.2, we report simulations of more advanced GBT
exploiting bilayer stacks as EBI, namely engineered barriers that have been fabricated in order
to overcome the poor performance of the first samples.
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4.7.1 First GBT prototypes

The first experimental GBT devices have been fabricated at the Royal Institute of Technology
(KTH) of Stockholm [30]. The samples have a structure formed by an n-doped silicon emitter,
a silicon dioxide (SiO2) EBI, an alumina (AlpO3) BCI and finally a titanium (Ti) collector. The
doping concentration of the emitter is Np = 10%e¢m™3. The fabricated GBT samples differ
from each other by the base-collector oxide thickness (tpcr) and by the area of the devices. The
fabrication process is made to be compatible with the normal silicon CMOS technology: the
silicon dioxide is grown thermally on the n-doped silicon emitter realizing the tunneling barrier,
while the BCI is deposited on the monoatomic graphene layer and finally the metal collector is
made with titanium/gold through evaporation. The silicon oxide (kgp;=3.9) is grown on the
silicon emitter, hence the electrons injected from the emitter see a @g pr=3-1 eV base-emitter
barrier, while the use of alumina (kpcy=10) as base-collector oxides imposes a barrier height of
@gc 1=2.68 eV, which are relatively high energy barriers with respect to those simulated in the
previous sections. The whole parameters used to simulate these devices are listed in Tab. 4.4.
The first simulated device has a 5 nm base-emitter oxide thickness (tgpr), while tgor=16 nm
with an area of A=3600 um?. Figure 4.41 shows the comparison between the experimental

Table 4.4: Parameters used in the simulations of Figs. 4.41 and Fig. 4.42.

T 300 [K]
MEBI, MBCI 0.5 [mo}, 0.25 [mo] Ref. [140]
keBI, kBCI 3.9, 10 Ref. [141]
B, 25, 3.1, 2.68 [eV] Ref. [141]

mp 4y/mamy + 2my

me 0.19 [mo]

my 0.919 [mo]

N¢ 2.800 - 109 [em ™3]

Ny 1.040 - 10'° [em 3]

€E 11.7 [eo]

XE 4.05 [eV] (Silicon)

M 4.33 [eV] (Titanium)

O—o0J. exp.
e—e J_ exp.
— — Jg=J. simulation

teg=5nm (SiO,)
tgo=16nm (ALO,)

Area:1l 600um2

Si emitter: ND=1O15

-3
cm 7/
/

Ve V]

Figure 4.41: Comparison between an experimental device and the model: collector current Jo
and emitter current Jg as a function of Vg for a few biases Vop.
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currents and the simulated ones as a function of the base-emitter voltage. In the experiments,
we can see that the emitter current increases rapidly after a certain Vg bias: we identify in
this point the typical transistor threshold voltage and it indicates the voltage at which the
electrons injected from the emitter see a small tunneling barrier to allow a significant current
flux; under these conditions the Fowler—Nordheim phenomenon is taking place. This leads to a
high Ipon/IorF state ratio. As already mentioned in Sec. 4.5, these first measurements highlight
that the emitter current is a few orders of magnitude larger than the collector current. This
suggests that the base current actually is not negligible at all and it has a strong influence on the
output collector current. Unfortunately, this is a general trend in all the fabricated prototypes,
that need to be improved in the next fabrication runs (see Sec. 4.7.2). Consequently, in Fig. 4.41
we see that the simulated collector current is far from the measured one (since we are neglecting
the base current Jo = Jg), even though the trend and the profile of the curves is quite similar.
Hence, the most interesting comparison is that between the emitter currents; indeed, in this
case, the simulated Jg is close to the experiment, with very similar trends, thus verifying our
tunneling model. The good agreement between the measured and simulated Jg indicates that
the base current is mostly due to the capture in graphene of the electrons injected from the
emitter rather than the hole injection from the base.
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Figure 4.42: Comparison between the experimental [30] and simulated current densities as a
function of Vgg. Model parameters are reported in Tab. 4.4.

Figure 4.42 shows again the experimental currents as a function of Vpg for a few values of
Vep for a second GBT with 25 nm of AloO3 as BCI. Although worse that Fig. 4.41, the agreement
between the simulated currents and the measured Jg is satisfactory. Again, the sample shows
very large Jp and J¢o cannot be reproduced by the model. From this largest set of measurements,
we calculated the ap values (Fig. 4.43(a)) that can be simulated with Monte Carlo simulator
presented in Sec. 4.5, in order to evaluate the impact of the electron backscattering on the
formation of the base current. The used scattering parameters are reported in Tab. 4.2, for both
the SiOy EBI and the Al,O3 BCI, where the AloOj3 acoustic phonon scattering deformation
potential Cg,. is tentatively set equal to that of SiOs.

Simulated ap are reported in Fig. 4.43(a). Similarly to Fig. 4.34, as Vgp increases, the
kinetic energy of the electrons entering in the BCI conduction band increases, thus enhancing
the probability of the electron to be backscattered in the graphene base. On the other hand,
by increasing Veop, the increase of the BCI electric field favors the electron drift toward the
collector terminal, leading to higher ap. Such Vpg and Vop dependencies are consistent with
those of the experimental ar (Fig. 4.43(b)) [30]. However, these latter values (1073 + 7x1072
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Figure 4.43: Simulated (a) and experimental (b) ar as a function of Vg for the GBT reported
in Figs. 4.42. Material parameters used in the simulations are listed in Tab. 4.2.

[30, 77]) are much lower than the calculated ar values (0.5 <+ 0.9, Fig. 4.43(a)). Anyway, the
simulated af are still small enough to pose a severe limit to the GBT static performance.

If the scattering probability in the BCI is increased by choosing C,. as high as 10 eV, we
see a decrease of ap (compare triangles vs. circles in Fig. 4.44(a)), but not enough to match
the measurements. Moreover, the dependence of ar on Veop becomes weaker (Fig. 4.44(b)),
since the larger probability of backscattering due to the increase of C,. contrasts the effect of
the higher electric field, but this is in contrast with the experimental trend. Hence, this Cg,
increase is not a viable strategy to match the measurements.

We also tried to increase the conduction band mass in AloOs up to 0.6mg (possibly justified
by the large electron-phonon coupling in AloO3 [133, 142]) that indeed lowers ap, but again not
enough to match the experiments, as illustrated in Fig. 4.45. This indicates that backscattering
is important for the I formation but it is not the only component that contribute to the very
low measured ap, at least for these GBT devices.

0.9 _' T .CaeBCI=2'1 V[T T T T . 1
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Figure 4.44: Simulated ar as a function of Vpg (a) and Veop (b) for the GBT of Fig. 4.42. C,e
of BCI is used as a free parameter.
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Figure 4.45: Simulated ar as a function of Vpg (a) and Vep (b) for the GBT of Fig. 4.42. In
this case, mpcy is used as a free parameter.

4.7.2 GBT devices with bilayer EBI

Due to the poor collector current achievable by the first GBT prototypes (Sec. 4.7.1), in [61],
bilayer tunnel barriers have been proposed as EBI for GBTs, where a thin interface layer (IL)
is combined with a thick low—barrier dielectric (LBD) [61, 113]. Fig. 4.46 shows the conduction
band diagram along the transport direction of this improved GBT structure.

We remind that bilayer tunnel barriers can improve the ON/OFF tunnel current ratio and the
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Figure 4.46: Conduction band diagram along the GBT structure. The EBI stack is made of
a thin high-barrier interfacial layer (IL) and a thicker low—barrier dielectric (LBD). The inset
shows the sketch of the device cross section.
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program /retention performance of non—volatile memories [143, 144]. When the GBT is switched
off (small Vzg), the thick LBD prevents tunneling (see Fig. 4.47(a)). For large Vpp, instead,
due to the band bending that pushes down in energy the conduction band (CB) of the LBD, the
emitter electrons cross a very thin tunnel barrier (the IL alone, Fig. 4.47(b)), thus resulting in
very large emitter currents. Furthermore, concerning the BCI, the use of amorphous Si improves
the ap value with respect to the first GBT prototypes (see Sec. 4.7.1) featuring high—k dielectrics
[30, 31, 61, 77], because of the much smaller actual tunnel barrier. Cristalline silicon should give
even better results but the immaturity of chemical vapor deposition of Si still prevents to achieve
high quality silicon films on top of graphene [145].

(b)

(a) OFF ON

GRAPHENE
GRAPHENE

EFSi

EMITTER
EMITTER

Figure 4.47: Conduction band diagram at the emitter/EBI interface during the OFF-sate (a)
and ON-state (b). When Vpg is not sufficiently high, electrons from the injection level of the
emitter (dashed line) face a very thick energy barrier due to both the IL and LBD (b), avoiding
the electron tunneling. During the ON-state instead (a), the applied Vppg is such as to lower
the LBD under the emitter injection level. Hence, injected electrons from the emitter face with
the only very thin IL energy barrier, consequently increasing the collector current.

Thin thulium silicate (TmSiO) or SiO3 (0.5 nm) films have been grown as IL. TmSiO is a high
quality dielectric that ensures a good interface to the Si emitter [146]. As for the LBD, TiOy and
Al03 have been used because of their large electron affinity (i.e. small tunnel barrier) and high
relative permittivity (small electrical thickness) [147]. The Si/TmSiO/TiO2/graphene stack has
also been used to fabricate both Si/EBI/graphene capacitor (SIG) and a complete GBT structure
by adding the amorphous Si layer as BCI [146]. As stated above, amorphous Si (a—Si) yields
a very small tunnel barrier with respect to the emitter, thus favoring the electron transport.
Table 4.5 summarizes the nominal structure parameters of the SIG, Si/Insulator/Metal (SIM)
capacitors and GBT samples measured in [31]. All the samples and the corresponding electrical
characteristics have been fabricated and done in KTH of Stockholm.

To calculate the I-V characteristics of the test structures, we improved the electrical model
of Sec. 4.3. We extended the model to handle EBI stacks featuring two dielectric layers. In
order to simulate the simple SIG structures, we just remove the contribution of the BCI section
to the electrostatics and the current of the device. To simulate the SIM stacks, instead, we use
the tunnel model for MOS structures of [148]. To have a complete overview of the performance
of these alternative structures, we later calculate the ap=I¢/Ig by means of the Monte Carlo
simulator presented in Sec. 4.5. Concerning the transport in the BCI, this latter is modeled
as crystalline silicon, accounting for scattering with inter—valley optical phonons and intra—
valley acoustic phonons [149] and neglecting possible grain boundary related collisions. This
assumption leads to underestimate the scattering rate, but the calculation is nevertheless useful
because the final aim in the GBT fabrication is to grow a crystalline Si BCI, in order to minimize
the backscattering and optimize the device structure [145]. The scattering rates in crystalline
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Table 4.5: Dielectrics materials and their nominal thickness used in the fabricated test structures.

IL LBD BCI
Label Type || Material | trf Material | tgp || tBCI
[nm)] [nm] || [nm]

SIG-1L | SIG TmSiO 1.0 = = =
SIG-2L | SIG TmSiO 1.0 TiO, 9.5 =
SIM-A1 | SIM Si02 0.5 AlLO3 1.5 =
SIM-A2 | SIM Si02 0.5 Al,O3 3 -
SIM-T1 | SIM Si09 0.5 TiOq 4 =
SIM-T2 | SIM Si02 0.5 TiOq 8 =
GBT-E | GBT | TmSiO 1.0 TiOq 5.5 60

Si are calculated as [149]:

21kpT D2,.q? 2merr\° VaE
Sacu = ) : : 3 (441)
hpvg h 47
abs WDgpthnOPt 2qm€ff ’ V E+ EOPt
St = \—p— |- : 5 (4.42)
pEopt h 47

em  — (WDgpth(”opt + 1)) : <2qm€ff>3 ' M \/m} (4.43)
472 ’ ‘

ot IOEopt h

where merr = myg v/0.192 - 0.916 kg is the electron effective mass, Dy = 9 €V is the acoustic
deformation potential, p=2329 kg/m? is the density, vs=9040 m/s is the sound velocity, Dopt=1.1
x 10! eV/m is the optical deformation potential, E,pt=63 meV is the optical phonon energy
while ngp = 1/[exp(qEopt/(kBT)) — 1] is the Bose-Einstein statistics. The electron wave—
vector after the scattering event is determined considering the Vogt—Herring transformation for
ellipsoidal bands:

kI = |k%|cos(¢)sin(0)y/my/mesy (4.44)
k:g; = |kf|sin(e) sin(0)y/my/mesy (4.45)
k= [k cos(8)y/m./mesy, (4.46)

where |kf| = \/2mc;pqE;(1+ aEy)/h is the final wave-vector after scattering, ¢ is the azimuth
angle randomly taken in the range [0 + 27| while 6 is the polar angle.

To calibrate the tunnel model, we first study the current—voltage characteristics of the SIG
structures. Figure 4.48 reports the measured current density (J, symbols) of the SIG capacitors
with a TmSiO single layer dielectric (SIG-1L, (a)) and with a double layer TmSiO/TiO2 stack
(SIG-2L, (b)) for different temperatures. We see that, for low applied biases (Vpp<1.5 V), the
LBD in the SIG-2L stack largely reduces the current with respect to the SIG-1L structure. At
large voltage (Vpp>2 V), instead, the two samples show similar J values, thus confirming that
in this regime the current is limited only by the thin IL, supporting the working principle of the
dual layer tunnel barrier proposed in [61].

The SIG-1L data (Fig. 4.48(a)) is used to calibrate the model parameters for the TmSiO
layer and a good agreement between the model and the experiments is achieved (also over
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Figure 4.48: Measured and simulated J-V characteristics at different temperatures (T") of SIG
structures with a TmSiO single layer (a) and a TmSiO/TiO3 double layer stack (b) as dielectrics.
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Figure 4.49: Measured and simulated J-V characteristics of the Si/TmSiO/TiOy/graphene ca-
pacitor (a) and of the GBT fabricated starting from the very same SIG stack as EBI and by
growing a 60 nm a—Si BCI on top (b). 7=300 K.

temperature) by using an electron affinity of y=1.1 eV, a tunnelling mass of m’ =mq (mg being
the free electron mass) and a relative permittivity of k=12 [146]. A better fit of the experiments
has been achieved by increasing the IL thickness to ¢;,=1.2 nm with respect to a nominal
thickness of 1 nm (see Tab. 4.5), which is compatible with the control limits of the deposition
process.

Having obtained the TmSiO parameters, we extract the TiOs parameters by comparing
the model with the SIG-2L measurements. Fig. 4.48(b) shows the good agreement between
the model and the experiments when using a TiOs electron affinity of x=3.8 eV and m”=my
[150, 151]. The TiO; relative permittivity is set to k=60 [152]. The extracted parameters have
been confirmed also by the comparison between the model and the measurement on a second
SIG-2L sample (Fig. 4.49(a)). In particular, for k=60, the model (solid green line) reproduces
correctly the slope of the experimental J-V curve (symbols).

After being measured, the very same SIG-2L structure in Fig. 4.49(a) was used to fabricate a
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Figure 4.50: Comparison between experiments and simulations of SIM structures exploiting
SiO9 as interfacial dielectric. The reported thicknesses are those that allowed us to reproduce
the experiments. The metal is Ti. T=300 K.

complete GBT, by growing, as BCI, a 60 nm a—Si layer on top of the graphene (GBT-E, Tab. 4.5)
[61]. Fig. 4.49(b) shows the emitter and collector current densities (Jg and J¢, respectively)
measured on the final device. The simulated Jg (dashed red line) reproduces well the experiment
(squares) by reducing only the TiOy permittivity to =20, while maintaining the other model
parameters as extracted from Fig. 4.48. The model cannot reproduce the measurements by using
a set of parameters that preserves the k=60 extracted in Fig. 4.49(a). Since the TiO2 electrical
characteristics are strongly process dependent [152], the TiOs permittivity reduction between
the SIG-2L and the GBT structure may be ascribed to the additional deposition steps and
thermal budget required to grow the a—Si BCI. Alternatively, this parameter variation may be
representative of other physical/electrical phenomenon (e.g. additional series/sheet resistance
due to the graphene degradation during the Si deposition process) that attenuates the voltage
drop across the EBI, reducing consequently Ip. In summary, the a—Si deposition decreases
the GBT current with respect to the SIG structure and, clearly, the BCI growth needs to be
optimized to maintain the electrostatics that ensures large GBT currents (Fig. 4.49(b), green
solid lines) [145, 153].

Nevertheless, it is also worth evaluating the potentialities of alternative dual layer EBI stacks
that could further boost Ip. Fig. 4.50 compares experiments and simulations of SIM structures
which integrate SiOg as interfacial layer, instead of TmSiO. The LBD is Al;O3 (Fig. 4.50(a)) or
TiOy (b). The kinks in the J-V curves of Fig. 4.50 are typical of the dual layer tunnel barriers
[143]. The simulations (lines) reproduce the experiments (symbols) by using ¢77, values in the
range 0.8-1.2 nm, once again slightly thicker than the nominal thickness (0.5 nm, Tab. 4.5).
This result suggests an overgrowth of the IL during the fabrication of the LBD. Furthermore,
the good agreement in Fig. 4.50(b) was obtained by using the same TiO2 nominal thickness
and model parameters calibrated on SIG samples. In Fig. 4.50(a) we extracted y=1.7 eV and
mT'=0.4mg for AlyO3, consistently with [147], and we used ;203=2 nm and t;203=4 nm for
the AlyO3 thickness of SIM—A1 and SIM—A2, respectively, instead of the nominal thicknesses of
1.5 and 3 nm (see Tab 4.5).

The current values of the SIM structures in Fig. 4.50 are larger than those of the SIG samples,
despite similar IL thicknesses. This is due to the smaller tunnel mass in SiOy (m? =0.5my, [147])
than in TmSiO. Hence, also these stacks, and especially the SiO2/TiO2 one, are possible good
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candidates for the EBI of high performance GBTs.

Fig. 4.49(b) shows that the experimental Jo is a small fraction of Jg, leading to ap values
around 0.2 at Vop=0 V [61]. Although much larger than those measured in Sec. 4.7.1 and
also reported in previous literature [30, 77] and not far from that of MoSs based transistors
measured under similar bias conditions [154], this ar value reveals that the base current is
again very large. Since a possible contribution to the base current is the backscattering of
electrons injected into the CB of the BCI, again we studied the electron transport through this
GBT by means of the developed MC model of Sec. 4.5. TiO4 optical phonon energies were set to
hwro1=108.6 meV and hwro2=45.4 meV [155], while for the BCI, we used the standard phonon
scattering parameters for bulk Si [149].

Figure 4.51 shows the average electron velocity (vayg) along the transport direction (z,
Fig. 4.46) of the GBT-E for a few Vpg values. x=0 marks the position of the graphene base.
At Vep=0 V (Fig. 4.51(a)), vavy is essentially constant along the BCI (2>0) and rather inde-
pendent on Vg, with a value in the order of 107 cm/s (see Sec. 4.5 [156]), again very similar to
the electron drift velocity assumed in the GBT electrical model of Sec. 4.3.4 when accounting
for the space charge effects. Instead, for Vop=4 V (Fig. 4.51(b)), vavg shows an overshoot near
the graphene/BCI interface at small Vpg, due to the BCI electric field that favors the electron
motion. For large Vg, no overshoot is seen because of the high energy and, thus, large collision
rate of the electrons entering the BCI, that limit vgyg.
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Figure 4.51: Monte Carlo simulation of the electron average velocity along the transport direction
in the GBT with a 60 nm a-Si BCI for Vop=0V (a) and Vop=4 V (b). =0 is the position of
the graphene base.

Figure 4.52 shows the ar values (dashed line) calculated from the experiment of Fig. 4.49(b)
and from the MC simulations (symbols). For low Vzg, the model (circles) cannot reproduce the
experimental ap, most probably because we are neglecting the direct capture of the electrons
by the graphene base. At large Vppg, instead, that is when the electrons are injected with
high energy in the BCI, the simulation matches the measurement. This trend suggests that,
at large electron energy: i) backscattering is mostly responsible for the ap degradation; ii) the
direct capture of the electrons by the graphene layer is much smaller than that at low energy,
consistently with the experiments in [157].

The common-base current gain is enhanced at large Vop (Fig. 4.52, squares) [156, 154]
and/or for reduced BCI thickness (triangles). Indeed, by increasing the BCI electric field, the
electron drift towards the collector is favoured (Fig. 4.51) and by thinning the BCI, carriers suffer
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Figure 4.52: Comparison between the experimental ap (dashed line) and the MC model at
Vep=0 V (circles). Simulations at Vop = 2V are also reported (squares). The triangles are
simulations of a GBT similar to GBT-E but with a BCI thickness reduced to 10 nm.

Table 4.6: Model parameters used to simulate the considered GBT structures with bilayer EBI.

EBI BCI
IL LBD

Mat. trr X Mat. | trBD X tBor

Label [nm] | [eV] [nm] | [eV] || [nm]
GBT-E | TmSiO | 1.2 1.1 | TiOg 5.5 3.8 60
GBT-A SiO- 1.0 | 0.95 | Al,O3 2 1.7 10
GBT-T Si09 1.2 | 0.95 | TiOq 4 3.8 10
GBT-O1 || TmSiO | 0.8 1.1 | TiO9 3 3.8 10
GBT-02 Si0q 0.5 | 0.95 | TiOq 4 3.8 10

less scattering events before reaching the collector, thus reducing the backscattering probability
(see also Fig. 4.34(b)). This creates an opportunity to optimize the GBT structure/bias to limit
backscattering in BCI and thus to reach competitive o values above 0.9 [154].

After the calibration of the material parameters in Figs. 4.48, 4.49 and 4.50, we simulated
the RF performance of the GBT-E. Fig. 4.53 shows the fp versus Jo curves of the GBT-E for
two Vo values (open and filled circles). To calculate Jo we used the experimental ap values
of Fig. 4.52. As it can be seen, the device reaches fr values up to at most one MHz, because of
the very limited emitter current Jg and the small ar value, that reduces the collector current.

To improve Jo and, hence fr, we designed and simulated template GBT structures with
optimized bilayer EBI stacks and BCI layer. Tab. 4.6 reports the layer thicknesses and the
model parameters (from Figs. 4.49 and 4.50) used to simulate the RF performance. Note that
the BCI thickness of these devices is 10 nm, much thinner than that of GBT-E, in order to
improve the ap value. We simulated these GBTs by considering arp ~ 1, that is close to the
simulations of Fig. 4.52 (triangles).

The optimized GBT-A and GBT-T feature SiO2/Al203 and SiO2/TiOy tunnel barriers,
respectively (see Tab. 4.6), because the SIM samples fabricated with these materials show very
large tunnel currents. As shown in Fig. 4.53, GBT-A and GBT-T reach much larger fr val-
ues than GBT-E and, in particular, GBT-T exhibits a cutoff frequency up to 10 GHz (filled
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Figure 4.53: Cutoff frequency as a function of Jo for the GBT configurations listed in Tab. 4.6.
Experimental data of maximum cutoff frequency achievable by recent HBT devices [158, 159]
are also reported for comparison.

triangles).

To thoroughly evaluate the potential of GBTs based on the TmSiO/TiO9 EBI, we simulated
also an optimized template GBT with a TmSiO IL scaled to a realistic thickness of 0.8 nm [146]
(GBT-0O1, Tab 4.6). GBT-O1 shows fr values of the same order of magnitude as GBT-T, but
the cutoff frequency does not overcome the 10 GHz limit (Fig. 4.53, squares).

Finally, we also designed a GBT with an optimized EBI stack with a SiOs IL scaled to an
aggressive value of 0.5 nm (GBT-02, Tab 4.6). The model (Fig. 4.53, open triangles) shows
that the GBT-02 structure can achieve very large Jo and fr values and, in particular, the
cutoff frequency reaches one THz, demonstrating the great potentialities of GBTs based on this
optimized EBI stack. It is worth nothing that, the fr roll-off typical of space charge effects is
not visible in the range explored by the simulations of Fig. 4.53 because of the relatively low
permittivity of the Si BCI, that limits the effect of the travelling charge (see Sec. 4.3.5). This
also contributes in obtaining large fr values.

From the trend of fr as a function of Jo shown in Fig. 4.53, it is clear that very high current
values are required to reach the THz range. However the GBT characteristics are comparable
with those of recent HBT devices (down triangles in Fig. 4.53 [158, 159]), which actually require
collector currents in the order of tens of mA /um? to achieve fr ~0.5 THz (see also Fig. 4.18).
Therefore, from this observation, we can predict that GBTs will show requirements in terms of
current similar to those of competing devices to reach the THz operation, while showing much
smaller space charge related effects.

4.8 Conclusion

In this chapter we introduced the structure and the operation principle of the vertical Graphene—
Base-Transistor (GBT). We then moved to illustrate the developed electrical model of GBT
devices, implementing silicon as well as metal emitter devices and estimating DC and RF per-
formance. We initially gave first guidelines for the choice of the dielectric permittivity (k) of
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the emitter—base insulator (EBI). In fact, low—k materials are preferred for metal emitter GBTs,
while high—k materials lead to better performance in silicon emitter case.

We later integrated the model taking into account the effect of the high space charge effects,
occurring at high current levels and limiting the maximum achievable cutoff frequency (fr).
The fr calculation shows that high current effects are not very critical for GBTs, mainly for
the reduced thickness of the base—collector insulator (BCI), and Terahertz (THz) operation are
anyway achievable by the intrinsic device. The effect of the graphene/metal contact resistance,
strongly impacting the RF performance in graphene—-based devices, has been also included, in-
vestigating on its influence on the unity power gain of the GBT.

The developed model has been compared with a simulator based on Non-Equilibrium Green
Function developed at the University of Bologna. In spite of the significant differences between
the two modelling approaches, the agreement is satisfactory, validating our simulator.
Furthermore, we developed a Monte Carlo simulator to investigate on the electron scattering
inside the dielectrics of GBT devices, verifying that the electron drift velocity is rather constant
inside the BCI and in the order of 107 cm/s, validating the important assumption previously
made in modelling high current effects.

The electrical model has been used to explore the design space of the GBT, assuming realistic
dielectric parameters. In particular, in order to have the best combination among the considered
RF figures of merit, we optimize the GBT structure by combining a silicon emitter and a high—k
EBI to favor the electron tunneling. At the same time, we used a low—k BCI to achieve low
output conductance and, consequently, high intrinsic voltage gain.

The last section of the chapter is instead devoted to the benchmarking of our simulators against
experimental measurements. First, concerning the comparison with conventional GBT pro-
totypes, the electrical model gives reasonably good agreement with the experimental emitter
current. Since the huge measured base current, the developed Monte Carlo model has been used
to investigate on the impact of the electron backscattering by the BCI on the formation of the
base current. Even accounting for the uncertainties on material scattering parameters, it is not
possible to reconcile simulations with experiments, indicating that other physical mechanisms
are responsible of the formation of the base current, but demonstrating the strong impact of the
electron backscattering on the common-base current gain ().

Advanced GBT devices exploiting bilayer dielectric stack as EBI have been also simulated by
means of both the electrical model and the Monte Carlo simulator. Simulations of the common—
base current gains pointed out how at large base—emitter biasing the electron backscattering
becomes the main limiting factor for the ap. Finally, simulations of optimized GBTs exploiting
engineered tunneling barriers and based on realistic technology have been performed, confirming
that the achievement of THz roperation is feasible for GBTs.



Conclusion and Future Work

Because of its outstanding properties, graphene has caught the attention of the scientific commu-
nity. In particular, the high carrier mobility observed in suspended monolayer graphene is very
interesting for nanoelectronic devices [36]. Graphene-Field-Effect—Transistors (GFETs) have
been extensively investigated for high-performance RF applications, enabling the achievement
of cutoff frequencies (fr) exceeding 400 GHz within a few years [11, 12]. Despite this incredible
quick progress, the absence of an energy bandgap in graphene limits their RF performance, be-
cause of the non—saturated trend of the device output characteristics. A further major drawback
of GFETSs is represented by the source (S) and drain (D) contact resistance, which severely re-
duces the extrinsic transconductance due to the non-ideal metal/graphene contact [16, 81]. The
latter, because of the technological issues in chemically doping the graphene [95], is normally
used to control the polarity of S/D regions via electrostatic doping [96]. Hence, it is fundamental
to account for these peculiarities of metal/graphene contact in the GFET simulation tools, in
order to provide reliable predictions of the device performance.

For this reason, we extended the Monte Carlo transport simulator for GFETSs developed at the
University of Udine [29], first implementing the effect of the metal/graphene Schottky contact
on the GFET electrostatics. A one-dimensional physics—based model has been developed to
describe the metal/graphene stack, also introducing an insulating layer to model the phenom-
ena occurring at the interface between the two materials. The Monte Carlo (MC) simulations
predict similar values of current for chemically and electrostatically doped GFETSs, providing
for the performance of the GFETSs using metal S/D contacts on top of undoped graphene.

We included the effect of the series resistance directly in the MC self-consistent loop, by means
of an efficient implementation that allows to save time with respect to previous used approaches,
which are based on the construction of the look—up tables through a large simulation set [88].
Instability issues, related to the mutual dependence between the transport simulation and the
electrostatics solver, have been tackled by the introduction of a damping algorithm in order to
limit the variation of the current at every iteration of the MC simulator.

To calibrate the simulation tools, reliable characterization technique to estimate the metal /graphene
contact resistance are needed. We investigated the so—called end—contact resistance method,
based on the commonly used transmission line model [105, 106]. Transfer length method (TLM)
structures, fabricated at the University of Siegen and inclusive of back—gated GFETs implement-
ing different metal contacts [81], have been measured, pointing out how the transmission line
model fails to fairly describe the metal/graphene contact in a specified back—gate voltage (Vp¢a)
range. A possible explanation about this failure, is the p—p™ junction resistance induced near
the contact and not considered in the model. Anyway, the extraction method has proved to be
reliable for very large and negative V pg values, when the junction resistance becomes negligible.
In future, the MC simulator dedicated to GFETs will be further improved, with the inclusion of
a model able to fairly estimate the metal/graphene contact resistance through an in—depth in-
vestigation of the physical mechanisms correlated to the metal/graphene interface. The studied
characterization technique will be fundamental for the development of such a model, that will

87
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allow the simulation of GFETs including realistic extrinsic series resistances and the prediction
of the RF device operation. The band-to—band tunneling (BBT) will also be included in the
case of electrostatic doped GFETS, since it is essential to reproduce the ambipolar behavior of
graphene in the output characteristics of these devices.

Vertical graphene transistors are considered as a valid alternative to the conventional and
more investigated GFETSs. Among the different concepts and device architectures, the Graphene—
Base—Transistor (GBT [22]) is one of the most interesting for high—frequency application. Due
to the early—stage technology, also for GBTs the development of physical-based models and
simulators is of prime importance in the understanding of the real RF potentialities. In fact,
despite the proof-of-principle of DC operation has been already demonstrated by the first fab-
ricated GBT prototypes [30, 77|, no experimental RF data are available yet.

In this thesis we have developed an electrical model for GBTs, capable of estimating both the
DC and the RF operation. It has been initially used to extract guidelines for the design of
the emitter material and the emitter-base-insulator (EBI). Simulations pointed out that low—k
materials for EBI are better when a metal emitter is used; in contrast, EBI featuring high-k
material results in higher tunneling currents combined with a silicon (Si) emitter. The structure
showing the best trade—off between different RF figures of merit features a Si—emitter combined
with a high-k EBI, to maximize the electron tunneling from the emitter, and a low—k base—
collector insulator (BCI), in order to maintain a limited output conductance.

By extending the electrical model with the detrimental effect of space charge phenomena occur-
ring at high current levels and affecting the maximum achievable fp, we verified that TeraHertz
(THz) operation is feasible for a wide design space. Furthermore, just like for GFETs, we have
investigated on the impact of the graphene/metal contact resistance on the unity—power—gain
(fmaz) of the GBT, showing that also for this device a low access resistance is essential to obtain
high fiqa-

Moreover, we developed a single—particle Monte Carlo simulator in order to investigate the elec-
tron transport in the GBT devices. This allowed to confirm the value of the drift velocity of
the carriers moving in the dielectrics of the GBT, assumed to be constant and in the order of
107 cm/s when accounting for the space charge effects in the electrical model.

The developed models have been used to simulate GBTs fabricated at the Royal Institute of
Technology of Stockholm (KTH) [30]. The electrical model shows current values that are in a
reasonable good agreement with the experimental current—voltage (IV) measurements. The MC
simulator has been instead used to assess the contribution of the electron backscattering in the
BCI to the formation of the base current, that is very high in experiments and largely limits the
value of the common—base—current—gain (ar). Anyway, it was not possible to well reproduce
the experimental values of a g, even accounting for the uncertainties of the material scattering
parameters. This indicates that other physical mechanisms are responsible for the very large ex-
perimental base current; the major contribution is certainly the direct capture by the graphene
base of forwarding moving electrons, that has been neglected in this work since the lack of a
consolidated theoretical framework to describe the perpendicular transport across a graphene
monolayer. Therefore, it is also important to fully understand and model the perpendicular car-
rier transport across the monolayer graphene, in order to investigate the possible impact of this
mechanisms on the device performance and how to improve the operation of vertical graphene
device concepts. Nevertheless, MC simulations pointed out that electron backscattering severely
limits the ap, suggesting that particular care must be taken in the choice of the BCI in order
to keep this mechanisms limited.

Advanced GBT devices featuring bilayer dielectric stacks as EBI have been also investigated by
KTH [31]. In this case, MC simulations have shown how the electron backscattering becomes
the most important contribution to the base current at high base—emitter voltages. After the
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calibration of the electrical model with IV measurements, we simulated optimized GBT configu-
rations exploiting engineered tunneling barriers and based on realistic technology, giving reliable
guidelines for future samples fabrication and confirming the potential of this device to reach the
THz range operation.

However, the potential of the GBT remains to be demonstrated experimentally and the major
effort should be spent to improve and optimize the dielectric fabrication processes. An additional
option could be the exploitation of the GBHT device concept [79], for which the formation of
ultra—thin dielectrics on top of graphene is not required [80].

Thanks to the huge effort made to investigate the graphene—based devices (both theoret-
ically and experimentally), it starts to be clear that graphene cannot fully satisfy the initial
expectations. For this reason, the scientific community is intensively investigating other two—
dimensional (2D) materials (from metallic to insulating) beyond graphene, i.e. Transition Metal
Dichalcogenide (TMD) materials, phosphorene, silicene, germanene, etc [66, 160, 161, 162]. Even
though it is still complicated to understand the real potential of these novel materials in na-
noelectronics, it is clear that they have very promising perspective in several industrial fields.
The fundamental role of this thesis is to have built—up a set of simulation tools that must be
necessary extended to other 2D materials. Indeed, graphene has opened literally a new world
being the pioneer of 2D materials. The research on 2D materials has just started!

“Graphene is dead, long live graphene”, Andre Geim.
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