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MoS2 belongs to the TMDs family and consists of a molybdenum layer sand-
wiched between two sulfur layers. This material appears in nature as molybdenite, 
and, like graphene, can be fabricated using CVD or exfoliation techniques. Unlike 
graphene, MoS2 properties are not all well‐defined, but its carrier mobility has been 
shown to have values up to 200 cm2 V−1 s−1 at room temperature and Young’s modu-
lus of 0.33 TPa  [19]. Different from graphene, MoS2 has a direct bandgap of 
1.8 eV [20], which means it can be used in devices that need to have an off state.

Due to the remarkable properties of these materials, their implementation on 
capacitors, inductors, and field‐effect transistors (FETs) has already been reported 
in numerous papers. In Sections 1.2, 1.3, and 1.4, the literature on these compo-
nents will be explored, regarding their physical implementation and the models that 
try to predict these components’ behavior.

1.2  Graphene Inductors

On‐chip inductors revolutionized RF electronics in the 1990s, but not everything is 
excellent. These inductors are planar and must have a large area, as dictated by elec-
tromagnetic laws, which means they cannot be downsized alongside standard tran-
sistors while maintaining high inductance density. In some cases, it is reported that 
planar inductors occupy up to 50% of an integrated circuit area. Thus, they hinder 
further miniaturization and integration. Finding new approaches to making these 
devices is imperative.

It is well known that the inductance is shape‐ and size‐dependent, but in gra-
phene a third factor can be explored, known as kinetic inductance. This material 
property arises from the inertia of charge carriers moving in alternating electric 
fields. Like all mass particles, charge carriers preserve their momentum, so when in 
an alternating electric field, it takes a finite time to change their momentum accord-
ing to the field, which manifests as kinetic inductance. It is not very important in 
conventional metals because their conductance is associated with higher carrier 
concentration and macroscopic thickness. The kinetic inductance manifests as an 
equivalent series inductance, adding to the geometric inductance associated with 
the shape/size. Therefore, materials with high kinetic inductance must be used to 
reduce inductor size while maintaining high inductance density. Graphene is being 
exploited as a possible solution to the inductance component miniaturization issue 
due to its atomic thickness and relatively high conductivity, based on high carrier 
mobility and low carrier concentration. Consequently, graphene has high kinetic 
inductance and a small footprint.

A multilayer graphene (MLG) inductor is proposed in [21], shown in Figure 1.1. 
The authors’ choice of using MLG is to ensure a lower quantum contact resistance 
(resistance associated with the interface between graphene and metal contact). This 
approach raises two problems: when compared with metals, graphene has a much 
lower conductivity; compared to SLG, the MLG exhibits reduced charge carrier iner-
tia due to interlayer coupling. Bromine intercalation is used to overcome these 
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1.4 2D Material   TTransistor 11

architecture reported in [27] uses receded gate geometry. It is adequate for liquid‐
gate transistors working as chemical sensors since, like in the bottom gate case; it 
leaves the channel accessible for the molecules in the solution. Moreover, it uses the 
EDLs formed at the solid–liquid interfaces as the gate dielectric, providing a super-
capacitor that allows operation at very low voltage, which is critical when dealing 
with biomolecules, cells, and microorganisms.

Graphene transistors (GFETs) have some unique characteristics. The first is that 
they cannot be turned off. Conventional transistors have a threshold gate voltage 
below which no current flows between drain and source and they are turned off. 
This property allows conventional transistors to be used in digital systems. On the 
contrary, GFETs do not have a minimum gate voltage to turn on; they have a specific 
voltage at which they exhibit the minimum IDS, which is called the Dirac voltage. 
The second unique property of GFETs is their ambipolar character. Whereas, for 
example, silicon FETs are either n‐ or p‐type, but not both simultaneously, because 
their doping is achieved by impurity doping, which acts as donors (n‐doping) or 
acceptors (p‐doping), but not both, GFETs can be seen as p‐ and n‐type transistors 
in the same device, whereby adjusting the gate voltage to the left or right of the 
Dirac voltage switches from p‐ to n‐type transistors. Although this is an obstacle for 
digital applications, it is possible to implement them in analog systems. These 
analog systems can be biosensors, flexible electronics, or radiofrequency circuits. 
The third unique property of GFETs stems from graphene’s very high carrier mobil-
ity, which is essential for developing transistors with high cut‐off (fT) frequencies or 
biosensors with exceedingly high sensitivity. GFETs with fT = 100 GHz were reported 
in  [28], and many others and the purpose of their investigation can be seen in 
Table 1.1. GFETs found in the literature are not easy to replicate, so further research 
is still needed to integrate these devices into a system.

Unlike GFETs, MoS2 transistors (MoS2 FETs) work like conventional FETs; they 
can be turned off. Therefore, MoS2 FETs can be used in digital systems, which makes 
them a possible replacement for silicon‐based transistors. MoS2 single‐layer FETs 
with fT of 6.7 GHz and fmax of 5.3 GHz were reported in [44]. Although the design 
frequencies and the carrier mobility in MoS2 are lower than those in graphene, the 
presence of a bandgap enables more significant voltage gain compared to GFETs. In 
another publication, by using a few‐layer MoS2, it was achieved a fT of 42 GHz and 
fmax of 50 GHz [20]. Although MoS2 FETs may look great, the low mobility of MoS2 
can be a limitation for their application in the higher frequency domain. The lack of 
models makes it difficult to predict the behavior of these devices, and the state‐of‐
the‐art of such devices is still too poor compared to graphene FETs. Further research 
is needed to understand the true potential of these devices.

1.4.2  Modeling of 2D Materials-Based Transistors

Simulating a device’s performance is a key success factor of modern electronics, and 
because of that, modeling GFETs plays an important role in helping researchers 
achieve GFETs’ best performance and understanding if their implementation in 
more complex devices is reliable, allowing for the substitution of silicon transistors.
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In this chapter, the authors use a fixed gm to simulate the S parameters, and 
because of that the generalization of this model becomes difficult since operating 
the GFET at the Dirac point is especially important to some applications, like the 
ring oscillator, and close to this point gm changes a lot.

In [46], the authors take a different approach. Instead of relying only on measured 
data, they try to predict the transistor behavior using analytical expressions as well 
as some tabulated values of the materials’ properties. With their work, the authors 
were able to implement a compact equivalent circuit that evaluates the value of Ids 
in the three working regions and verified the model against experimental DC data. 
The major difference between both models here presented, is that one relies on 
measured data to analyze RF performance, and the other using only theoretical data 
to predict the DC behavior of the transistor.

Reported in the literature are several models that try to predict the behavior of the 
GFET, and by taking different approaches, they can predict its behavior in a closed 
operation zone. To replace silicon, the GFET model needs to be standardized in all 
operation zones, allowing researchers and chip manufacturers to design and predict 
the device performance accurately.

The FOMs of GFETs are the cut‐off frequency (fT) and the maximum oscillation 
frequency (   fmax). The fT is defined as the frequency at which the magnitude of the 
small‐signal current gain is unitary (h21 = 0 dB). This FOM is usually extracted from 
the h21 parameter, which is obtained by the measurement and conversion of the S 
parameters of the device, using the following expression:
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Also, to predict the cut‐off frequency, it is generally used the following expression:
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The fmax is described as the frequency when the maximum available power gain 
(MAG/MSG) becomes unitary (MAG/MSG = 0 dB). This gain is not directly calcu-
lated, it must satisfy some conditions. By using the S parameters, the first thing to 
evaluate is the stability factor for all frequencies using the following expression:
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Afterward, comes the evaluation of all k’s. If all k’s are less than one (k < 1 for all 
frequencies), the MAG/MSG corresponds to the Mason’s Gain, and it can be calcu-
lated using the following expression:

If all k′s are not less than one, for each frequency must be evaluated if k is less or 
greater than one. If k is less than one (k < 1), the MAG/MSG corresponds to the 
maximum stable gain, and can be calculated using the following expression:

	MSG Maximum Stable Gain
S
S

21

12
	 (1.15)

If k is greater than one (k > 1), the MAG/MSG corresponds to the maximum avail-
able gain, and can be calculated using the following expression:

	MAG MSG Maximum Available Gaink k2 1 	 (1.16)

Finally, the MAG/MSG can be converted to dB by the evaluation of 10 times the 
logarithmic of each value of MAG/MSG (MAG/MSG (dB) = 10log10(MAG/MSG)).

Like for fT, there is a general expression used to try to predict fmax, and it is the 
following:
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1.5  2D Material Diodes

A diode is an electronic component that allows current to flow in one direction 
while it blocks transport in the reverse direction, thus rectifying the electric signal. 
The most common type of semiconductor diode is a p–n junction. The p–n junction 
induces an electric field in a space‐charge carrier with a depleted volume, which 
enables current rectification. There are homo‐ and heterojunctions, depending on 
whether both sides of the junction are made of the same or different materials. 2D 
materials junctions can be made 2D or 1D. Certain authors add a gate to the junc-
tion diode, to tune the chemical potential on one or both sides of the junction, thus 
improving the device performance.
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graphene sheet resistance, RG. In addition to the intrinsic region, the model also 
includes extrinsic parasitics.

1.6  Graphene Devices

Due to the high conductivity of graphene, GFETS can have large values of fT and 
fmax. Therefore, GFETs are becoming the focus of much research for RF devices like 
frequency multipliers, mixers, and oscillators.

1.6.1  Graphene Frequency Multipliers

Due to the V‐shaped transfer curve of GFETs, it is possible to obtain a frequency 
doubler when operating at the Dirac point. In simple terms, if a signal with DC bias 
equal to the Dirac point of the transistor is applied to the gate, Vgs, the output cur-
rent Ids has double the frequency.

In [42], a top/back‐gated against back‐gated frequency doubler is studied, show-
ing a significant improvement in the operating frequency from 10 to 200 kHz when 
the top gate is added to the back‐gated device. For the top/back‐gated device, the 
output power is concentrated at 400 kHz with a relative power of 75% Another fre-
quency doubler on a flexible substrate is reported [53], which achieved a spectral 
purity higher than 97% and a high conversion gain of −13 dB.

A W‐shaped transfer curve is obtained when two GFETs with different Dirac 
points are combined in series. When operating at different points of the W‐shape it 
is possible to obtain a frequency tripler or quadrupler. A frequency tripler is reported 
in [54] with spectral purity higher than 70% at an output frequency of 600 Hz.

A different approach is implemented in  [55, 56], where the W‐shaped transfer 
curve is achieved with a single GFET by biasing the back and top gates of top/back‐
gated transistors. In [55], a frequency tripler is studied, and a device with spectral 
purity higher than 90% was achieved at an output frequency of 3 kHz. In  [56], a 
frequency quadrupler with spectral purity of 50% at 800 kHz was reported.

1.6.2  Graphene Mixers

It is reported in [57] that it is possible to implement an RF mixer with operating 
frequencies up to 10 GHz while having a high conversion loss of 30 dB at 1 GHz 
using a single GFET. Another graphene RF mixer is studied in [58], where frequen-
cies up to 10 GHz and excellent thermal stability were achieved, with its peak per-
formance around 4.5 GHz and a conversion loss of 27 dB. In [59], the authors study 
the effects of reducing channel length on the graphene mixer. With this study, the 
authors concluded that the conversion loss increases by reducing the channel length 
while the IIP3 increases.
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