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1. INTRODUCTION

Over decades dynamic evolution is witnessed in semiconductor electronics industry following
Moore’s law. Continuous scaling of Silicon in MOSFETs was the key to this success, but further scaling
leads to short channel effects reducing its efficiency. International roadmap of semiconductor (ITRS) has
indicated that graphene as a potential material for future electronic devices. Graphene an allotrope of carbon
with sp2 hybridization is a zero band-gap material. Two-dimensional era started when Geim and Novoselov
in 2004 were able to introduce this wonder material graphene detaching from graphite using a scotch tape
method [1]. This path changing material lead to Nobel Prize in 2010 for the scientists who discovered it and
gave a lot of impetus to the scientific community to look beyond silicon and germanium as materials in
semiconductor industry. Since its inception in 2004, many researchers have tried to explore the potential
capabilities of graphene. High carrier mobility, high carrier concentration and high velocity saturation are the
exceptional properties of graphene which can outperform silicon in many higher end applications. But some
of the limitations such as zero band-gap will result in lower lon/loff, leading to lesser digital applications.

Any material’s success depends on integration process in semiconductor industry which is complex
and expensive. So, evaluating its performance in process, device and circuit level is a key requirement. We
propose a numerical model to optimize performance parameters and also an analytical model approach to
assess its capability accurately. We also prove that graphene has the capability of performing well at shorter
channel lengths without affecting ambipolarity nature.

Graphene is an excellent option beyond Silicon [2-4] for high frequency electronic devices where
turning off the device is not a prime concern. The potential of graphene for radio frequency devices is well
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demonstrated at shorter channel length and the intrinsic cutoff frequency as high as Giga hertz is
demonstrated [5-7]. Capability of graphene field effect transistor for digital application is also emphasized [8,
9]. There are physical models developed from device physics for GFETs [10, 11]. The first Physics based
model [12] provides a qualitative information about thermionic and tunneling transport in GFETs. The Drift-
Diffusion model presented in [13, 14] shows kink effect in the characteristics of GFETSs, Quasi analytical
approach is employed for GFETs which has a large area [15]. Virtual source model is also developed for
graphene field effect transistors [16], Large signal model is successfully implemented in [17, 18]. The main
contribution for this work is from paper [19], where a compact model based on physics is developed using
the concept of virtual source method. Carrier transport in both drift diffusion and ballistic is modeled
considering Verilog-A to find the simulation results. This is done for a monolayer graphene field effect
transistor. We also have implemented a bilayer graphene field effect transistor and the main contribution is
from paper [20]. An accurate compact model is developed for a bilayer graphene FET. The model is based
upon 2D density of states and is implemented in Verilog-A. This paper is organized as follows. Research
method is discussed in Section Il followed by results and discussion in Section Il1. Conclusion is provided in
Section IV.

2. RESEARCH METHOD

The methodology followed for drain current modeling is shown in Figure 1. The steps followed are
extraction of parameters using atomistic modeling [21] using MATLAB and then device modeling is
performed using carrier transport mechanisms. Finally drain current model for monolayer and bilayer is
developed and implemented in Verilog-A of cadence.
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Figure 1. Bottom up approach methodology for modeling graphene field effect transistor

2.1. Atomistic modeling
2.1.1. Bandstructure and density of states

The structural energy band of conventional semiconductor is parabolic whereas that of graphene is
cone shaped. It can also be seen in conventional semiconductors that there is a band-gap of size Eg between
the valence and conduction band whereas graphene has a zero band gap as shown in the Figure 2. However,
band-gap can be induced in many types of graphene based devices such as Bi-layer GFET and graphene
Nano-Ribbon.

IRAC POINT

Figure 2. Bandstructure of graphene
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Density of States(DoS) for graphene is different as it a two dimensional material and it is given by

_ 2|E-Ecv|

D(E) x(hvf)?

(1)

Where D(E) is Density of States,h is reduced plancks constant and vf is Fermi Velocity.

2.1.2. Quantum capacitance

Quantum capacitance Cq is the intrinsic charge storage when a potential is applied most commonly
small signal. Quantum capacitance is dependent on the channel potential which is numerically modeled and
plotted using MATLAB. Exact equation of Quantum capacitance [22-23] is given by

20°KT ( chhj
Cq = In| 2| 1+ Cosh
4= ) { HeosChr )

Approximation equation for graphene [16] used is as shown in
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Where q is the electronic charge, KT Boltzmann constant, Vch is the channel potential.

2.1.3. Charge density

Charge density is an important parameter for a semiconductor. Charge density is related to Density
of States and Fermi Dirac probability and is explained in:
Electron density n is given by

n= TD(E) f (E)dE 4)

Ecv

Where D(E) is Density of States and f (E) is a Fermi Dirac probability.
Expression for electron(n) and hole density(p) is approximated as

_ 2(KT)* . ,—qVch

n_ﬂ(hvf)z “Og ) (5)
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So the most important parameter modeled for a drain charge transport [24] is
Qt=q(p+n) (7

2.1.4. Mobility calculation

The most fascinating property of graphene is its mobility.The mobility of holes is approximated
with that of electrons in many works. As it is found experimentally that mobility of electrons is not equal to
mobility of holes, we are considering distinct mobility. The mobility effectiveness e is given by.
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Where ,, is the mobility of electrons, pp is the mobility of holes.

2.1.5. Velocity saturation

When a high electric field is applied to a graphene channel, the maximum drift velocity the charge
carriers can attain is velocity saturation [25]. Velocity saturation is considered to be inversely proportional to
channel potential and has proved to provide accurate results but at low channel potential velocity saturation is
found to be extremely high.

2.2. Device modeling and developing drain current model

There are various categories to which we can classify graphene field effect transistors (GFET),
starting from how graphene is prepared as either by process of exfoliation, CVD growth or epitaxial. We can
also choose the type of GFET based on the applications it is used for. Large area monolayer graphene FET
having zero bandgap can be used for RF applications. Logical applications require a minimum bandgap to
operate; hence it is difficult to make use of monolayer GFET. So, efforts have been made to induce a
bandgap between conduction band and valence band leading to other types of GFET namely Bilayer GFET
and Graphene nanoribbons which can be again classified as armchair or zigzag based on its pattern.

2.2.1. Monolayer graphene field effect transistor

Carrier transport modeling is most of the times based on Drift Diffusion concept, but one of its
prime limitations is that it is not valid for a short channel. At MIT, an alternate approach is developed called
as virtual source concept for GFETs [19]. This type of model holds good for all regions of operation, both for
unipolar and bipolar [19]. As we know that most of the times gradual channel approximation is considered,
but here we rely on the charge sheet approximation, so that it is valid for large area as well as short channel.
The carrier transport regime that it has to work is from drift diffusive to ballistic transport.

As per the approximation based on charge sheet, normalization by width is done for drain current, in
case of MOSFET, the product of carrier velocity between the source and drain and density of charge gives
the drain current [22].

Id /W = Qix0Vvx0 ©)

Where width of the channel is given by W and Qix are the concentration of electron and hole
charges, Vx0 is the carrier velocity.

The structure of monolayer GFET is shown in the Figure 3(a). On a wafer made of heavily doped
silicon, a thick layer of SiO2 is deposited, on this layer above, graphene channel is laid. As a contact to this
graphene channel, source and drain electrodes are present. We know that the graphene channel conductivity
depends on both holes and electrons and it can be changed by varying the voltage of back gate. The dielectric
that is used for oxide of top gate is HfO2 which controls charge density.

2.2.2. Bilayer graphene field effect transistor

The schematic structure of Bilayer GFET is as shown in Figure 3(b). Another type of GFET
modeled is a dual gate Bilayer GFET. This is purely based on the physical mechanisms of graphene [20],
considering both unipolar and ambipolar transport regimes. It makes use of the 2-dimensional Density of
States of bilayer Graphene. The tuning mechanism is employed using back gate voltage. For Bipolar
Graphene Field Effect Transistor only drift diffusive mechanism is considered.
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Figure

3. (a) Schematic of monolayer and (b) Bilayer graphene field effect transistor

Ips = lpsp + Ibsn (10)

For the drain current, the contribution of electron (losn) and hole concentration current (lpsp) is

based on the drift-d

iffusion equation [20].

3. RESULTS AND DISCUSSION
3.1. Quantum capacitance and charge density

Approximated and exact value of quantum capacitance for varying channel potential is observed in
Figure 4. The approximated value is same as that of exact value for many values of channel potential and
hence the relative error is very less indicating that approximated value can be used without affecting the
accuracy. Exact equation for charge transport indicates the usage of charge density using Fermi-dirac
integral. Figure 5 shows an accurate result for the operation of graphene field effect transistor without using
electron hole puddles.
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Figure 4. Quantum capacitance against varying channel potential
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Figure 5. Charge density against varying channel potential

3.2. Tranfer characteristics of monolayer graphene field effect transistor

Transfer characteristics obtained for GFET is different from that of SIMOSFET. The transfer
characteristics Ip Vs Vgs, for various drain voltage Vps for 50nm and 450nm channel length monolayer
GFET is shown in Figure 6 and Figure 7 respectively. The Fermi level is in the conduction band when
positive voltage Vs is provided to the Graphene gate, this leads to conduction of charge carriers resulting in
drain current. Whereas when the gate voltage is reduced, Fermi level is shifted downwards, and this
decreases the electron concentration and hence the current. Fermi level position can neither be seen in
conduction band nor in the valence band, at a certain voltage called Dirac point where the conduction and
valence band encounter each other. We presume that current would be zero at this point, but it is not so, due
to electron hole puddles causes residual conductivity. At the Dirac point, the conductivity type changes from
n to p for negative value of Vgs. The current flow is because of holes instead of electrons. This phenomenon
of Graphene is referred to as ambipolar conduction and this property is used in RF application. The drain
current obtained for short channel 50nm is more for given Vs compared to that of long channel 450nm.
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Figure 6. Transfer characteristics of Ip Vs Ves GFET monolayer for a channel length Lg=50nm for varying
bias voltage Vps from 0.25 V to 1V
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Figure 7. Transfer characteristics of Ip Vs Ves GFET monolayer for a channel length Lg=450nm for varying

bias voltage Vps from 0.25 V to 1V

3.3. Tranfer characteristics of bilayer graphene field effect transistor

Inclusion of Back Gate results results in better control of polarity in the device as shown in Figure 8
and Figure 9. Back Gate Bias varied is from-60 to OV. In order to use the ambipolar property of graphene
better tuning is required which is satisfied by bipolar graphene field effect transistor. For a short channel as
the back gate bias is more negative, it attract the positive charges towards it and so higher values of Vgs is
required to obtain the current. Hence shifting of curves for various Back gate voltage can be observed.
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Figure 8. Transfer characteristics of Ip Vs Ves GFET Bilayer for a channel length Lg=50nm for varying Vgs
from -60 to 0, Vds=2V
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Figure 9. Transfer characteristics of Ip Vs Ves GFET Bilayer for a channel length Lg=450nm for varying Vas
from -60 to 0, Vds=2V

Int J Reconfigurable & Embedded Syst, Vol. 10, No. 1, March 2021: 56 — 64



Int J Reconfigurable & Embedded Syst ISSN: 2089-4864 a 63

4. CONCLUSION

Working of graphene field effect transistor in monolayer and bilayer is successfully
modeled.Performance optimization of parameters in graphene as a channel material in Field Effect Transistor
is presented.At device level the model works well for both short and large channel without degrading
ambipolar property.Further work is required to show the improved current saturation and also the capability
of GFET for digital applications. Comparison can also be done with other two dimensional materials.
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