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Abstract— With further scaling of transistors becoming difficult due to the physical limitations of Silicon, alternate 
architectures and alternate materials are being judged to take the divine place of silicon in the electronics industry. Graphene 
has come out as a very promising element for this purpose. The paper aims at studying the properties of Graphene based 
transistors, its current industrial usage and comment upon the future prospects of such a device. 
 
Index Terms— Graphene, FET, Graphene Nano ribbon. 
 
I. INTRODUCTION 
 
Moore’s law predicted doubling of transistors in a 
dense integrated circuit every two years. This trend 
has been respected till now by the electronics world. 
But going forward, the industry will be faced with the 
difficulty to overcome the physical limitations of 
silicon. Due to these limitations, further scaling of 
transistors will not be possible. It is for this reason 
that the researchers have already started looking for 
alternative materials courtesy which, a completely 
new field of carbon based electronics has come into 
picture. Carbon Nano tubes, Fullerenes and Graphene 
are among the various allotropes of carbon which is 
seen as the possible substitute for the juggernaut 
silicon. In this study, we have investigated graphene 
as a possible core material and have attempted to 
predict the feasibility of such a device. 
 
II. FIELD EFFECT TRANSISTORS: AN 
OVERVIEW 
 
Ever since its discovery in mid-1930s, transistor has 
began the ultimate race leading us to the IT 
revolution and beyond. In 1926, when Julius Edgar 
Lilienfeld filed for patent for Field-effect 
transistors,little did he know the impact it would have 
in the future. Today as we know, FET or Field Effect 
Transistors have been developed in various shades: 
CMOS, JFET, IGBT, GFET, CNTFET and HEMT to 
name a few. What most of these devices try to 
harness are the amplification and switching 
capabilities.Switching constitutes the basis of digital 
logic and the ability to amplify signals has seen FET 
being used for various RF applications. 
Gate–source voltage VGS, decides whether FET is in 
the “ON” or “OFF” state. The Gate–source voltage 
VGS at which the transistor is just at the verge of 
turning on is the threshold voltage VTh. For n-channel 
FETs, VGS>VTH represents the ON mode and for p-
channel FETs, |VGS| >| VTH | represents the same. 
Taking an example of a FET we will concentrate on a 
CMOS inverter and study its properties in order to 
better understand the characteristics of such a device. 

CMOS dissipates power during switching and the 
circuit remains a closed circuit for rest of operation. 
The switching power of a CMOS can be represented 
by the equation (1) 

Power = Vdd*CL*f                        (1) 
Where Vdd is the positive supply, CL is the load 
capacitance and f is the switching frequency. Since 
this value is relatively very small, CMOS is ideal for 
use in complex IC circuits as high power dissipation 
and heating problems are avoided. 

 
Fig1: Circuit Diagram of CMOS Inverter. 

 
To study the effect of W/L (W=width of gate, 
L=Length of gate) ratio on CMOS characteristics, we 
simulatedthe circuit shown in Fig[2]. Theoretically 
the ideal condition is achieved when the equation 
(W/L) pmos=2.5(W/L) nmos is followed. Increase in 
W/L ratio of PMOS leads to increase in Id as shown 
in Fig[3] . This happens primarily due to decrease in 
the resistance of the circuit. The increase in width 
also increases the gate capacitance hence, limiting the 
speed of the circuit. 
 

 
Fig2:Schematic Circuit diagram of 3 different CMOS inverters 

in LTspice having different W/L (PMOS) and Bn/Bp ratio. 
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All the simulations for the CMOS inverter are done 
using the software LTspice. 
 

 
Fig3: Drain current characteristics of CMOS inverter for 

different W/L (PMOS) ratios. 
 
The inverter switching point is determined by the 
ration of Bn/Bp (Bn and Bp are the gain of N-tree and 
P-tree respectively). Fig [4] shows the output voltage 
characteristic of CMOS inverter for 3 different Bn/Bp 
ratios. When Bn/Bp=1, then switching point is at 
Vdd/2.Varying Bn/Bp shifts the transfer curve 
towards Vdd or zero but it doesn’t affectthe switching 
parameters and characteristic of the gate. Because of 
this robustness to process variations CMOS is widely 
used. 
 

 
Fig4: Output voltage of CMOS inverter for different Bn/Bp 

ratios. 
 
Another transistor parameter that is important for 
switching is the on-off ratio Ion/Ioff. For CMOS to 
work,high on–off ratios ~ (104– 107) are needed. 
Hence, competing elements must come close to this 
high Ion/Ioff ratio. Such high ratios can be achieved 
only if the channel has wide band gap and is 
conducting.(Si CMOS has a band gap of 1.1ev.) 
 
III. GRAPHENE AS A MATERIAL 
 
Chemically, graphene is an allotrope of carbon. This 
element has been known to mankind since long but 
the artificial production was achieved only in 2004 at 
the University of Manchester, UK. It is virtually two-
dimensional with “chicken wire” like hexagonal 
pattern and is pure carbon in the form of a very thin, 
nearly transparent sheet, one atom thick to which its 
two-dimensionality can be attributed to. Its lattice 
consists of regular hexagons with a carbon atom at 
each corner. 

 
Fig 5: Single layer crystallite of graphite visualized by Atomic-

Force microscopy. [2] 
 
 Also this material is almost transparent. Despite its 
light weight and atomic thickness, graphene has 
excellent electrical and heat conducting capabilities. 
The electronic industry is viewing graphene as a 
potential substitute for silicon due to the high density 
of the charge carriers which are highly mobile also.  
Another reason for the curiosity towards graphene is 
the unique nature of its charge carriers. The behaviors 
of its particles mimic that of the real world particles 
and can be ascertained by the Dirac function rather 
than the Schrodinger equation- which rules the 
condensed matter world. With respect to the 
electronics industry the two parameters, which are 
most important about graphene, are: 
 
1)BAND-GAP:  Graphene is a semimetal. It has zero 
bandgap. The valence and conduction bands of 
graphene are cone shaped and meet each other at the 
K point called the Brillouin zone. Because the 
bandgap is zero, the devices with channel of large 
area graphene cannot be switched off. And switching 
is an important transistor property. To incorporate the 
switching property i.e. to introduce a bandgap, many 
methods are available. The most promising of these is 
constraining the two dimensional graphene to one 
dimension to produce graphene nano ribbons 
(GNRs). The other methods include biasing bilayer 
graphene and applying strain to graphene.The 
problem here is;to produce a useful bandgap, the 
GNRs produced should have well defined edges. 
However our present manufacturing capability 
disables us to do so.  Also,  as we decrease the width 
of the GNR the band gap increases but at the same 
time the mobility decreases which was expected as 
per the trend for semiconductors. 

 
Fig 6: (a) Schematic band structures of Graphene. Ef is the 

cross over point. (b) Band structure of p-type Graphene. Ef lies 
in the valence band. (c) Band structure of n-type Graphene. Ef 

lies in the conduction band. 
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Fig 7: The Band structure around the K point for i) Large area 

Graphene ii) Graphene Nano Ribbons iii) unbiased Bilayer 
Graphene iv) Bilayer Graphene with an applied perpendicular 

field. 
 
2) MOBILITY: Graphene has high carrier mobility at 
room temperature. It is said that the graphene atoms 
acts much like photons because of the lack of mass. 
In absence of charge impurities a mobility of 200,000 
cm2 V-1S-2 has been predicted. The mobility in 
graphene is due to the activity of holes and electrons 
combined. Also the mobility (µ) weakly depends on 
the temperature and can exceed 15,000 cm2/Vs even 
at ambient conditions. 
 
IV. GRAPHENE FIELD EFFECT 
TRANSISTORS 
 
Over the last decade, a lot of effort has been put into 
realization of carbon based electronic materials. 
GFET is also a widely researched upon area and a lot 
of progress has been achieved in this field. Though it 
is too early to predict, it is not difficult to imagine the 
potential processing of such devices and eventual 
integration for SOC applications. Since Graphene has 
no band gap, transistors with large area graphene will 
conduct with minimal voltage and the switching ratio 
of the order 2 to 10: very less for an ideal transistor. 
The saturation velocity (Vsat) is estimated to be ~5 
times greater than normal MOSFETs. We will be 
using GNRs for all FET applications.  
 

 
Fig 8: A schematic of the top gated Graphene FET 

 
The different abbreviations that will be used are as 
follows: 

a) Vgs = Gate to Source Voltage 
b) Vds = Drain to Source Voltage 
c) Tox = Thickness of Oxide 
d) GNR = Graphene Narrow Ribbon 

 
Fig9: Variation of Drain Current (Id) subject to Vds and 

Vgsvariations [10]. 
 
At a fixed value of Vds and when Vgsis varied from 
low to high, current increases to a large extent as 
shown in Fig [9]. When there is no gate voltage, 
minimal current flows through the channel. As the 
gate voltage is increased the amount of carriers in the 
channel increases. This property of GFET conforms 
to standard MOSFET behavior. 
 

 
Fig10: The intersection point of Current and zero Gate Voltage 

mark the Dirac point of GFET [9]. 
 
Fig [10] shows the input characteristics of GFET with 
varying drain voltage (Vd). The point at which the 
curve intersects the x-axis or has minimum current 
represents the Dirac point.Here, the field becomes 
maximal and the conductivity type changes (from n 
type to p type or vice versa). 
 

 
Fig11: Variation of Drain Current (Id) subject to Vds and gate 
length variations. As GNR length increases, the corresponding 

Id at fixed Vds decreases [8]. 
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Fig12: Variation of thickness of oxide layer of the gate. Gate 
capacitance is inversely proportional to oxide thickness. Id is 

directly proportional to the Gate capacitance. Therefore as the 
oxide thickness is increased, the capacitance decreases and the 

over-all current decreases [8]. 
 
With a study of all the above characteristics, we have 
seen striking similarity between MOSFETS and 
GFET.  To continue this comparison, we used a 
practical circuit in the form of a Frequency doubler 
circuit and analyzed the effect of GFET on the 
working of this device. 
 

 
Fig13: Frequency Doubler Circuit [12] 

 
For the Frequency doubler circuit to work gates of 
both the circuits are biased at Dirac point and for both 
the circuits a sinusoidal signal with input frequency 
‘f’ is applied and we receive an output signal with 
‘2f’ frequency. The difference between the two 
circuits is that the differential frequency doubler 
suppresses the feed-forward of the unwanted 
components in the Output. A single GFET is enough 
to obtain Full wave rectification [11][12]. 
Also, excellent spectral purity (up to 94 percent of 
conversion efficiency is observed), High frequency 
operations and Amplification of signal are few of the 
advantages of using GFET frequency amplifiers 
[11][12]. 
 

 
 

 
Fig14: Time domain responses of GFET frequency doubler 

circuits. The supply Voltage is 2.0V for single-ended and +/- 1 
V for differential-ended circuit, and the peak-to-peak swing of 

the input signal on the gate terminal is 4.0 [12]. 
 
V. FUTURE SCOPE OF GRAPHENE BASED 
ELECTRONICS 
 
As we head towards the new decade, the efforts to 
find an alternative to silicon is also gathering pace. 
Graphene gives a very good alternative for silicon 
with properties ideal for use in a semiconductor 
device, except for the switching capability. But with 
advance in technology, we have also overcome many 
of the hurdles which came in our way. For digital 
applications, graphene nanoribbons with smooth 
edges are sought; something not possible through 
conventional lithography. Using chemical vapor 
deposition, researchers have successfully grown 
graphene ribbons narrower than 10nm on a 
germanium wafer. These ribbons show smooth edges 
and band gap ideal for digital applications. 
Bilayer Graphene is excessively used for testing 
purposes. These are two sheets of graphene that are 
attached to one another with ordinary covalent 
bonds. These structures help achieve the 
implementation of “tunnel” transistors in which 
power consumption is much less than conventional 
transistors. 
Keeping all the positives in mind; graphene’s 2-D 
property also presents a difficulty for engineers. Since 
the charge carriers are confined to such a thin 
area(~0.3nm), it allows us to push the limits of 
scaling beyond silicon with better gate control 
methods and hence reduced short channel effects in 
ultrashort channel devices. But this confinement of 
charge carriers to such a small structures also poses 
the danger of leaking due to extrinsic impurities. A 
possible solution is to provide hexagonal Boron 
Nitride (hBN) as dielectric which helps minimizing 
degradation of device performance. 

 
Fig 15: The possible implementations of a hBN dielectric 
GFET. (a) False color SEM image showing a typical hBN 
supported GFET device. (b) Cross-sectional schematic of 

device shown in (a). 
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CONCLUSION 
 
We successfully demonstrated that Graphene can be 
used in place of Silicon. A lot of technologies are 
being developed to use GFETs for RF or sensor 
applications. Maybe in the future we will be able to 
manufacture GFETs on a commercial scale. But the 
fact that these devices will also suffer from the same 
problems like Si MOSFETs like tunneling, parasitic 
capacitances and head dissipations. These factors 
need attention for the success of such a device.  
Also since Graphene, various other 2-D materials like 
MoS2 have been prepared which show conductivity 
as well as excellent switching property. Hence it 
would be worth seeing which material finally wins 
the race. But one thing is sure, all of these materials 
will find place in electronics in the near future. 
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