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Abstract 
 
The onset of VLSI industry started with big sized chips with some thousand 
number of transistors incorporating several functionalities. Transistor dimension 
used then was some hundreds of micometer. This has stepped towards more 
lowering in transistor dimensions with shrinking chip size, increased chip 
efficiency as well as reduction in cost per transistor. Transistor dimensions below 
ten of nanometers for eg- 7nm, 5nm shows significant degradation in performance 
and efficiency of and integrated chip because of many effects such as leakage 
current, short channel effects, drain induces barrier lowering and many more at 
such low level. 
Many technologies were developed to sustain the ill effects. silicon-on-insulator, 
incorporated silicon-insulator-silicon-substrate instead of conventional silicon 
substrate. It served reduced parasatics and an increased performance. Upcoming 
upcoming advance devices such as FinFets, single electron transistor (SET) have 
also gained increased research attention due to their superior performance than the 
conventional silicon based devices. 
The new emerging materials born from carbon, graphene and carbon nanotubes are 
the most potential and suitable candidates for future electronics. These materials 
offer magnificient properties which can be used to model digital circuits and 
systems for high end applications. 
Essential analytical modeling is being done to extract the I-V characteristics of 
graphene based transistors. This is important so as to have some insight of the 
device design parameters on the I-V characterstics. Digital circuits based on 
graphene and carbon nano tube field effect transistors were being simulated and 
compared against their silicon counterparts. The results show that graphene FETs 
perform much better out of the three. Memory designing and low noise amplifier 
for biomedical application have been being carried out with both the materials as 
well as silicon. The results shows that digital circuits as well as analog designs 
simulated with graphene FETs and CNTFETs are 50% more better than silicon 
FETs in terms of performance and efficiency. 
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Chapter 1 
 

Introduction 
 
 

The driving force for the tremendous growth of digital information processing and 
semiconductor system has scaled down the transistor dimensions. Over the last few 
decades, gigascale miniaturization of silicon based metal oxide semiconductor devices (Si-
MOS) has been benefitting many technological areas in VLSI industry to attain high 
performance and low power requirements. Extensive scaling from micrometer to deep sub-
micron feature sizes has lead to faster operation of Application Specific Integrated Circuits 
(ASIC).  
 

However, the prediction of  international technology roadmap for semiconductors 
(ITRS) [1] states  the end to Moore’s law by the next decade due to the scaling demerits of 
silicon-based electronics, e.g. extremely high power density and fabrication irregularities at 
nano-meter dimensions. Aggregation of quantum mechanical effects, short channel effects 
namely hot carrier injection, impact ionization, barrier lowering (DIBL) induced by drain 
as well as leakage current at such low dimensions affects the performance of the device [2]. 
 

According to recent research trends graphene and related materials (GRMs) have 
emerged with great interest and explored extensively among different scientific 
communities due to their unique and distinct superior properties. Graphene based field 
effect transistors (GFETs) act as  suitable and most promising candidates in horizon of 
futuristic devices in integrated circuit design.  
 

Graphene comprises of single atom thick layer of carbon sheet arranged as in a 
honeycomb lattice structure, which may out-perform state-of-the-art silicon based 
technologies in many applications due to its larger carrier mobility, higher concentration of 
charge carriers, higher thermal conduction and structurally thin plane structure and many 
more exceptional properties. Graphene shows superlative electronic properties. The charge 
transport in graphene is defined by transport of massless fermi-ions as 2D electron gas in 
graphene produces both high velocity of carriers and high carrier concentration, resulting in 
increase in carrier mobility and alongwith faster switching capability and high frequency 
operating range. Graphene exists in sp2 hybridization comprising of   three σ-bonds and one 
π-bond. The σ-bond is designated as one of the  strongest type of covalent bond and is 
responsible for providing high strength and mechanical properties whereas the π-bond 
governs the electronic properties of graphene. [3] 

 
 

 
 
 
 

Figure 1 Honeycomb like structure forming a planar sheet of graphene 

 



 

1.1. Graphene  
  

Graphene is a planar sheet of carbon atoms 
edges of a hexagonal ring similar to that in benzene
explore the properties of graphene it is necessary to have some insight of the behavior of 
electrons and the band-structure.
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charge carriers are governed
Schrödinger effective-mass equation, 
by  laws of quantum physics 
 
1.1.1 Electronic Bandstructure 
 

          The objective of this section is to describe the physical and electronic 
structure of graphene. The band structure of 
it serves the base for gaining
devices. Graphene has two identical carbon atoms in each unit cell and thus two equivalent 
atom sublattices: A and B.
which is absent in almost all of the 
exceptional electronic properties. As a consequence of the high symmetry the band 
structure for graphene, the band gap
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Figure 2 Brillouin zone shown by shaded hexagonal cell and honeycomb structure with sublattices A and B. The vectors 
K and K’ are dirac points. The vectors b1 and b2 are the lattice vectors. The atoms in red circles forms sublattice A and 
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Graphene is a planar sheet of carbon atoms where each carbon atom lies at the 
edges of a hexagonal ring similar to that in benzene, forming a  honey-

properties of graphene it is necessary to have some insight of the behavior of 
structure. The unique and all important properties originate from its 

uncommon noteworthy electronic structure. In standard conventional
governed by quantum mechanics as the electron waves obeys

mass equation, while in graphene, behavior of electrons is governed 
laws of quantum physics - the mass-less Dirac equation. 

1.1.1 Electronic Bandstructure of Graphene 

The objective of this section is to describe the physical and electronic 
structure of graphene. The band structure of this material is of utmost importance because 

gaining graphene’s electrostatic properties and analyzing 
devices. Graphene has two identical carbon atoms in each unit cell and thus two equivalent 
atom sublattices: A and B. This gives an extra rise in degree of freedom, pseudospin, 

almost all of the conventional (2D) systems, and 
exceptional electronic properties. As a consequence of the high symmetry the band 

, the band gap at low energies turns into linear conical shape.

Unit cell is defined as the small group of atoms having the symmetry 
 which the whole lattice can be again built up by 

dimensions. Lattice is defined as a repeating arrangement of points. Sublattice is defined 
empty subset of a lattice. 

The band structure that is defined by energy-momentum relationship in 
semiconductors possesses parabolic shape. However, there is a remarkable difference in 
band structure of graphene. In graphene both the bands namely the cond
valence band touch each other in one point called dirac point at every 6 corners and create 
the zero band gap. The grey coloured unit cell shown in fig.2 is reffered to as B

 

Brillouin zone shown by shaded hexagonal cell and honeycomb structure with sublattices A and B. The vectors 
K and K’ are dirac points. The vectors b1 and b2 are the lattice vectors. The atoms in red circles forms sublattice A and 
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The two in equivalent points K and K’ are called Dirac points and the behavior of electrons 
and holes residing in locus of these points is of prime importance. The expression for  
electronic band diagram obtained for the conduction and the valence bands, is usually 
written as follows:-  
 

𝐸±(𝑘) = |ℎ𝑣𝐹(k)|     (1) 
 
where k depicts momentum vector at one dirac point. This bandstructure has two supreme 
properties- 
1. At Dirac point, the conduction and valence bands meet leaving no energy gap. 
2. The dispersion of energy is linear with momentum, which results in a constant group 
velocity of carriers over energy. 
This shows peculiar behavior than conventional semiconductors, having dispersion in 
parabolic shape and the second derivative of the dispersion gives the carrier velocity. 
 
The density of states (DOS) is also linear and is given by- 
 

𝜌௚௥(𝐸) =
𝑔௦𝑔௩|𝐸|

2𝜋൫ℎ𝑣௙൯
ଶ 

    
(2) 

 
                                                                                                                     
where 𝑔௦, 𝑔௩ are spin and valley degeneracy factors. 
 
`` 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Conduction band and Valence bands in graphene (right) and silicon (left). 

 There is small bandgap in silicon denoted by Eg between valence and conduction bands whereas in graphene conduction and valence 
bands are conical and touch each other. The point where they touch is called Dirac point. 
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1.1.2. Graphene Chemistry  
 
 The crystal structure can be viewed in two domains similar to how a coin has two 
views. One domain is in position (sometimes called direct) space and the other domain is 
in reciprocal space.  Crystal Lattice = Bravais Lattice + Basis; 
where Bravais lattice is the technical name for the fundamental irreducible microscopic 
arrangement of points and the basis is an integer number that represents how many atoms 
are attached to each Bravais lattice point.[3] 
 
In words, a Bravais lattice is an array of discrete points with an arrangement and 
orientation that look exactly the same from any of the discrete points; that is, the lattice 
points are in distinguishable from one another. 
 
The Reciprocal lattice is a concept of paramount importance and provides fundamental 
insight into the electrons behavior in crystalline solids. 
 The central feature of a lattice is periodicity or regularity. In the study of periodic 

order, Fourier analysis naturally comes to mind. The direct lattice (which is nothing 
more than a position space with periodicity) has the reciprocal lattice has its reciprocal 
equivalent.  

 Since electrons are treated as waves in quantum mechanics, with a wave vector k=2πλ. 
The wave vector has similar dimensions as the reciprocal lattice vector . Thus, the 
electrons (Bloch electrons) present in crystals can be represented as waves in 
reciprocal space. 

 
 

 
  

Figure 4 Bravais lattice and the corresponding Reciprocal lattice in graphene. Reciprocal lattice is basically the fourier 
transform of bravais lattice and is responsible for modeling most of the properties of graphene. 
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1.1.3. Graphene Nano Ribbons  
 

   Graphene nanoribbons (GNRs) are of narrow strips made from graphene sheets and 
have dimensions ranging from few nanometers to tens of nanometers. GNRs are being 
designated as new members of nanomaterials that can either behave as metals or can 
possess semiconductor characteristics, and are currently being researched for their 
interesting mechanical, thermal, electrical, optical and quantum mechanical properties. 
There are two types of graphene nanoribbons, which are called armchair GNRs (a-GNRs) 
and zigzag GNRs (z-GNRs).  

 
 

 ZigZag GNR - If the line of intersection  passes through the Dirac point of the 2D 
Brillouin zone, where both the energy bands of graphene meet, the 1-D energy spectra 
have a zero band gap. This corresponds to zigzag GNRs with conducting behavior. 

 Armchair GNR - The armchair GNR can either yield conducting or semiconducting 
characteristics depending on the number of atoms in transverse direction. The 
electronic structure of armchair GNRs is similar to that of zigzag CNTs and needs to be 
classified into three groups as their bandgap changes with a period-three modulation 
depending on the number of atoms in confined transverse direction. 

 
 
 
  
 
 
 
 
 

  
 
 

Figure 5 Formation of Armchair (left) and Zigzag (right) GNR showing that the armchair graphene nanoribbons are 
semiconductors and zigzag nanoribbons are metallic. 

 
The threshold voltage is an important parameter in working of any transistor. This voltage 
is used to control current in a device to get desired output performance. In conventional 
silicon MOSFET, the bandgap of silicon is fixed which helps in choosing the material of 
the gate electrode, dielectric constant and oxide layer thickness and substrate doping are 
common method to tune its threshold voltage and supply voltage, while that of GNRFET,  
the threshold voltage can be tuned or modeled by the bandgap engineering of GNR, such 
that GNRs with wider width can operate under scalable supply voltages. In GNRFET, the 
effective mass of electrons and holes are symmetric and thus the p-type GNRFET has equal 
and opposite response, which makes the design of GNRFET logic circuit easier than 
conventional Si-CMOS logic circuits [5]. 
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1.2. Carbon Nanotubes   
 

Carbon nanotubes (CNTs) are one of the allotropes of carbon with a cylindrical 
nanostructure. They have excellent properties, which are helpful for nanotechnology and 
other fields of nano science. The name is being originated from their long and hollow 
structure formed by one-atom-thick sheet of carbon, called graphene. These graphene 
sheets are folded at specific angles called “chiral angles”, and the rolling angle and radius’ 
relation are solely responsible for the magnificent properties of nanotubes. [6] 

 
Nanotubes are categorically bifurcated as single-walled nanotubes (SWNTs) and 

another as multi-walled nanotubes (MWNTs). These  nanotubes arrange themselves on 
their own by the virtue of  Van der Waals forces  of attraction into "ropes" keeping them 
held together, more specifically, pi-stacking. Peeking into the material's supreme strength 
and hardness, nanotubes can be constructed with a ratio of length-to-diameter as 
132,000,000 [7]. 

 
 

Figure 6 Buckyball (left) and Carbon Nanotube(right) 

 
Multi-walled nanotubes (MWNTs) consist of two or more than two single –walled 

carbon naotubes arranged concentrically. There are two models that are used to describe 
multi-walled nanotubes structures. First, in the Russian Doll model, sheets of graphite are 
aligned in concentric cylinders. Second in the Parchment model, a single sheet of graphene 
layer is rolled around itself, and resembles a rolled newspaper.[8] 

 
Figure 7 Multi-walled carbon nanotube. Tubes are concentrically arranged to form multi tube structure. 

The way that graphene is rolled is described by a pair of indices (n, m), which are 
called "chiral vector". Here n and m are both integers and they denote the number of unit 
vectors along two directions in graphene lattice. While rolling, if the original point and the 
point with indices (n, m) merge into one point, then the nanotube has the chiral vector (n, 
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m). Nanorubes with different chiral vector may exhibit very different electrical behavior. 
This is owing to the unique energy band diagram of graphene.  

 
 

In CNTs charge carriers resides within the atomic plane of graphene. The quasi one 
dimensional structure of carbon nanotube means that motion of charge carriers in CNTs is 
strictly restricted. The carriers can move along the tube axis. This results in wide angle 
scattering prevention. Due to electron phonon interactions, forward scattering and 
backward scattering are possible for carriers in nanotubes. 

 
 

1.2.1 Properties 
 

 Mechanical - Carbon nanotubes are one of the most strongest and stiff 
materials that are discovered till date. This is because of the formation of the 
covalent bonds in the carbon atoms. The tensile strength of  multiwalled 
carbon nanotube is of 63 giga pascals.[9]. 
 

 Electrical - In theory, metallic nanotubes carries an current density of 4 × 
109 A/cm2, which is 1,000 times more than other metals such as copper 
[10], where electromigration effect limits current densities. Carbon 
nanotubes are now getting explored for various applications such as  
interconnects and for conductivity-enhancements in composite materials. 
The maximum electrical conductance of SWCNT is given by 2G0, where G0 
= 2e2/h is ballistic quantum channel’ conductance .[11]. 

 

 Optical - Carbon nanotubes have good absorption, photoluminescence 
(fluorescence), spectroscopy properties. This allows characterization of 
quick and reliable "nanotube quality" in terms of non-tubular carbon 
content, structure (chirality) of the fabricated nanotubes. These features 
helps in determining nearly all other properties of nanotubes.[12]. 

 

 Thermal - There exists a property known as "ballistic conduction" in which 
nanotubes are said to possess good thermal behavior along the tube but in 
good insulators it is lateral to the tube axis [13]. Measurements show that a 
single-walled carbon nanotube has conductivity of about 3500 W·m−1·K−1  
along its axis at room temperature. Whereas copper, transmits 385 
W·m−1·K−1 [14].  
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1.2.2 Advantages over Silicon 

 

 High carrier mobility – the new materials derived from carbon possess 
superior carrier mobility. The reason is that the effective mass of electrons 
and holes is nearly equal unlike the case in silicon as well as they as 
massless Fermi-ions giving rise to ultra high mobility. 

 

 High density of current – because of higher mobility the current carrying 
capacity of the device will increase with the use of these materials which is 
an advantage over silicon. 

 

 Increased gate capacitance – gate capacitance changes due to the dynamic 
width of graphene nano-ribbons used which helps in reducing other short 
channel effects. 

 

 Compatibility with high-k dielectrics – graphene is very much compatible 
with other dielectric materials because of its exclusive properties. 
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Chapter 2 
 

Literature Review 
 

Every corner of human life is almost centered by electronic devices and systems. At 
present portable, reliable and battery operated as well as hand held devices are most 
common. The evolution of the computer stepped out starting from  huge supercomputers, to 
a small handheld device like a cellular phone etc.  

 
Silicon based ICs demarcates an enormously and potentially successful electronics 

paradigm, due to which personal computers and cellular phones are possible today. There 
have always been pursuits to take integrated circuits outside their conventional application 
areas and use them for newer ones.  

For example terahertz electronics; integrated circuits have evolved as a means to 
sustainable printable, flexible, and wearable electronics; silicon chips are being used 
directly as  interfaces for biological samples or living organisms and can perform electrical 
disease screening and body nutrients’ analysis, and can be also used for comprehensive  
study of nervous systems.  Such steady improvement fuel the growth of IC sales and also 
stimulate and helps in evolvement of new applications [6]. 

 
Though silicon integrated circuits have shape the world’s growing needs for 

electronic devices for data mining, deep learning, computation, signal processing and 
communication, entertainment, automation, and many other innumerable applications with 
steep improvements in cost, speed, and power, they are facing potential challenges due to 
scaling effects leading to leakage currents and many more. Because of this, current density 
and power density show drastic increase. An increase in power density increases heat 
dissipated from the device affecting performance of the device  
 
2.1 Technologies 
 

To address above mentioned bottlenecks with conventional CMOS various 
technologies have evolved like Tunnel FETs, FINFET, SOI, SET. Tunnel FETs (TFET) are 
steep subthreshold slope devices. 

 
A.M. Ionescu et al described that steep sub threshold slope (SS) is helpful in 

enabling low voltage working along with acceptable frequency leading to power and 
energy saving [7]. Thus, they are being investigated to overcome the power density and 
energy inefficiency drawbacks exhibited by silicon CMOS. Main disadvantage of TFET is 
that the ON current is very low [15].  

 
M. Sathe et al have shown that FinFET devices are suitable for low-power designs 

because they enable potential reduction in standby power using double gate structure while 
simultaneously funding increased performance [15]. The disadvantage with FinFET is 
increased amount of capacitance as well as design and reliability issues. In addition to it the 
fabrication costs additional steps silicon on insulator technology was being invented for  
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reduction in device leakage current and capacitance but renders higher substrate cost 
[16].To overcome the challenges researchers are laying stress on the emerging GFETs and 
their application in various fields of science and technology. GFETs outperform Si-FETs in 
terms of performance parameters like delay, power, higher current drive etc [17-19]. 
 
2.2 Graphene Field Effect Transistors  
 

 Various analytical models including drift-diffusion model and ballistic model have 
been investigated and analyzed.  

 
S.Thiele et al have derived the current equations and I-V characterstics is plotted 

with different Vgs values. Authors have successfully developed a quasi-analytical 
modeling approach for graphene based MOS transistor with gapless large-area graphene 
channels. This model presents the equations for the calculation of the I-V characteristics, 
the equivalent small-signal behavioral model, and the operating frequency band of 
graphene MOSFETs. It proovides a correct postulation of the density of states in  graphene 
to calculate the quantum capacitance dependent on carrier-density. It also incorporates 
source/drain series resistances into picture. This model does not give quantitative 
assessment of GFET performance [20].   

 
Kristen N. Parrish et al in [21] explored graphene transistor in the quantum 

capacitance limit along with quasi static and derivative properties of the device and gives 
comparative study of the behavior of this model with fabricated devices. The following 
paper incoporates negative differential resistance having the maxim current peak-to-valley 
ratio of 4. They also compared with 45nm CMOS but lacks in definition of threshold 
voltage of the device and N-GFET and p-GFET.  

 
Nianduan Lu et al has proposed review of current compact model in [22] which 

comprises of detailed description of compact model of GFETs and includes various models 
such as charge sheet model, drift-diffusion model, Boltzmann equation, along with density 
of states (DOS), and Surface-potential based model. This review helps in understanding of 
GFETs compact model, and stimulates a motivation for enhancing the application of graphene 
based transistors in industry. 

 
H. Aradhya et al  have laid stress on design and  analysis and comparison of 

graohene based 8-bit ALUs in [23] compares silicon based and graphene based ALU 
architectures, the authors did not laid stress on simulation approach.  

 
Y. Banadaki et al has demonstrated clocked adiabatic xor and xnor gates design 

based on GNRFETs have been presented which outperforms static CMOS based designs in 
terms of power and area. However, the paper lacks in implementation of adiabatic logic 
[24]. 

 
Ime J. Umoh et al  presented SPICE compatible model of a dual-gate bilayer 

graphene field-effect transistor. The model presents hole and electron conduction and the 
functionality of the transistor in all the regions of operation. They used closed-form 
analytical for efficient circuit simulator implementation by defining the boundary points. 
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To proposed drain current a saturation displacement current equation is used when the 
channel becomes ambipolar. An analytical derivation has been proposed to identify the 
unipolar and ambipolar saturation. The proposed work lacks conductivity due to scattering 
mechanisms which are more during scaling.[25] 

 
H. Chin et al in [26] have shown enhanced circuit level performance and device 

benchmarking of GNRFET against conventional MOSFET with interconnects was 
proposed with MATLAB based analytical modeling and HSPICE simulations. The  circuit-
level architecture is presented and seems to be more supreme. The superlative transport 
properties of graphene propels it into an another technology to overcome the limitations of 
silicon-based electronics. Circuit level modeling of GNRFET is being done using SPICE 
and it exhibits superlative performance for digital logic gates at lower technology nodes 
like 16nm. Drain and gate current-voltage (𝐼𝑑-𝑉𝑑 and 𝐼𝑑-𝑉𝑔) is being analyzed for 
subthreshold swing (SS), and circuit level implementation is given. Graphene based 
transistors can overcome the effects that are greator  in Si FET. Graphene based transistors 
provides lesser EDP and PDP than that of a Si FET. The circuit performance of the device 
is hindered by the interconnect capacitances. 

 
Ying-Yu Chen et al presented the parameterized, SPICE- compatible model of a 

Graphene based Transistor (GNRFET) with feature of doped reservoirs which is capable of 
handling process variation. The model also analyzes  delay and power of graphene-based 
circuits, as well as offers design and fabrication of graphene circuits in the future.[27] 

 
Bhupendra K. Sharma et al focuses on graphene based field effect transistors for 

flexible electronics because of the exceptional properties. This article shows the recent 
advancements of graphene based transistors including the fabrication and material 
compatibility. [28] 

 
Aishah Khalid et al laid stress on the fabrication high performance graphene 

nanoribbon transistors by mechanical exfoliation method and determing  the characteristics 
of the device. The results shows that the device exhibits ambipolar operation, as well as 
graphene and electrodes have good Ohmic contact. This device has high performance and 
needs ultra-low power compare to other GNRFET models.[29] 

 
Y. Banadaki et al presented a novel graphene based field-effect transistor to 

empower reduction of short channel effects. The device characterstics have been simulated 
using self consistent solution of 3D Poisson-Schrodingers equation using the non-
equilibrium green’s function (NEGF).[30] 
 

 
Y. Banadaki et al presented a novel graphene nanoribbon field-effect transistor 

reduce effects like short channel effect. In this structure gates with lower work-function 
than the main g conventional double-gate (DG) GNR FET top virtual extensions to 
source/drain regions while constant, independent of the main gate [35]. The device 
characterstics have been simulated using the non-equilibrium green’s function (NEGF). 
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2.3 Carbon Nanotube Field Effect Transistors  
 

Gennaro Gelao et al presented a SPICE compatible, semiempirical model of 
CNTFETs which is easily implementable in simulation software for analog and digital 
circuits applications. The model utilizes analytical approximations and parameters 
extraction and is supported by quantum mechanical simulations.[36] 

 
S. Z. Ahmed et al proposed the characteristics of SB graphene transistor and 

CNTFETs. In this paper graphene nanoribbon based field-effect transistor and carbon 
nanotube  based field effect transistor is studied and a comparative analysis based on the 
effect of relative dielectric is provided. The results show that using a gate material with 
greator dielectric constant leads to more on-state current for both the transistors. However, 
carbon naotubes based transistor has higher on-state current compared to GNRFET. 

 
A. Giorgio et al proposed a fully empirical model of the CNTFETs based on an 

empirical approach to overcome the pitfalls of the other used models. The proposed model 
possesses better compactness, fastness and accuracy, without any approximation, and it is 
particularly suitable for the design of carbon-based electronic subsystems.[37] 
 
 
2.4 SRAM designing 
 
 With the advancement in technology, digital circuits play a very important role. A 
computer system, a large machine or be a microcontroller, needs memory for storing data 
and program instructions. In a computer system there are various types of memories with 
wide variety of technologies being used and possess different access times. Digital circuits 
are less prone to noise or degradation in signal quality than analog counterpart. It is also 
easier to calculate error detection and correction with digital signals.  
 

The main memory is generally the most easily obtained memory. It is the one from 
which all instructions in programs are executed. The main memory is generally of the 
randomaccess type.  

A random-access memory (RAM) is defined as the memory in which the time 
required for storing/writing and accessing/reading data is independent of the location in 
which the information is stored.  

 
 
Joy et al. have shown comparison of 6T SRAM cell to CNTFET based SRAM cell. 

The 6 transistor SRAM cell has been designed with Cadence software in 180nm and 45nm 
Technology. The performance has been evaluated in terms of power, delay, stability and 
with the simulation results have shown that CMOS SRAMs can easily be replaced with 
CNTFET SRAM cell. The researchers have been focusing till now on the improved results 
exhibited by CNTFET based designs in all aspects. CNT has been proposed as a viable 
option of replacing silicon as channel in the MOSFET due to its distinguished electrical 
and physical properties.[38] 
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Soumitra Pal et al. have designed noise tolerant and lower power consumption 
stable differential SRAM cell. The proposed work is similar to 6T SRAM cell with addition 
of two buffer transistors, a complimentary bit line and a tail transistor. Stacking effect 
enables lower power dissipation in the proposed cell. [39] 
 

Jose G. Delgado-Frias et al. have discussed study of power supply voltage scaling 
of an eight transistor CNTFET SRAM cell closer to threshold. This near threshold voltage 
has an effect on energy, delay, energy delay product, static noise margin and leakage 
current. Additionally, a removed metallic CNT approach has been incorporated to deal with 
non- semiconducting CNTs. Two techniques are presented that enhance the SRAM 
performance, namely: Word line boosting and Gated power supply.[40] 

  
Zubair Ahmed et al. have proposed the ambipolar characteristics of CNTFET have 

been used to design SRAM cell. Band-to-band (BTBT) sub-60mV/dec leakage region has 
been made used for transistors operation. This disturbs the charging and discharging 
properties of N-type and P-type CNTFET in comparison to the conventional CMOS. In the 
proposed design two votage operated SRAM bit cells are put forward. The first 8-transistor 
SRAM cell design operates at 0.33V supply, it has 6 p-type and 2 n-type CNTFETs, all 
working in BTBT region. For trusted fabrication, the other design used all p-type 
CNTFETs which are easier to fabricate.[41] 

 
Daud Hasan Emon et al. have proposed an approach to lower the standby power of 

the SRAM by following scaling of the access transistors channel length. This investigation 
has been performed using Stanford CNTFET model in HSPICE. Simulation results asserted 
that a highly stable and low standby power CNFET SRAM cell could be designed by 
scaling the length of the channel of the access transistors. Although the write time enhances 
in comparison to the conventional design as a trade off. The design proposed was 
encouraging for stable memory and reduced leakage power cell design. 

 
Wei Wang et al.  have proposed that the scaling down of silicon semiconductor 

device feature size faces great challenges, CNFETs has been put forward for greater 
stability, enhanced performance and reduced power SRAM cell design as a reciprocal 
material. A 6T CNFET SRAM cell with higher static noise margin is designed by 
examining the read and write operation, the least possible PMOS W/L ratio for read 
stability and most possible NMOS W/L ratio for writability have been calculated 
respectively. 
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2.5 Low Noise Amplifier  
 
 Saptarshi Das et al proposed quantitative  low noise amplifier (LNA) applications 
for  higher frequencies, which shows remarkable overcoming from current state-of–the-art 
technologies. It indicate that graphene based low noise amplifier circuit can be designed 
using nano ribbons of graphene having width in the range of 8-15 nanometer.[42] 
 
 Suman Datta presented an article on recent advances in graphene-based radio 
frequency (RF) nanoelectronics. It demonstrated RF current voltage (I-V) measurement on 
graphene transistor with HfO2 high-κ dielectric. The extracted RF I-V shows 50% increase 
in current when compared to their I-V characteristics. The increase in current and 
transconductance is attributed to reduced contribution of high-κ bulk traps at GHz 
frequency with promising implications for low noise amplifier (LNA) applications.[43] 
 
 Wei Jin et al laid stress on silicon on insulator technology is a suitable material for 
RF and microwave applications. In this work, major noise sources in with the transistors 
are modeled and a physical silicon on insulator thermal noise is applied. Low-noise 
amplifiers operating at 1.8-GHz at 1.5-V voltage supply and is being reported uniquely 
time and the characteristics at high-frequency are studied. [44] 
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Chapter 3 
 

Problem Statement and Proposed Objectives 
 

The comprehensive research gaps inferred from the above literature review are 
modeling and performance analysis of n-GFET and p-GFET; analysis of Equivalent model 
of GFET; and to build GFET based architectures for future low power and efficient 
applications. These inferred gaps help to formulate the problem statement  

 
“Investigation of Emerging Graphene Field Effect Transistors for Low Power 

Applications” 
 

which aims to fulfill the following proposed objectives  -  
 
1. Analytical modeling of I-V characteristics of GFET – to investigate the I-V 
characterstics of n-GFET and p-GFET extensively and a briefly to compare its performance 
with CMOS using drift-diffusion model. 
 
2. Comparison of basic GFET devices with CMOS devices in terms of Delay and 
Power- to validate the transistor novelty by simulating GFET based logic circuits and 
comparing with those of CMOS using HSPICE and Stanford university model file for 
GFET. 
 
3. To compare GFET with CNTFET – using current equations to get the I-V behavior of 
the devices and use of HSPICE simulation software files to simulate various logic circuits 
and their comparison with CMOS devices to elaborate the performance differences 
between them and to have better transistor design for future applications.  
 
4. To design SRAM circuit using GNRFET and CNTFET – Designing of low power 
and energy efficient GFET memory cells which are one of the most emerging fields in 
science and technology and compare with Si-CMOS and CNTFET. 
 
5.  To design Low Noise Amplifier using GNRFET and CNTFET - Designing the low 
noise amplifier which is very crucial component in radio frequency receivers. 
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Chapter 4  
 
Work Done 
 
4.1 Modeling of Graphene Field –Effect Transistors 
 
 

In graphene field-effect transistors (GFETs), graphene nano ribbons acts as the 
channel material. The first transistor based on  graphene was reported in 2007. 

 

 
 

Figure 8 Basic structure of GFET. The region between source and the drain called channel is formed using thin strips or 
ribbons of graphene forming graphene field effect transistor for current conduction. 

 
To model the GFET drift diffusion model has been used. The drift-diffusion model 

of a semiconductor is the most widely used to describe semiconductor devices operations 
and analysis. The basic structure of GFET is shown in fig.8 The applied gate to source 
voltage Vgs is modulates carrier concentration in the channel. As in many GFETs, two 
gates are used to modulate the potential: which are as follows first the top-gate Vgs-top and 
second back-gate     Vgs-back. The applied voltages initiates a field in the channel which 
repels or attracts electrons or holes depending on the applied voltage.  
The Dirac voltage Vdirac, is one of the important parameter used in analysis, modeling and 
formulation of GFETs. It is defined as the potential of gate when the Fermi-level 𝐸௙, 
passes through the Dirac point 𝐸ௗ. [11] 
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1. Channel Potential – 
 

The potentials of all the three terminals namely source, drain and gate affects both 
the level of the Dirac point 𝐸ௗ and the Fermi level 𝐸௙.The difference between 𝐸௙ and 𝐸ௗ is 
important as it helps in determining the nature of charge that will flow and the charge 
density in the channel. The phenomena governing the channel potential formed in the 
channel can be expressed as :   
 

𝑉௖ℎ =  −(𝐸௙ − 𝐸ௗ)/𝑞 (3) 
 

where 𝑉௖ℎ is the channel potential. 
 
2. Charge Density  - 

 
Electron and hole concentration inside the channel is given by-  
 

𝑝 = න 𝐷(𝐸)[1 − 𝑓(𝐸)]𝑑𝐸
ா೎ೡ

ିஶ

 
 
(4) 
 

𝑛 = න 𝐷(𝐸)[𝑓(𝐸)]𝑑𝐸
∞

ா೎ೡ

 
 
(5) 

where 𝐷(𝐸) is the density of states and  𝑓(𝐸) is the Fermi-dirac integral. Charge 𝑄௦௛ is 
given by–  
 

𝑄௦௛ = 𝑞(𝑝 − 𝑛)   (6) 
 

3.Quantum Capacitance –  
 
In devices, one cannot calculate capacitance merely just by analyzing at the overall 
geometry and using Gauss's law. One must also take into account the band-structure  and  
the density-of-states of the plates. This also  alters the capacitance, developing an anaother 
a second capacitance in series. This capacitance is called quantum capacitance, because it 
is of more importance and is being related to the energy of a single particular electron's 
quantum wavefunction. 
 
Quantum capacitance can be obtained using the formula given below: 
 

𝐶௤ =  −𝑑𝑄௦௛/𝑑𝑉஼ு (7) 

Under the condition  𝑞𝑉஼ு ≫ 𝑘𝑇 , above expression can be simplified to   
 

𝐶௤ =
2𝑞ଶ𝑞|𝑉஼ு|

𝜋൫ℎ𝑣௙൯
ଶ  

 
(8) 
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4. Drain Current – 
 

 
The current equation is given by:-    

 

𝐼஽ௌ = 𝑞𝑊𝑝𝑣௙     (9) 

 

where 𝑞 is the electronic charge, 𝑊 is the graphene layer width, 𝑝 is the hole 

concentration.𝑣௙ is the Fermi velocity and is given by the formula:-   

 

𝑣௙ =
µ଴𝐹

1 +
𝐹
𝐹௖

 
(10) 

 
where  µ଴ is the mobility,  𝐹 is the electric field , 𝐹௖ is the critical field . 
 
Electric charge density along the channel from source to drain is given by:-  
 

𝑄(𝑥) =  −𝐶௧௢௣[𝑉௚଴ − 𝑉(𝑥)] (11) 
 
Here  𝑉௚଴ =  𝑉௚௧௢௣ − 𝑉଴ ,  𝑉଴ is the threshold voltage of the GFET and is defined as  
  

𝑉଴ = 𝑉௚௧௢௣
଴ +

𝐶௕௔௖௞

𝐶௧௢௣
(𝑉௚௕௔௖௞

଴ − 𝑉௚௕௔௖௞) 
(12) 

 
where  𝑉௚௧௢௣

଴  and 𝑉௚௕௔௖௞
଴  are the top and back gate voltages at dirac point respectively. 

Charge density is given by:-   
 

𝑝(𝑥) =
𝑄(𝑥)

𝑞
 (13) 

 
Combining all the equations we get current as:- 

 

𝐼ௗ =
1

4𝑅௦
ൣ𝑉ௗ௦ − 𝑉஼ + 𝐼௢𝑅௦ + ඥ𝑉ௗ௦ − 𝑉஼ + 𝐼௢𝑅௦ − 4𝐼௢𝑅௦𝑉ௗ௦ ൧ 

 

where   𝑉஼ = 𝐹஼𝐿  and   𝐼௢ = 2 ቀ
ௐ

௅
ቁ µ଴𝑉஼𝐶௧௢௣(𝑉௚௧௢௣ − 𝑉଴ −

௏೏ೞ

ଶ
). 

 
 
 
 
 



19 
 

 
Figure 9 A bird eye view of GFET with back gate. Back gate is used so as to induce several millivolts of bandgap for 

digital circuit implementation. 

4.1.1 MATLAB implementation of above equations 
 
Parameters 

Table 1 list of Parameters value 

Parameter                                   Value 
 

𝑾 (µ𝒎) 2.1 

𝑳 (µ𝒎) 1 

µ𝟎 700 cm2/(V·s) 

𝑽𝑪 0.45 

𝑪𝒕𝒐𝒑 552nF 

𝑪𝒃𝒂𝒄𝒌 12nF 

𝑽𝟎 2.3 

𝑽𝒈𝒕𝒐𝒑 -0.25 to -3 

𝑽𝒅𝒔 0 to -3 

 
The width of a single nano-ribbon is given by W and its length is L, µ଴ is the reference 
mobility of charge carrier. The channel potential which also acts as threshold voltage is 
given 𝑉଴. The gate capacitances of top-gate and back-gate is given by 𝐶௧௢௣ and 𝐶௕௔௖௞. 𝑉ௗ௦ is 
the drain to source voltage which is sweeped from -3V to 0V. 
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Results  
 
1.  For 𝑉௚௕௔௖௞ = -40V. 
 
 

 
Figure 10 Output I-V characterstics of GFET 

I–V characteristics of Ids versus Vds at Vbs = + 40 V. Vds is varied from 0 to -3 V for top-gate voltages of -0.8V, -1.3V, -1.8V, -2.3V 
and -2.8V. the curves shows that graphene characteristics resembles to that of silicon based transistor in all the three regions, cut-off, 

linear and saturation region. These characteristics can be used further embed graphene based transistors in future applications. 

2. I-V characteristics comparison with Verilog-A model- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Flowchart of verilog-A modeling of the device. All the verilog modules are instantiated in the main module 
which is provided to the executable simulator for simulation purpose. The files with .v extension contains the elaborated 

current-voltage equations of the graphene based transistor and the testbench is used to validate the equations and to obtain 
the desired output. 
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Figure 12 I-V characteristics using MATLAB, HSPICE and Verilog-A. The curves shows that graphene field effect 
transistor possess same current characterstics as that of silicon transistor. The model proposed has been validated using 

the above three simulators.  
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4.2  Hspice simulation of GNRFET devices and comparison with CMOS  
 
 

Computer based circuit simulators for example SPICE, Cadence, ADS, MATLAB 
and many more are widely used and certified valuable tool to validate a design by 
researchers and students and to learn the behaviour of a component by simulating it without 
fabricating a physical circuit. 

 
HSPICE simulator has many inbuilt features to simulate our design and obtain expected 
performance. It can also compile verilog codes written in .va extensions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 Hspice simulator flowchart 
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4.2.1 Inverter design  
 
 
 
  

 
 
 

 

Figure 14 Schematic of GFET based inverter and CMOS inverter containing n-type and p-type transistor. The pattern in 
the first circuit is that of graphene nanoribbon which is embedded between source and drain. 

 
 
Results – 

 
Figure 15 Output waveforms of inverter for GFET and CMOS. It can be seen from the output that silicon inverter has got 
more delay in terms of graphene based transistor of the order of pico-seconds. It tells that graphene based devices sre 
much faster because the size of p-fet and n-fet are the same, whereas in silicon based p-fet is thrice more bigger than n-fet. 

 
Inference  -  
 
The above simulations shows that Graphene based inverter circuit is more efficient in terms 
of power and delay with respect to CMOS based inverter and is 20% faster than CMOS 
inverter.  
 
 
 
 
 

Out 
      In 

      
In 

Out 



 

4.2.2 NAND gate  

 
 

Results – 

Figure 16 Output waveforms of NAND gate for GFET and CMOS.
glitches in the output of silicon based NAND gate which is absent graphene based NAND gate.

 
 
 
Inference  -  
 
The above simulations shows that Graphene based NAND gate is more efficient in terms of 
power and delay with respect to CMOS NAND gate  and is 25% faster than CMOS.
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Output waveforms of NAND gate for GFET and CMOS. It can be inferred from the waveforms that there are 
glitches in the output of silicon based NAND gate which is absent graphene based NAND gate.

 

The above simulations shows that Graphene based NAND gate is more efficient in terms of 
power and delay with respect to CMOS NAND gate  and is 25% faster than CMOS.

 
It can be inferred from the waveforms that there are 

glitches in the output of silicon based NAND gate which is absent graphene based NAND gate. 

The above simulations shows that Graphene based NAND gate is more efficient in terms of 
power and delay with respect to CMOS NAND gate  and is 25% faster than CMOS. 



 

4.2.3 NOR gate  
 

 
 
Results – 

Figure 17 Output waveforms of NOR gate for GFET and CMOS.
inputs graphene based NOR gate performs better than its counterpart.

 
 
Inference  -  
 
The fig. shows output waveforms of graphene based and CMOS based NOR 
gates. Graphene NOR gate is 28% 
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Output waveforms of NOR gate for GFET and CMOS. It can be clearly seen from the waveforms that for same 
inputs graphene based NOR gate performs better than its counterpart. 

The fig. shows output waveforms of graphene based and CMOS based NOR 
gates. Graphene NOR gate is 28% much faster than CMOS one

 
It can be clearly seen from the waveforms that for same 

The fig. shows output waveforms of graphene based and CMOS based NOR 
than CMOS one 



 

4.2.4  Half adder 
 

Results – 

Figure 

 
Inference  - 
 
The fig. shows output waveforms of graphene based and CMOS based half 
adder arithematic circuit. Graphene
one.  
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Figure 18 Output waveforms of half adder for GFET and CMOS. 

 

The fig. shows output waveforms of graphene based and CMOS based half 
cuit. Graphene adder is 40% much faster than CMOS 

 

The fig. shows output waveforms of graphene based and CMOS based half 
faster than CMOS 
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4.2.5 Power and Delay Comparison 
 
 

 
Figure 19 Delay comparison for various GFET and CMOS devices. The percentage shows the amount of increased 

efficiency of graphene transistor as compared to that of silicon based ones. 

 

 
Figure 20 Power Comparison of various GFET and CMOS devices. The bar graph shows that graphene based devices and 

digital circuits consumes less power than silicon one’s because of better mobility and current carrying capability. 

 
The above bar graphs shows that GFET based devices are much faster and power efficient 
as compared to CMOS based devices and pursue better performance characteristics than 
conventional CMOS. 

0

1

2

3

4

5

6

7

Inverter     (ps) Adder_Sum 
(ns)

Adder_Carry 
(ns)

nand_gate (ps) nor_gate   (ns)

D
el

ay

Digital Circuits

CMOS

GFET

0

1

2

3

4

5

6

Inverter  Adder nand_gate nor_gate  

P
ow

er
 u

W

Digital Circuits

CMOS

GFET

11% 

56% 70.4% 

22% 

28% 

62% 

56% 

67.3% 
46.44% 



28 
 

4.3  Digital logic design using CNTFETs  
  
 The above digital circuits have also been simulated using CNTFETs and compared 
with GNRFET and Si-CMOS based ones. 
 
1. Delay:- 
 
Circuit  CMOS GNRFET CNTFET 
Inverter  7.66E-11 1.7628E-12 4.56E-11 
NAND  3.01E-10 1.20E-12 2.831E-10 
NOR  4.45E-10 2.97E-10 3.48E-10 
Adder (SUM) 2.63E-10 1.95E-10 2.6E-10 
Adder(CARRY) 5.88E-09 1.48E-09 1.497E-09 
 
2. Power:- 
 
Circuit  CMOS GNRFET CNTFET 
Inverter  1.66E-06 4.7178E-08 2.2462E-07 
NAND  2.98E-06 2.033E-06 9.63E-08 
NOR  2.81E-06 2.1825E-07 1.23E-07 
Adder  13.4E-05 7.57E-05 9.96E-05 
 
 

 
Figure 21 Delay comparison for various GFET, CNTFET and CMOS devices. From the above figure it can be seen that 
among CMOS, GNRFET, and CNTFET, graphene is the most sustainable futuristic element as it has better efficiency in 

terms of power and delay. 
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Figure 22 Power comparison for various GFET, CNTFET and CMOS devices. 

 
 The above graphs shows that the new futuristic devices namely GNRFET and 

CNTFET are the most sustainable devices against current conventional silicon 
based devices. 

 Graphene nanoribbons serves more efficiently than single walled carbon nanotubes. 
 Silicon based transistors gives more delay and consumes more power in comparison 

to the other two materials. 
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4.4  6T SRAM Designing 
 
 Static Random Access 
used in different applications in the industry and personal electronic
data. The data in static memory retains till the power switches off, unlike in dynamic 
memory where the data rem
periodic refresh to prevent periodic discharge and to prevent the data.
SRAM is available in various
6T, 7T, 8T, 9T, etc. 
 
 

Figure 23 Importance of memory. It forms the most integral part of any processor or micro
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6T SRAM Designing  

Static Random Access memory (SRAM) is a semiconductor memory
used in different applications in the industry and personal electronic application to store 

The data in static memory retains till the power switches off, unlike in dynamic 
memory where the data remains as it is because of the capacitors. These capacitors require 
periodic refresh to prevent periodic discharge and to prevent the data. 
SRAM is available in various forms based on the number of transistors per cell as 4T, 5T, 

 

Importance of memory. It forms the most integral part of any processor or micro

memory (SRAM) is a semiconductor memory extensively 
application to store 

The data in static memory retains till the power switches off, unlike in dynamic 
ains as it is because of the capacitors. These capacitors require 

forms based on the number of transistors per cell as 4T, 5T, 

 

Importance of memory. It forms the most integral part of any processor or micro-controller. 



 

4.4.1 Basic Design  
 
 Historically, many different SRAM designs have been used (from 4T to 12T), but this 
report will focus exclusively on the standard 6T design. This type of RAM is one of the most 
common, due to its low leakage and compactness. A downside of the 6T SRAM is the need of 
more external circuitry to perform read and write operations, but when many memory ce
used with only one read and write driver for the whole grid, this is a good tradeoff.
 
The basic purpose of a memory cell is to hold a single bit of data, and this can be accomplished 
statically (without the need for refreshing) by using a pair of 
is the smallest CMOS gate, it is ideal for use in the core of an SRAM cell. In order to read from 
and write to this invertor pair, access transistors are also needed.
 

The two access transistors are used to access the data stored in the latch formed by cross
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Historically, many different SRAM designs have been used (from 4T to 12T), but this 
focus exclusively on the standard 6T design. This type of RAM is one of the most 

common, due to its low leakage and compactness. A downside of the 6T SRAM is the need of 
more external circuitry to perform read and write operations, but when many memory ce
used with only one read and write driver for the whole grid, this is a good tradeoff.

The basic purpose of a memory cell is to hold a single bit of data, and this can be accomplished 
statically (without the need for refreshing) by using a pair of inverting gates. Since an inverter 
is the smallest CMOS gate, it is ideal for use in the core of an SRAM cell. In order to read from 
and write to this invertor pair, access transistors are also needed. 

 
 

SRAM anatomy  
 

 

Figure 24 Basic Cell design. 

The two access transistors are used to access the data stored in the latch formed by cross-coupled inverters.

Historically, many different SRAM designs have been used (from 4T to 12T), but this 
focus exclusively on the standard 6T design. This type of RAM is one of the most 

common, due to its low leakage and compactness. A downside of the 6T SRAM is the need of 
more external circuitry to perform read and write operations, but when many memory cells are 
used with only one read and write driver for the whole grid, this is a good tradeoff. 

The basic purpose of a memory cell is to hold a single bit of data, and this can be accomplished 
inverting gates. Since an inverter 

is the smallest CMOS gate, it is ideal for use in the core of an SRAM cell. In order to read from 

 

coupled inverters. 
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4.4.2 Operation  
 
The two modes of operation of the 6T SRAM cell, read and write, each require a different set 
of procedures to work. 
 
 
Read  Write  
 
1. Charge both bit and bit_b HIGH  
 

 
1. Charge bit HIGH  
 

 
2. Let both bit and bit_b float  
 

 
2. Let bit float  
 

 
3. Raise the word line  
 

 
3. Pull bit_b down to ground  
 

  
4. Raise the word line  
 

Bit will now contain the data value  
 

Q will now contain a HIGH value  
(swap bit & bit_b to write a LOW value)  

 
Table no.2 Sequence of read and write operations in the SRAM cell. 

 
Read Operation –  
 
Read operation involves the following steps- precharge the bit and bit_bar lines , and then 
turning on the word line. The access transistors get ON. Transistor M5 though ON does not 
helps in current flow while transistor M6 gets ON and the current flows thus discharging 
the capacitor. This low voltage is input to the inverter which gives a “1” at the Q output 
indicating a Read High. 
 
Write Operation – 
  
Write operation also involves the following steps – to write a “1” the input to the inverter 
must be “low” and by pulling the bit_bar line to ground and applying the word line pulse , 
the cell can be appropriately written. 
 
 
 
 
 
 

 
 



 

Access transistors M5 and M6 acts as output while read. The decrease in 
versa. Read operation involves the following steps
transistors get ON. Transistor M5 though ON does not he

 
 

 

Access transistors M5 and M6 acts as inputs to 
input to the inverter must be “low” and by pulling the bit_bar line to ground and applying the word line pulse , the cell can

 

M5 

M5 
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Figure 25 Read Operation in SRAM.  

Access transistors M5 and M6 acts as output while read. The decrease in charge of QB indicates a “1” being written into the cell and vice 
Read operation involves the following steps- precharge the bit and bit_bar lines, and then turning on the word line. The access 

transistors get ON. Transistor M5 though ON does not helps in current flow while transistor M6 gets ON and the current flows thus 
discharging the capacitor. 

Figure 26 Write Operation in SRAM. 

M5 and M6 acts as inputs to write into the cell. Write operation also involves the following steps 
input to the inverter must be “low” and by pulling the bit_bar line to ground and applying the word line pulse , the cell can

appropriately written. 

M1 

M2 M4 

M3 

M1 

M2 M4 

M3 

M

 

charge of QB indicates a “1” being written into the cell and vice 
, and then turning on the word line. The access 

lps in current flow while transistor M6 gets ON and the current flows thus 

      

 

Write operation also involves the following steps – to write a “1” the 
input to the inverter must be “low” and by pulling the bit_bar line to ground and applying the word line pulse , the cell can be 

M6 

BL 

M6 
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4.4.3 Results  
 
4.4.3.1 CMOS SRAM Operations 
 

     
 
Figure 27 Read High (left) and Low (right) operation in SRAM.The falling V(bit_b)  indicates “1” being written into the cell with the 
positive rising edge of Word line. The falling edge of V(bit) indicates “0” being written into the cell. 

 
 

     
 
Figure 28 Wead High (left) and Low (right) operation in SRAM. The rising edge of V(q)  indicates “1” being written into the cell with 
the positive rising edge of Word line. The rising edge of V(qr) indicates “0” being written into the cell. 
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4.4.3.2 GNRFET based SRAM Operations 
 

 
 
Figure 29 Read and Write in GNRFET based SRAM cell. The waveforms are as according to the read and write operation 

as discussed above. 
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4.4.3.3 CNTFET based SRAM Operations 
 

 
 

Figure 30 Read and Write in CNTFET based SRAM cell. 

 

Parameter  CMOS  GNRFET  CNTFET  

Read delay (ps)  22.46  18.5  20.5  

Write delay (ps)  15.89  11.3  12.45  

Average power (nw) 10.6  4.61  7.8  

SNM (mV)  150  289 200 
Table 3 brief comparison between the three designs of SRAM. This shows that graphene based SRAM is the best in terms of delay, 

power, static noise margin (SNM). 
 

 



 

4.5 LOW NOISE AMPLIFIER 
 
 Wireless communication 
extensive explorations on CMOS radio frequency (RF) 
sustain  the need for a low 
 

Figure 31 Circuit of LNA. It has matching at two stages to ensure maximum power

 
 These are the various comprehensive applications that employ low noise 
and the stages where it can be deployed.
 
 

 
Figure 
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4.5 LOW NOISE AMPLIFIER  

Wireless communication is massively evolving for its numerous applications
explorations on CMOS radio frequency (RF) at front end are being carried out

for a low cost and low power and  high performance wireless

It has matching at two stages to ensure maximum power is transferred to the amplifier.

These are the various comprehensive applications that employ low noise 
and the stages where it can be deployed. 

Figure 32 Potential Applications of Low Noise amplifier 

  

for its numerous applications. Many  
are being carried out to 

high performance wireless devices. 

 
to the amplifier. 

These are the various comprehensive applications that employ low noise amplifier 
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4.5.1 LNA DESIGN BASIC CONCEPTS  
 
4.5.1.1 S Parameter  
 
 At RF frequency S parameter is widely used to describe two port networks instead 
of Z, Y, ABCD and H parameters. The S parameters are defined in terms of incident and 
reflected waves.   

 
Here, a1 and a2 are incident waves and b1 and b2 are reflected waves. The matrix is given 
as –  
 

𝑏1
𝑏2 

 = ൤
𝑆ଵଵ 𝑆ଵଶ

𝑆ଶଵ 𝑆ଶଶ
൨ 

𝑎1
𝑎2

 

 
Where,  

 𝑆ଵଵ is the ratio of input port voltage reflection coefficient. 
 

 𝑆ଵଶ  is the ratio of reverse voltage gain. 
 
 𝑆ଶଵ  is the ratio of forward voltage gain. 
 
 𝑆ଶଶ  is the ratio of output port voltage reflection coefficient. 

 
 
𝑆ଵଵ shows how much of a1 is reflected back to b1. 𝑆ଵଵ shows the measure of input 
matching for maximum power transfer . the value of 𝑆ଵଵ is 0 which shows perfect matching 
. practical value os 𝑆ଵଵ should be as low as possible  
 
 
𝑆ଵଶ shows how much power is transferred from port2 to port1. 𝑆ଵଶ measures how good is 
the isolation between port1 and port2, and its value should be as low as possible for good 
isolation. 
 
 𝑆ଶଵ is the ratio between output power at port2 and input power at port1. It shows power 
gain of two port network. 
 
𝑆ଶଶ measures output port matching. Its value should be as low as possible for better 
matching with no load so that it can transfer maximum power. 
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4.5.2 LNA PERFORMANCE PARAMETERS 
 
Major performance parameters are –  
 

 Noise Figure (NF) 
 

 Power gain and input matching. 
 

 Linearity  
 

 Power Consumption 
 

 Stability 
 

 
Noise Figure (NF) 

The Noise performance of two port network is measured using Noise Factor (F).  If the 

Noise Factor is expressed in decibels it is called the Noise Figure (NF). 
 

𝑺𝑵𝑹 =  
𝑷𝒔𝒊𝒈𝒏𝒂𝒍

𝑷𝒏𝒐𝒊𝒔𝒆
 

 

𝑭 =  

𝑷𝒔𝒊

𝑷𝒏𝒊
𝑷𝒔𝒐

𝑷𝒏𝒐

൙  

 
𝑵𝑭 = 𝟏𝟎𝒍𝒐𝒈(𝑭) 

 
Where, Psi is input signal power, Pni is the input noise power, Pso is the output signal power 
and Pno is the output noise power. 
 
Power Gain and Impedance Matching  

LNA is the first amplifier stage in receiver to amplify weak signals incoming from 

antenna. For maximum power transfer from output of antenna to input of LNA require 

input impedance to match to the output impedance of antenna. If impedance does not 

match, signal is reflected back and cause noise. For maximum power transfer input 

impedance matching is very important parameter in LNA design. S11 of two port 

network S parameter indicate ratio between reflected signal powers to the input signal 

power at port 1. S11 is measure in dB and below -10 dB of S11 is desired. -10dB of S11 
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mean 10% of total input power reflected back. Similarly, output impedance of LNA 

should match with next stage input impedance for maximized transfer of amplified 

output power of LNA to next stage input. Output impedance matching is measured by 

S22 of S parameter. Other design performance parameter is Power gain (S21), it should 

be as high as possible to increase strength of weak received signals. 

Linearity 

In the LNA design linearity is another importance parameter to be considered when 

receiving weak input signals with strong interfering signals. Strong interference signals 

is produce cross modulation and blocking undesired inter modulation distortion in poor 

linear system. 

 
Power Consumption 

Power consumed is very important design parameter to characterize battery operated 

devices. Low power dissipation design not only increases battery life but also decrease 

cost of cooling system and allow to increased complexity of chip to incorporate more 

functionality. 
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4.5.3 LNA  TOPOLOGIES  
 
4.5.3.1 Common Gate –  
 

 
Figure 33 Common Gate topology 

 
4.5.3.2  Common Source – 
 

 
Figure 34 Common Source topology 
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4.5.3.3 Cascode Topology – 

 
Figure 35 Cascode topology. Filter is used to select the proper band of frequency of operation. The capacitors offered by 
the device also helps in impedance matching at the input side as well as in output side. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    Filter 

Antenna  

To select band of frequency  

Vbias  

Cgd 

Cgs 
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4.5.4 LNA DESIGN  
 
1.  Common Source  
 

 
Figure 36 LNA design. This is the common source topology. 

 
1.1 Results 
 
1.1.1 CMOS based LNA Results   
  

 
 

Figure 37 Gain and Phase curves of CMOS low noise amplifier.The gain is approximately 16db. 
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1.1.2 GNRFET and CNTFET based LNA Results   
 

 
Figure 38 Gain and Phase curves of GNRFET low noise amplifier.It exhibits gain of 19 db which is 5db greator than that 

of CMOS low noise amplifier. 

 
 

 
Figure 39 Gain and Phase curves of CNTFET low noise amplifier. It possess very low gain of around 5-6db which shows 

that CNTFET does not dwells good in common-source topology. 
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2.  Cascode Topology with source degeneration 

 

 
Figure 40 Cascode of low noise amplifier with source degenration 

 
 

 Transistors M1 and M2 forms the cascade pair whereas transistor M3 provides the 
necessary biasing to transistor M2. 

 Capacitor C1, L3 and L2 forms the circuit for impedance matching. 
 Technology node selected is 22nm. 
 RF frequency taken is 1.5 Ghz. 
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2.1 Results   
 
2.1.1 CMOS based LNA Results 
 

 
 

Figure 41 Gain curve of CMOS low noise amplifier. It possesses gain of approximately 15db. 

 
2.1.2 GNRFET and CNTFET based LNA design 

 
Figure 42 Gain curve of GNRFET low noise amplifier. It exhibits gain of approximately 21db. 
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Figure 43 Gain curve of CNTFET low noise amplifier. It exhibits gain of approximately 19 db. 

 
 S11 S12 S21 S22 
CMOS  -60mdb -60mdb 8db 0.6db 
GNRFET 9.8db 12.2db 19db 21db 
CNTFET 10 db 12.5 db 5 db 22db 

 
Table no.4 S parameter values for common source LNA design. The table shows that low noise amplifier designed using graphene 

nanoribbons and carbon nanotubes are in conjuction and have more gain as compared to LNA designed using silicon based transistor. 

 
 
 

 S11 S12 S21 S22 
CMOS  -26mdb -60mdb 15db -31mdb 
GNRFET 9.4 db 12 db 21 db 22 db 
CNTFET 9.6db 12.5db 19db 21db 

 
Table no.5 S parameter values for cascade topology  LNA design. The table shows that low noise amplifier designed using graphene 
nanoribbons and carbon nanotubes are in conjuction and have more gain as compared to LNA designed using silicon based transistor. 

They also have lower insertion as well as return loss as compared to their better counterparts. 
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Chapter 5  
 
Conclusion 
 
1. The current – voltage relation of GNRFET shows that the transistor simulated using 
graphene nano ribbons shows excellent characteristics as compared to that of silicon based 
transistors. The characteristics have been simulated using Hspice simulator by Synopsys, in 
MATLAB as well as behavioral code is being simulated in Verilog-A. The output curves 
from the above three softwares’ shows good resemblance. These characteristics shows that 
graphene can potentially outperform silicon in future integrated circuit design. To bring out 
more potential applications of newer materials the relation between current and voltage has 
been formulated in this thesis. 
 
2. The second objective dealt with digital logic implementation using silicon CMOS and 
graphene field effect transistor. Digital circuits such as an inverter, NAND, NOR and an 
adder which are the basic building blocks of any integrated circuit design have been 
implemented. The two materials are compared in terms of delay and power consumed. 
Simulations show that an inverter has 11% lesser delay and is 62% power efficient than 
silicon counterparts. Similarly results of graphene based NAND gate shows that it has 22% 
lesser delay and 67.3% lesser power consumption. The output of NOR gate plotted against 
silicon shows that it is 28% faster and 46.44% power boosted one. 
The application of these gates was applied in the simulation of a 1 bit adder circuit. The 
results denotes that an adder is 56 % much faster in generating the sum and 70.4% faster in 
generating the carry with overall 56% power efficient as compared to that of silicon based 
transistors. 
This shows that using graphene nano-ribbons in the channel of the transistor between 
source and drain regions can successfully induce the necessary band-gap for applications in 
digital subsystem design. 
 
3. The third objective is the comprehensive sudy of emerging new materials. One of 
another potential material is carbon nanotubes. The thin nano-ribbons when rolled out 
forms nanotubes with distinct and excellent properties. Logic gates designed in objective 2 
were being simulated with carbon nanotube field effect transistor. The bar diagram shows 
that CNTFET and GNRFET are the most promising futuristic and novel devices to build 
subsystems with high degree of efficacy. The comparison in terms of percentage efficiency 
shows that the potential materials plays dynamically superior. In these thesis a brief 
discussion and comparative analysis of the semiconductor materials has been postulated 
effectively.  
 
4. To validate these futuristic devices memory designing is of utmost importance. The 
system design in present era has a very basic crucial component called “memory” ability to 
retain the data. Static random access memory (SRAM) is being designed using silicon, 
graphene and carbon naotube based transistors and the simulation was carried out in SPICE 
software. The results show that at 22nm technology node SRAM cell designed using 
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graphene and carbon-nanotube based transistors shows very good performance than their 
silicon counterparts. Cell read and write delays are much lesser and also power efficient. 
This shows that from application perspective the emerging devices are more robust and 
reliable. 
 
5. Today much of the attention is being given to biomedical field. The branch of 
biomedical devices is gaining priority because it is the need of an hour. The signal 
reception from the surface of the body contains two things namely the information which is 
of importance and secondly the noise which can be from surrounding or it can be device 
originated noise. To incorporate many design features onto a single chip is felicitated by 
virtue of scaling but it has its downside too. Technology node beyond 16nm, 7nm has 
adverse effects on device performance of the device. So to eliminate these potential 
drawbacks in a finer grained manner and model the futuristic materials for application in 
biomedical field low noise amplifiers is designed. The amplifier designed using graphene 
and carbon nanotube field effect transistor is much good than silicon based transistors in 
view of gain and noise susceptance. This shows that the recent research trends can be 
inclined more towards these materials to provide better subsystems in future. 
 
The overall conclusion of the thesis lies in its novelty of learning, analyzing, modeling, and 
simulating the devices made of advanced materials and their validation from every aspect. 
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