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Abstract

After more than 30 vears ot validation of Moare’s law, the CMOS technology has already
entered the nanoscale (sub-100nm) regime and faced strong limitations. The nanowire
transistor is one of the candidates which have the potential to overcome the problems
causced by short channel effects m SOI {(Silicon on tnsulator) MOSFETs. The nanowire
gansistors have gained signilicamt attentton from both deviee and circuit developers.
Accurate modeling and calculations based on quantum mechanics are necessary 10
theorctically assess their performance Trmits. [n this thesis we bave studied the performance
of silicon nanowire transistors using top of the barricr quantum model. We then studied the
cifeets of wire width on device performance metrics such as on/off current ratio, switching

delay, unity current gain frequency etc.

N
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1. Introduction

1.1. BASIC MOSFET OPERATION

A basic n-channel MOSFET (Figure 1.1.A) consists of two heavily-doped n-type regions,
the drain and source, which contain the most important terminals of the device. Previously
the gate was made by metal, but is now made of heavily doped polysilicon, while the bulk
of the device is p-type and is typically rather lightly doped [1]. We will assume that the
substrate (bulk) terminal is at the equal potential as the source. However, it is extremely
important to keep in mind that the substrate constitutes a fourth terminal, whose influence
cannot always be ignored [1]. As an increasing positive voltage is applied to the gate, holes
are progressively repelled away from the surface of the substrate [1]. At some particular
value of gate voltage (the threshold voltage V), the surface becomes completely depleted
of charge. Further increases in gate voltage induce an inversion layer. When a drain-source

bias Vpsis applied then a conductive path (“channel”) constitutes between source and drain.
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Figure 1.1.1 : Three dimensional view of an n-channel MOSFET with conducting channel and depletion
region [2]

A change in the gate-source voltage Vg alters the electron sheet density in the channel,
modulating the channel conductance and the device current [3]. For Vgg > Vr in an n-
channel device, the application of a positive Vps gives a steady voltage increase from source

to drain along the channel that causes a corresponding reduction in the local gate-channel

Department of Electrical and Electronic Engineering, East West University 8
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blas Vg (here X signities a position x within the channel){3]. This reduction is greatest near
drain where V¢x equals the gate-drain bias }p [3]. Somewhat simplistically, we may say
that when ¥ = ¥, the channel reaches threshold at the drain and the density of inversion
charge vanishes at this point. This is called pinch-off condition, which leads to a saturation
of the drain current lpy. The corresponding drain-source voltage, Vps Vg, is called the
saturation veltage Since Vap = Vas — Vps, we find that Vear = Vgs = V. When Vpg >
Vat, the pinched-off region near drain expands only slightly in the direction of the source,
leaving the remaining inversion channel intact. The point of transition between the two
regions, x = x,,, 1s characlenzed by Vg (x,) = Vgar, where Vg (x,) 15 the channel voltage
relative to source at the transition point. Hence, the drain current in saturation remains
approximately constant, given by the voltage drop Vgar across the part of the channel that
remains in tnversiott. The voltage Vng -~ Vsat across the pinched-off region creates a strong
electric field, which efficiently transports the ¢lectrons from the strongly inverted region to
the drain [3].

Typicai current—voltage characteristics of a long-channel MOSFET, where pinch-off is the
predominant saturation mechamsm, are shown in Figure 1.1.B However, with shorter
MOSFET gate lengths, typically in the sub micrometer range, velocity saturation will occur
in the channel near drain at lower ¥py than that causing pinch-off. This leads to more evenly

spaced saturation characteristics than those shown in this {igure. more in

e i, MOSEET
- PN

s

o cone et o

s - ko s te 1\

Figure 1.1.2: Current—voltage characteristics of an #-channel MOSFET with current saturation caused
by pinch-off (long-channel case). The intersections with the dotted line indicate the onset of saturation
for each characteristic. The threshold voltage is assumed to be V=1V |4]

Department of Electrical and Electronic Engineering, East West University 9
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agreement with those observed for modern devices. Also, phenomena such as a {inite
channel conductance in saturation, a drain bias—induced shift 1 the threshold volage. and

an increased sub threshold current are important consequences of shorter gate lengths.

1.2.MOSFET scaling

From the past few decades, we saw that the MOSFLET has continuously been scaled down in
size, typical MOSFET channel tengths were once several micrometers, but in current time
integrated circuits are incorporating MOSFET with channel iengths in nanometer scale. Intel
began production of a process featuring a 32 nm feature size (with the channel being even
shorter} in lale 2009[S]. The semiconductor industry maintains a "roadmap", the [TRS
(Intemational Technology Roadmap for Semiconductors), which sets the scaling speed for
MOSFET development. Historically, the difficulties with decreasing the size of the MOSFET
have been associated with the semiconductor device fabrication process, the need to use very
[ow voltages, and with poorer electrical performance such as higher leakage currents, and

lower output resistance necessitating circuit redesign and innovation {3

1.3.Reasons for MOSFET scaling

Smaller MOSFETs are advantagcous for some reasons because i1f MOSFET are scaled
down its possible to pack more and more devices in a given chip area. This results in a chip
with the same functionality in a smaller area, or chips with more functionality in the same
area. Since fabrication expenses for a semiconductor wafer are quite fixed, the cost per
integrated cireuits i1s mainly related to the number of chips that can be produced per wafer
[S). Smaller IC's permit more chips per water, reducing the price per chip. In fact, over the
past 30 years the number of transistors per chip has been doubled every 2-3 years once a
new technology node 1s introduced [5]. For example the number of MOSFETs n a
microprocessor fabricated in a 45 nm technology is twice as large as in a 65 nm chip {5].
This doubling of the transistor count was first explained by Gordon Moore in 1965 and

which is called Moore's law.

Department of Electrical and Electronic Engineering, East West University 10
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Figurel.3.1 : Trend of Intel CPU transistor gate length

[t 1s also projected that smaller transistors switch faster. Scaling of the MOSIFET
requires all device dimensions 1o reduce proportionally. Transistor length, width, and the
oxide thickness are the main deviee dimensions, suppose scale with a factor of 0.7 per
node. This way, the transistor channel resistance does not change with scaling, while
eate capacitance is reduced by a factor of 0.7. Hence, the RC delay of the transistor
scales with a factor of 0.7 {3]1.That’s why the switching delay is also reduced so, it is

expected that smaller transistors switch faster.

While this has been traditionally the case for the older rechnologies, for the state-of-the-
art MOSFETs reduction of the transistor dimensions does not necessarily translate to

higher chip speed because the delay due to interconnections is more important.

1.4.Difficulties arising due to MOSFET size reduction

Producing MOSFETs with channel fengths much smalier than a micrometer is a
challenge, and the difficulties of semiconductor device fabrication are always a himiting
factor in advancing integrated circuit technology. In recent vears, the small size of the

MOSFET has created operational problems.

Department of Electrical and Electronic Engineering, East West University 1
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1.4.1. Higher sub threshold conduction

As MOSFET geometries shrink, the voltage that can be applied to the gate must be
reduced to maintain reliability. To maintain performance, the threshold voltage of the
MOSFET has to be reduced as well. As threshold voltage is reduced, the transistor
cannot be switched from complete turn-off to complete turn-on with the limited voltage
swing available; the circuit design is a compromise between strong current in the "on"
case and low current in the "off" case, and the application determines whether to favor
one over the other [5]. Sub threshold leakage (including sub threshold conduction, gate-
oxide leakagc and reverse-biased junction leakage), which was ignored in the past, now
can consume upwards of half of the total power consumption of modern high-

performance VLSI chips [5].

1.4.2. Increased gate-oxide leakage

The gate oxide, which serves as insulator between the gate and channel, should be made
as thin as possible to increase the channel conductivity and performance when the
transistor is on and to reduce sub threshold leakage when the transistor is off. However,
with current gate oxides with a thickness of around 1.2 nm (which in silicon is ~5 atoms
thick) the quantum mechanical phenomenon of electron tunneling occurs between the

gate and channel, leading to increased power consumption [5].

Insulators (referred to as high-k dielectrics) that have a larger dielectric constant than
silicon dioxide, such as group IVb metal silicates e.g. hafnium and zirconium silicates
and oxides are being used to reduce the gate leakage from the 45 nanometer technology
node onwards[5]. Increasing the dielectric constant of the gate dielectric allows a thicker
layer while maintaining a high capacitance (capacitance is proportional to dielectric

constant and inversely proportional to dielectric thickness). All else equal, a higher

Department of Electrical and Electronic Engineering, East West University 12
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diclectric thickness reduces the quantum tunneling current through the dielectric
between the gate and the channel. On the other hand, the barrier height of the new gate
insulator 1s an important consideration; the difference in conduction band enecrgy
between the semiconductor and the dielectric (and the corresponding difference
valence band energy) also atlects leakage current level. For the traditional gate oxide,
silicon dioxide, the former barrier is approximately 8 eV [S]. For many alternative
dielectrics the value is signiticantly lower, tending to increase the tunneling current,

somewhat negating (he advantage of higher dielectric constant.

To make devices smaller, junction design has become more complex, leading to higher
doping levels. shallower junctions, "halo™ doping and so forth, all to decrease drain-
induced barrier lowering [5]. To keep these complex junctions in place, the annealing
steps formerly used to remove damage and electrically active defcets must be curtailed
increasing junction leakage [5]. Heavier doping is also associated with thinner depletion
layers and more recombination centers that result in increased leakage current, even

without lattice damagc.

1.4.4. Lower output resistance

[For analog operation, good gain requires high MOSFET output impedance, which is to say,
the MOSFET current should vary only slightly with the applied drain-to-source voltage [5{.
As devices are made smaller, the influence of the drain competes more successfully with
that of the gate due to the growing proximity of these two elecirodes, increasing the
sensitivity of the MOSFET current to the draimn voltage. To counteract the resulting decrease
10 output resistance. cireuits are made more complex, either by requiring more devices, for
example the cascode and cascade amplifiers, or by feedback circuitry using operational

amplifiers. for example a circuit Jike that in the bellow figure [5].

Bepartment of Electrical and Electronic Engineering, East West University 13
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Figure 1.4.4.1: MOSFET version of gain-boosted current mirror; M1 and M2 are in active mode, while
M3 and M4 are in Ohmic mode, and act like resistors. The operational amplifier provides feedback that
maintains a high output resistance

1.4.5. Lower ransconductance

The transconductance of the MOSFET decides its gain and 1s proportional to hole or
clectron mobility. At least for low drain voitages. As MOSFET size is reduced, the fields in
the channel increase and the dopant impurity levets increase. Both changes reduce the
carrier mobility, and hence the transconductance. As channel iengths are reduced without
proportional reduction in drain voltage, rarsing the electric field in the channel, the result is

velocity saturation of the carrters, limiling the current and the transconductance [5].

Traditionally, switching time was roughly proportional to the gate capacitance of gates.
However, with transistors becoming smaller and more transistors being placed on the chip.
mterconncet capacitance (the capacitance ol the wires connecting difterent parts of the chip) is
becoming a large percentage of capacitance [5]. Signals have to travel through the

interconnect, which feads to increased delay and lower perlormance.
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1.4.7. EHeat production

Figure 1.4.7.1: : Large heat sinks to cool power transistors in a TRM-800 audio amplifier

The ever-increasing density of MOSFETs on an integrated circuit 1s creating problems
of substantial localized heat generation that can impair circuit operation. Circuils
operate slower at high temperatures, and have reduced reliability and shorter lifetimes.
Heat sinks and other cooling methods are now required for many integrated circusts
including microprocessors. Power MOSFETs are at risk of thermal runaway. As their
on-state resistance rises with temperature, if the load is approximately a constant-
current load then the power loss rises correspondingly, generating further heat [3].
When the heat sink is not able to keep the temperature low enough, the junction

temperature may rise quickly and uncontrollably, resulting in destruction of the device

[5].

With MOSTETS becoming smaller, the number ot atoms in the silicon that produce many
of the transistor's properties is becoming fewer, with the result that control of dopant
numbers and placement is more unpredictable {5]. Puring chip manufacturing, random
process variations affect all transistor dimensions: length, width, junction depths, oxide
thickness etc., and become a greater percentage of overall transistor size as the transistor

shrinks. The transistor characteristics become less certain, more statistical. The random

Department of Electrical and Electronic Enginecring, East West University 15
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nature of manufacture means we do not know which particular example MOSF1Ts actually
will end up in a particular instance of the circuit [5]. This uncertainty forces a less optimal

destgn because the design must work for a great variety of possible component MOSFETS.

1.5. Modeling challenges

Integrated Circuits in current time are simulated by computer to achieve the goal of obtaining
working circuits [tom the very first manufactured lot. As devices are scaled down, the complexity
of the processing is increased and makes it more difficult to predict exactlv what the final devices
look like, and also the madeling of physical processes becomes more difficult as well. In addition,
microscopic variations in structure due simply to the probabilistic nature of atomic processes
require siatistical predictions [5]. These factors combine to make sufficient simulation and

difficulty arises in manufacture.

1.6.Nanowire Transistor

Source-to-drain tunneling, carrier mobility, process variations, and static leakage arc some
of the fundamental problems of MOSTET-inspired devices for sub-10nm channel length
[6]. Power scaling is a simultaneous concern. However, it appears that emerging device
architectures can extend the CMOS lifetime and provide solutions to continue scaling tito
the nanometer rangc or at least until the 10 nm walls is reached [6]. But what comes after
this limit? The nanowire transistor is one candidate which has gained significant attention
trom both device and circuit developers because of its potential for building highly thick
and high performance electronic products. Nanowire transisters can be made by using
dilterent materials such as glass or plastics which are low cost substrates [6]. Si and Ge
nanowire transistors are predominantly more importance because of their compatibility

with CMOS technology.

The tremendous progress in IC technology in the past few decades causing a revolution
which has become the driving power of the Information Technology revoit, which has

stunningly changed the whole world. The secret ot the sensation in IC technology is

Department of Electrical and Electronic Engireering. East West University 16



L ndergm duate Thests

actually simple: scaling down the dimenston of each transistor, the basic element of
integrated circuits. and increasing the total number of transistors in one IC chip. Accordmy
to Moore’s law - the number of transistors on one IC chip has quadrupled every three years
and the feature size of each transistor has shrunk to half of its original value at the same
time. Currently the gate length is about 35 nm, and will continue to be reduced in future
generations. In fact, it1s quite likely that the gate length will approach 10 nm beiore the end
of this decade [7]. With such a small channel length, it is then assumed that ballistic
transport should be the dominant method of transport [7]. However. recent experiments
have recommended that the ballistic length in silicon might be less than the assumed 10 nm
[7].

For maintaining the successive improvements m Integrator circuit device technology, non-
stop achievement in device scaling i1s required. As the MOSFET gate length enters the
nanometer range, however, short channel effects (SCEs), such as threshold voltage (F+) roll
off and drain-induced-barrier-lowering (DIBL), become more and more important, which
limits the scaling ability of planar bulk or silicon-on-insulator (SOI) MOSFLETs [7]. At the
same time, the refatively low carrier mobility in silicon (compared with other
semiconductors) may also degrade the MOSFET device performance. For these reasons,
various novel device structures and materials — silicon nanowire transistors, carbun
nanotube FI:Ts. new channel materials (c.o., strained silicon, pure germaniumj, and
maolecular fransistors and others. — are being extensively explored [7]. Among all these
promising post-CMOS structures, the silicon nanowire transistor (SNWT) has its unique
advantage — the SNWT is based on silicon, a material that the semiconductor industry has
been working on for over thirty years; it would be really attractive to stay on silicon and
also achieve good device metnes that nano electronics provides, As a result, the sihicon
nanowire transistor (SN'WT) has obtained broad concentration from both the semiconductor
industy and academia. SNWTs can be categotized into two groups according to the

fabrication technology which are discussed below,
1) The first-type Silicon nano wire transistors can be viewed as “narrow-channei” silicon-

on-insulator MOSI'ETs realized by using a ‘top-down’ approach. Different from planar SOI
I'L'Ts, the channel (Si body) widths of SNWTs are lithography-defined and comparable to

Departiment of Electrical and Electronic Engineering, East West University 17
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the Si body thicknesses, so the gate stacks are allowed to wrap around the wire channels to
realize multi-gate or gate-all-around FETs, which offer better gate control than planar
MOSFETs [7]. In current experimental SNWT structures, the wire dimensions (i.e., Si body
thickness and width) range from 10nm to 100nm. At the scaling limit, where the device gate
length is probably shorter than 10nm, this dimension has to be scaled down to the sub-10nm
regime to maintain good electrostatic integrity [7]. To do this, very-high resolution
lithography (e.g., <5nm) is required to define the nanowire widths. Therefore, the ultimate
scaling of the top-down SNWTs could be limited by the highest resolution of lithography
that can be achieved in practice [7]. It should also be noted that the minimum lithography-
defined length in the circuits based on the top-down SNWTs should be the SNWT channel

(S1 body) width instead of the transistor gate length.

2) To avoid very-high-resolution lithography in the SNWT fabrication, a number of
experimental groups are trying to synthesize semiconductor (e.g., Si, Ge, GaN) nanowires
by using ‘bottom-up’ approaches, such as the Vapour-Liquid-Solid (VLS) growth technique
[7]. With this technology, single-crystal Si nanowires with a diameter as small as 2-3nm
have been achieved [7]. Based on these bottom-up nanowires, various types of devices and
circuit components have been experimentally demonstrated, e.g., field-effect transistors
(FETs), nanowire hetero junctions, logic gates, memory, decoders, bipolar transistors , thin-
film transistors , light emitting diodes (LEDs) , lasers, photo detectors, and nano sensors.
For the FET application, in particular, the bottom-up technique offers a possible, low-cost
solution to achieve nanowires with ultra-small diameters and relatively smooth interfaces,

which are essentially important for scaling the transistor gate length below 10nm[7].

Department of Electrical and Electronic Engineering, East West University I8



Undergraduate Thesis

2. Theory
21 BALLISTIC CURRENT

The transport in most of the nanostructures such as carbon nanotubes, silicon nanowires is
ballistic. The ballistic current has both the tunneling and the therniionic components. FHere
an analytical model is derived for the I-V characteristics of nano devices under single sub
band approximation. The current is thermionic only in the derivation. The Landaur equation

for hallistic current is

2¢

e T Pt nh _ _ ~ e
1 . Lﬁl-f—’ilh- drT(EYif(E ‘_.‘.IS) f(r ;.‘D)j
Here e s the electronic charge, # 1s Planck’s constant, 711/ 1s the transmission coefficient, /
is the Fernu distribution function, ﬂsand Uy are the source and dramn Fermi levels,

respectively, and the tactor of 2 accounts for spin degeneracy. The integration is performed
from the bottom of conduction band to infinity for clectron current. The conduction band
bottom without gate bias 1s ¢ and ¢g is the swrface potential. For thermionic ¢mission

current 777 = 1, and the current becomes

r 1 1
Dy

l”'? JFEC,_EL])S ak [1+e€5"ﬁs3.’” Tl _L-D'J,u\’r]

: . dE £
Now integration of TR becomes - K'Y ln(l + & K7

LR ) Therefore, the current
gt Ty

expression becomes

. ih-"—” {[Zn(l 4 e(r,_;s—ﬁ'},f;{v{‘)] E(_-i‘.[,s . [ln(l 4 e(ﬂj_.,—gj,f;{'r)] .I;I_T;.|.5}

Now putting vatues in the above expression, we get the current as the following

[:Z_E:T [in(1 + etesters=R/KTY] - [ln(l+ glinTebsm /KT

The first term n the expression of current is the forward term that dominates in the saturation

and the second term is the backward term that dominates in the linear region.
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In the derivation of current, we have a quantity ¢ called surface potential, So we will try to
find an expression for the surlace potential here, The current expression s derived assurning
a single point as the channet, where the potential barrier along the source to drain is highest,
and the transmisston coefficient is unity above it and zero below it. This point of the
channel is electrostatically connccted to the gate, to the source, and to the drain that can be

schematically represented as shown below.

L A

Cs b Ch
Figure 2.2.1 : Electrostatic representation of channel

Now the excess charge above equilibrium at that channel point would be the balanced by

the charge associated with the three capacitors as follows

efN-Ng) = co(Ve = ) Fee(—dg) + op(Vp — §)
efN-Nyt = CpVig + eV + cpVp- dolog + ¢+ ¢p)

Now rearranging the terms and defining gate control parameter as @, = ('/Cr, source

control parameter as « CCr, and drain control parameter as a4y = " we gel
e{N—Ng)

equation of surface potential ¢ = a Vota Ve + agVp — ;

¢ .
Here Cr = C,+€s+(Cp is the total capacitance. The term e(N-Ny)/Cr is related to the
quantum capacitance, To calculate the surface potential ¢ , we need to know A the total
number of electron (not electron density) at the channel (Ny = & at equilibrium i.e. ¢ 0}

The total number of electron can be obtained by integrating the DOS function times the
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quast Fermi function in encrgy. However, we do not know the quasi Fermi function in the
channel; rather we know the two Fermi levels, I andluD. How the channel states are

populated by the carriers according to these two Fermi levels are shown in the following

figure
E o
Y S
CNCIrgy .-'I _2
A J am
U’}, '\\_‘ /,f
AN
- ) . —_'l-\
- h Hp
_______ 7/ ’ ™~
N
\'\
» position v conduction

N __ban d

Figure 2.2.2 : : Band profile and carrier population

The clectrons that are injected from the left (source) contact have positive velocity.
Therefore, the right half (positive k) of £-k relation will be filled up by the carriers injected
from the source. Similarly the left moving electrons will fill up the negative k states
according to the drain Fermu level. Therefore half of the channel DOS will be associated
with the source and the other half with the drain (E-k is symmetric). However, at

equilibrium, the two Fermi levels are cqual (£} and Ny can be obtained from the following

equation.
=/ ._.é_?;_w
Ne "—-LJ — \/F‘E F(E — E;)dE
Ec A\ i ‘

Note that the expression contains the channel length L because we are calculating the total
number of electrons not the density. Now the positive moving electrons ¥* and the nepative
maoving electrons N~ can separately be calculated according to the following equations and
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N* =1L f : i f(E—u)dE
— ) \amh [E= Uy L
scf

N~ =L f ! Zm_ (E )dE
- 21th |E — Uger F\E =iy ok
Usc,f

Here we use Usc/ = Ec-ed,. Once the parameters (o’s) are set up, we have to obtain the

surface potential by self-consistently solving N and ¢. However, for zero temperature, (T =
0°K), the Fermi distribution has the value of unity up to Fermi level and zero beyond it.
Therefore, the upper limit of the carrier expression will be the corresponding Fermi level

and their analytical expressions can be obtained as shown in the following equation

2L
V= = /zm*(fsf —E.) © (Er—E,)

i _r%?_ \/zm*('us - Us::f) © (’us - USCf)

L :
N~ = TR sz*(a‘ug - Uscf) © ('”D - Uscf)

Here ©(x) is the unit step function that has a value of 1 for x =20 and 0 otherwise, E,is the
equilibrium Fermi energy, and E¢ is the bottom of conduction band at equilibrium. When
User > L (orpe) almost zero current flows. The current starts to flow when V¢ increases so
that Vg = V7 = -E;/e. That is, the threshold voltage is the gate voltage at which the bottom
of conduction band (Usy) levels (becomes equal) with the source Fermi level. In case of the
intrinsic silicon nanowire transistors that we have used above (operate in the quantum
capacitance limit) the threshold voltage is simply equal to the half of the band gap Vr =
Lg/2e.
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3. Result

3.1 . Transter characteristcs

45 . : R - - :
vds=0.5YV & W=dnm |

4Di ...... -
35!
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s (T2]

20
15

10

-0.4 02 0 0.2 04 08
VG-Vthivoit]

Figure 3.1.1: Iy versus overdrive (V-¥,) voltage, where w=4 nm & drain to source bias vds =0.5V
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Figure 3.1.2: log Iy versus overdrive voltage (V-V,,), where w=4 nm & drain to source bias voltage vds
=0.5V

Figure 3.1.1 and figure 3.1.2 shown above is the transter characteristics of silicon nanowire
MOSEFET. From lLinear plot we see that if the gale voltage 1s less than the threshold voltage,
the MOSEET operales in cut off mode and the drain current is almost zero and MOSFET is
OFF. If the gate voltage is greater than the threshold voltage the current increases

exponentally.

)
[oe}
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3.2.0utput chatacteristics

[ (P3]

VD{volt]

Figure 3.2: I, versus Vy, where w=4 nm & V= V1, V1+0.1, V1+0.2
Figure 3.2 shows the output characteristic of silicon nanowire MOSFET. I'rom this figure
we sce that if we increasc the gate bias the drain current is increased. For low drain bias
current increases lincarly. In this figure we draw three [ versus VD curves for overdrive

vollage 0, 0.Tand 0.2V

3.3.Capacitance, cutoff frequency, transconductance, switching delay,
charge at barrier top and energy of barrier top.

1’4 ......

—
[

y

Vds=05V &w=4nm

e e e
A - =

Gate capacitance,Cg [aF)

=]
=3

VG-Vthlvolt]

Figure 3.3.1: Cg versus overdrive voltage (Vg-V,,), where drain to source biasis 0.5V
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Figure 3.3.2: (g versus overdrive voltage (V-Vy,), where drain to source bias is 0.5V
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Figure 3.3.3: f; versus overdrive voltage (Vs-Vy,,), where drain to source bias is 1.5V
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Figure 3.3.4: T versus overdrive voltage (V- Vy,). where drain to source bias is 0.5V
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Figure 3.3.5: g,, versus overdrive voltage (Vs-V,), where drain to source bias is 0.5V
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Figure 3.3.6: Qy,, versus overdrive voltage (V¢-Vy,), where drain to source bias is 0.5V
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Figure 3.3.7: Energy of barrier top(USCF) versus overdrive voltage (Vs -V,,), where drain to source
bias voltage is 0.5V and width is 4 nm
From tigure 3.3.1 to figure 3.3.7 are shown th¢ gate capacitance, quantum capacitance, cut
off frequency, switching delay, transconductance, Uy and Qqqp versus overdrive voltage.

The gate capacitance is calculated from Cg = (O P UM ot Cg) where Cox is oxide

capacitance and Cy, 1s quantum capacitance. The oxide capacitance for cylindrical structure

from d(Qtop)/dVG at fixed Vg, The gate capacitance Cg; peaks at a gate bias of Vi, +0.2
V where Vy, is the threshold voltage for width 4 nm and then it decrease, When overdrive
voltage is less than -0.2V, there 1s no charge in gate so the gate capacitance i1s zero. Qvet
drive voltage from -0.2V to 0V the gate capacilance increase linearly. From Vth to V,10.2
it ncreases exponentially. Cut of frequency is calculated from fp gm/2mC,, the
transconductance 18 obtained from g, dip/dVa the switching delay is calculated from
T =(Cg «VDD)/lon where lon is the on current. [he on current is the drain current at
Vas=Vyd 0.2V oand Vg - 0.5 V. Quantum capacitance (Cy), cut oft frequency ([y),
switching delay () and transconductance peak at Vi#+0.2V like gale capacitance (Cg).From
{f1gurc3.3.6 we see that there 1s no charge at top of the barrier at the region where overdrive
voltage less than -0.2V . After the threshold voltape it increases linearly. From fipure3.3.7 we
observed that if we increase the gate bias then the energy of the barrier top decreascs
linearly and afier the threshold voltage it goes to hegaiivc value. In our study we see that for

4 nm width threshold voltage is 0.7845V,
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3.4 Fittects of wire width on device performance

(7]
wn

)}

25,

Quantum capacitance,Cq [aF]
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VG-Vth[volt]

Figure 3.4.1: Cq versus overdrive voltage (Vs-Vy,), where w varies from 3 to 9, drain to source bias
voltage 0.5V
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Figure 3.4.2: Cg versus overdrive voltage (Vg-Vy,), where w varies from 3 to 9, drain to source bias
voltage 0.5V
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Figure 3.4.3: g,, versus overdrive voltage (Vg-V,;,), where w varies from 3 to 9, drain to source bias
voltage 0.5V
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Figure 3.4.4: f; versus overdrive voltage (V5-V,;), where w varies from 3 to 9, drain to source bias
voltage 0.5V

From figure 3.4.) to 3.4.4 are shown the characteristics of gate capacitance, Quantum
capacitance, threshold voltage, cutoff {requency and transconductance versus overdrive
vollage {or difterent wire width. From the figure we see that it we increase width then gate
capacitance, Quantum capacitance, cuofl frequency and transconductance increase.
According to the equation of band gap FEg = A eg + B _eg/width_nw, where width_nw is
the width of the silicon nano-wire MOSFET we see that if the width is increased then band
eap 1s reduced so current is increased. The gate capacitance, quantum capacitance, cutoff

frequency and transconductance also increase with wire width.
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Figure 3.4.5: I, versus width, drain to source bias 0.5V
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Figure 3.4.6: V,, versus width, drain to source bias 0.5V
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Figore 3.4.7: C, versus width, drain to source bias 0.5V
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Figure 3.4.8: C, versus width, drain to source bias 0.5V
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Figure 3.4.9: g, versus width, drain to source bias 0.5V
From figure3.4.5 to figure3.4.9 are the on state current (Ion), Gate capacitance (C, on),
Quantum capacitance (Cq_on) and transconductance {gs_on} versus wire width. The on-
state values are defined at a gate bias of V0.2 Vo and Vg =0.5 V. From the
Charactertsuics we see that i’ we increase the width then band gap is decreased so the
threshold voltage decreases. Gate capacitance (C, on), Quantum capacttance (Cq_on) and

transconductance (g,; on)also increase wirg width.
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4. Concluston

We have studied the -V characteristics, threshold voltage. quantum and gate capacitance,
transconductance, charge at barrier top, cutoff frequency, on current and energy ot barrier
top of silicon nanowire MOSFETs. For difterent width we observed these characteristics
also. We see that if we increase width band gap is decreased and current increases. The
quantum and gate capacitance, transconductance, charge at barrer top and cutoff frequency

also increase with wire width. We also observed these characteristics at on-state.

(95
(¥
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