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ABSTRACT

MOSFETs are UIledextensively in VLSI Technology specially in various digital

circuits such as microprocessors, semiconductor memories ete. Since the birth of

the IC fabrication the need for the reduction of device dimensions is driven by

the requirement that IC of high complexity can be fabricated. The purpose of

microminiaturization of the MOSFET is not only to increase the packing density 'but

also to improve the circuit performance. The fundamental issue of downsizing the

MOS transistor is to preserve the long channel characteristics after miniaturization.

But as the dimension of the MOSFET is reduced, departure from the long channel

behaviour occur due to various undesirable short channel effects/Among the various

short channel problems, avalanche induced breakdown due to hot carriers produced

by impact ionization is a major one. The drain characteristics of the short channel

MOSFET exhibits a rapid rise in the current due to this destructive phenomena

which leads to the destruction of the device/So the study of short channel MOSFET

along with the physics in the avalanche induced breakdown regime is very important

from the design point of view. A number of breakdown models have been developed

for short channel MOSFET in the last few years. In this thesis a simple analytical

breakdown model incorporating the physics of the breakdown has been presented.

This model not only establishes the relation between different voltage and current of

the MOSFET but also demonstrates the ability to represent various short channel

effects. The model also shows that the primary phase of breakdown is initiated by

excess channel current whereas the secondary phase is due to emitter current and

both these currents again strongly depend on the flow of substrate current.
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CHAPTER 1

INTRODUCTION

1.1. Short channel MOSFETs

A MOSFET is a four terminal device in which the lateral current fiow is con-

trolled by an externally applied veMical electric field. A typical n-channel enhance-

ment MOSFET consillts of a relatively lightly doped p type sublltrate into which

two heavily doped n+ region!!are diffusedwhich act allsource and drain respective-

ly. The region of inverllion layer of mobile electrons between source and drain ill

the channel and a thin layer of insulating material separates the channel from the

metal gate electrode. The metal area of the gate in conjunction with the insulating

dielectric oxide layer and the semiconductor channel form a parallel plate capacitor.

The voltage applied to the gate controls the carriers in the conduction channel and

thus controls the conductivity of the device.

The threshold voltage VT of a MOSFET is defined all the minimum voltage

required to induce the conduction channel. When a gate voltage equal to VT ill

applied to a MOSFET it produces a downward bending of the energy band-diagram

at semiconductor-oxide interface and causes the midgap energy E; to cross over

1
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Fig. 1.1. Energy band and charge distribution diagram of a MOSFET.
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the constant fermi level by an amount (PI at or nea. the silicon surface (Fig. 1.1)

(Fig. 1.2). When this happens an inversion layer ofwidth Wi is formed at the silicon

surface in which the electron density is equal to the hole density in the bulk because

the electron and the hole density in the substrate is given by

.'.;/'n = nie (1.1)

and
.';l' (1.2)P = nie

where, ni is the intrinsic carrier concentration, EF is the fermi energy level and E[

is the intrinsic energy level. The values of EF and E[ are given by

•

(1.3)

and
(1.4)

where, <PI and YjJ are the potential of the fermi and the intrinsic level respectively.

This condition is defined as the onset of the strong inversion and the surface

potential YjJ. under this condition is given by

(1.5)

The left side of X[ (Fig. 1.2) remains n type whereas the the right side remains

:5
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p type. So, at the left side of Xl a region of inversioo layer of width Wi and at the

right side of Xl a surface depletion region of width W is produced which extends

upto bulk. The depletion layer width wand bulk charge QB is given by

•

(1.6)

and
(1.7)

where, NA is the doping density of the substrate.

The charge balance equation in the surface region of a MOSFET can be written as

Qs = QI +QB

= QG (1.8)

where, Qs, Ql, QG are total charge, inversion layer charge and gate charge respec-

tively.

The applied gate voltage VG in a MOSFET is shared by the flat band voltage

VPB, surface potential 1/>.and voltage across the oxide Vo and is given by

VGB
Qs

= VPB + 1/>. - Co

= VPB + 1/>. + ,{i.

5
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where,

•

.j2q€.NA"(=
Co

•
(1.10)

•

In this equation Co is the oxide capacitance per unit area and is given by

C - €=
0-

t""

where, toz is the oxide thickness.

(1.11)

From the expression of the gate voltage the threshold voltage can be represented as

(1.12)

where, 1/>. = 2,PJ

At the onset of strong inv~rsion QI.« QB, therefore, equation (1.8) reduces

to Qs = QI + QB ~ QB' Now the inversion la.yercharge at a gate voltage above

threshold is given by

(1.13)

When a positive gate voltage greater than Vr is applied to the gate with respect

to substrate, positive charge in effect is deposited on the metal and in response,

negative charge is induced in the semiconductor below the semiconductor-oxide

interface by the formation of a depletion region of immobile negative charge and a

surface region of a very thin la.yercontaining mobile electrons. These thin layer of

induced electron form the effective channel of the MOSFET and the effect of gate

voltage is to vary the conductance of this induced channel for a low drain to source

6
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voltage. When a drain voltage Vos greater than slfturation voltage Vos is applied

between drain and source, the electron density near the drain will be reduced at

Vos > Vos, pinch-off will occur near the drain. After the pinchoff of the channel

the effective channel length of a MOSFET differs from its physical channel length.

Depending on the physical length of the channel MOSFETs are catagorised into

long and short channel MOSFET. When the channel length L is much longer than

the sum of source and drain depletetion widths (Ws + Wo) (Fig. 2.3) then it is

called long channel MOSFET and when ~(Ws +Wo) then the MOSFET is called

short channel MOSFET . The depletion widths Ws and Wo are controlled by bias

voltage VOB and VSB respectively where VOB represents drain-bulk bias and VSB the

source bulk bias. In short channel MOSFETs the difference between effective and

physical channel length increases with the increase of drain source voltage, wheras

in long channel it almost remains constant.

The main applications of MOSFET are in VLSI technology, specially in case of

digital system such as semiconductor memories, long shift registers, microprocessors

etc. To fabricate integrated circuits of high complexity, to increase the packing

density and to improve the circuit performance it is required to reduce the size of

a MOSFET. But when the device dimensions are reduced by reducing the channel

length, the behaviour of the MOSFET departs from the long channel behaviour and

we have to consider the short channel effects which arises due to two dimensional

potential distribution and high electric field in the channel region.

1.2 Short-channel effects of a MOSFET

When the length of the channel is sufficiently long then the edge effects along

the sides of the channel can be neglected and the electric field lines are everywhere

•
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perpendicular to the surflLCeI.e. they had compoilllentsonly along the x direction

and a one dimensional analysis is sufficient. But when the length of the channel

is reduced, the depletion layer widths of drain and source junctions become com-

pa.rable to the channel length and a significant part of the electric field lines will

have components along both x and y direction. The latter being the direction a,-

long the channel length. Hence a two dimensional analysis will be needed for the

analysis of short channel MOSFET. Thus, unlike the long channel MOSFET the

potential distribution in the short channel MOSFET depends on both the normal

field e: (controlled by the gate voltage and blLCk-surfacebias) and the lateral field

t;, (controlled by the drain bias). This two dimensional potential results in degrada-

tion ofthe subthreshold behaviour, dependence ofthe threshold voltage on channel

length, biasing voltages and failure of current saturation due to punch through. If

the channel is both short and narrow then a three dimensional analysis becomes

neceBllary.Though three dimensional analysis is accurate it is very complex and can

be repla.ced by a simple model for effecient calculation by using empiricalapproxi-

mations and by examining separate phenomena one at a time. The short channel

effects can be summarized as i) the edge effects along the sides of the channel at

source and drain ii) channel length modulation iii) velocity saturation effects iv)

hot carrier effects.

In short channel MOSFET the charges at drain and source edges must be taken

into account while calculating the threshold voltage of the MOSFET. Again in short

channel MOSFET the lateral extension of the depletion layer region reduces the

effective channel length after the channel is pinched offwhich is known as channel

length modulation. When the lateral electric field is increased, the channel mobility

becomes field dependent and eventually velocity saturation occurs. If the field is

increased further carrier multiplication near the drain occurs leading to substrate

current and bipolar transistor action. High field also cause hot carrier injection into

•
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the oxide, leading to oxide charging and subsequelJlltthreshold voltage shift. These

are the short channel effects of a MOSFET which complicate the device operation

and degrade device performance and should be eliminated or minimised so that a

physical short channel device can preserve the electrical long channel behaviour and

at the same time can maintain its desirable features.

1.3 Effect of substrate bias

In a MOSFET generally the source is connected to the substrate and both

terminals are grounded. But .when a negative VBS is applied to the p type substrate

(body) with respect to the source (n-t) a reverse bias voltageVSB will be induced

between the channel and the body junction and also between the source and the

substrate junction. In this case the inversion layer-substrate combination will act as

a field induced n-tp junction and the source substrate junction will act as a regular

pn junction. In either case, the depletion region is widened arid the threshold

voltage required to achieve inversion must be increased to accomodate the larger

When a voltage VSB is applied between the source and substrate the bias will

shift the quasi fermi level at the source by.VSB • So the surface potential at the

source during strong inversion can be modified as

•

'1/>, = VSB + <P,; (1.14)

When VSB is zero the surface potential and the charge in the space charge layer is

given by

(1.15)

,~
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and •

•

QB = -qNAw

= -(2qf,NAo/ri)I/2

For an arbi1ary reverse bias vol1ageVsB, 1he bulk charge becomes

Therefore, the increased differential charge is

( )1/2[( -I. )1/2 ,,1/2Jb.QB = - 2qf,NA VSB+ ~'oi - 'Poi

(1.16)

(1.17)

(1.18)

To reach the strong iaversion , the applied gate voltage must be increased to

'compensate for b.QB. Therefore,

b.QB= ---
Co

= (2qf'~A)I/2 [(VSB+ 0/,,)1/2 - o/,//2J (1.19)

When a positive VBS iBapplied to the substrate with respect to source then the

situation will be reversed. The source-substrate and channel-substrate junction both

will be forward biased and to maintain the charge balance equation the inversion

layer charge must be increased, whereas, the depletion layer charge is decreased. So

in an n channel MOSFET, VBSmust be zero or negative to avoid the forward bias

of the source junction.

10
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1.4 Characteristics of shori channel.MOSFET

When the dimensions of a.MOSFET a.re reduced the distinct fea.tures a.re seen

in device cha.ra.cteristics. First the dra.in current is found to increa.se with the dra.in

voltage due to cha.nnellength modula.tion beyond pinch-off. This is in contra.st with

.the I-V curve of a long channel MOSFET, where the drain current becomes constant

. a.fter the pinch-off condition. But the output current in short cha.nnel MOSFET

does not saturate. The second feature of a short cha.nnel MOSFET ca.n be seen

in the subthreshold region where the ga.te losses control over the drain current.

In other words, the output drain current ca.n't be reduced to zero Le. can't be

turned off. The third fea.ture is tha.t due to the presence of velocity sa.tura.tion the

dra.in current in short cha.nnel MOSFET for a. fixed dra.in-source volta.ge is sma.ller

tha.n the corresponding drain current in long channel MOSFET. The fourth distinct

fea.ture of a. short cha.nnel MOSFET is the shift of its threshold voltage with the

cha.nnel length a.swell a.s drain bia.s voIta.ge. Whereas, the threshold voltage of a

long cha.nnel MOSFET is not a function of either dra.in bias or channel length.

1.5 Hot carrier effect and avalanche breakdown

At rela.tively small Vvs, high electric field will exist in the drain depletion region

and electron hole pa.irswill be genera.ted due to impact ioniza.tion. The mecha.nism

of a.valanche brea.kdown of a.j unction involves the impact ionization of host atoms

by energetic carriers. Normal lattice-scattering event can result in the creation

of electron-hole pair if the carrier being scattered ha.s sufficient energy. If a hirge

reverse voltage is applied across a. p-n junction, the electric field in the transition

region becomes la.rge and a.n electron entering from the p Bidemay be accelerated
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to high kinetic energy to cause an ionizing collilrionwith the lattice. A single

such interaction results in carrier multiplication. The degree of multiplication can

becomevery high if carriers generated within the transition region also have ionizing

collisionswith the lattice. This is an avalanche process, since each incoming carrier

Can initiate the creation of a large number of new carriers.

In the reverse bias drain to substrate junction, the electric field may be quite

high in short channel device. Carriers that are injected into the depletion layer are

accelerated by the high field, and some of them may gain enough energy to cause

impact ionization. These carriers have higher energy than thermal energy and are

called hot carriers. Most of the electrons generated by the avalanche multiplication

are normally attracted by the drain and the holes generated by multiplication can

flowto the subtrate, giving rise to a large substrate current (Fig 1.3). The situation

is further complicated by the fact that the region between the source and drain can

act like the base of a bipolar npn transistor, with the source acting as the emitter

and the drain as the collector. Now if the substrate current produces a voltage drop

in the substrate material of the order 0.7 V, the substrate-source pn junction will

conduct significantly. Electrons can be injected from the source to the substrate,

just likeelectrons injected from emitter to base in an npn transistor. These electrons

can in turn, gain sufficient energy as they travel toward the drain to cause additional

impact ionization-and create new electron-hole pairs. This constitutes a positive

feedback mechanism, which can sustain itself if the drain voltage exceeds a certain

value. This is observed externally as breakdown causing current values higher than

normally expected.

12
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Fig. 1.3. Effect of hot carrier in short channel MOSFET.
(1) Holes reaohlng the souroe
(2) Electron Injection trom the source
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(4) Electron InJeotlon Into the oxide

13



•

1.6 Review of recent works on the b.reakdown of MOSFET

A number of analy1ical and numerical models on the breakdown of short chan-

nel MOSFET have been developed in the last few years. D.P Kennedy and A.

Phillips [6] in 1973 first developed a source drain breakdown model and suggest-

ed that the positive feedback effect involving bipolar transistor action is the main

breakdown mechanism in short channel MOSFET. But in his work the dependence

of breakdown on biases and geometries were not investigated. In 1977 T. Toy-

abe [7]developed a two dimensional avalanche breakdown model of short channel

MOSFET and concluded that the breakdown in short channel MOSFET occurs

when the voltage across the source-substrate junction is of the' order of 0.7 V.

Later in 1978 he proposed a numerical model of avalanche breakdown which is a

modified version of his previous model. E. Sun [8]in his breakdown model of short

channel MOSFET showedthat the turning on of the source substrate j unction is not

a sufficient condition for breakdown. Later Fu-Chieu Hsu, Simon Tam [9] derived

a simple analytical breakdown model that combines the effects due to ohmic drop

caused by the substrate current and the positive feedback effect of the substrate

lateral bipolar transistor. They pointed out that drain source breakdown in most

short channel MOSFETs is neither simple junction avalanche breakdown nor source

to drain punchthrough but ava.lanche-inducedbreakdown and two conditions must

be satisfied before the breakdown can occur. One is the emission of minority carrier

into the substrate from the source and the other is sufficient avalanche multipli-

cation to cause significant positive feedback. Wolfgang Muller [18] analysed MOS

transistor in avalanche multiplication region for different doped transistor at varying

channellengihs. In his work ionization integrals, internal body effect an8parasitic

bipolar turn-on have been investigated in dependence of channel doping profile and

substrate doping level. He suggested that a deep channel implant in devices with

14
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high resisiivity substrate improves the source barrie. and lower substrate resistivity

to shift the bipolar trigger voltage to higher drain voltage of the order of 1-2 V.

Chenming Hu [10Jin 1982 showed that a phenomena of second breakdown sim-

ilar to that in bipolar transistor can also occur in vertical power MOSFET. A

good agreement between measured and calculated values based on his analysis was

achieved over a wide range of device parameters. In 1983 Hsu [11J presented a

simplified model which is an extended version of his previous work. In this work

Hsu included the effects of those carriers injected from the source into the substrate

and collected by the drain. He also incorporated substrate conductivity modula-

tion to account for the behaviour of the substrate current and current collected at

nearby junction in the breakdown region. Tomasz Skotnicki, Gerard Merckel [20]

revealed in 1989that the physics of multiplication induced breakdown is eventually

different from what the previous authors have reported. They proposed that two

consecutive phases of breakdown, enhanced body effect and parasitic bipolar action

have to be treated differentiy. They also showed that enhanced body effect can't

be replaced by ordinary body effect resulting from the external positive bulk bias.

Similarly they proposed an unconventional mode of biasing of the bipolar transistor

and took into account the effect of variable geometry of the substrate to incorporate

the variation of substrate resistance with drain source voltage. Tomasz resolved the

shortcomings of the work done by the previous authors who failed to explain the

constant substrate voltage with the increase of substrate current and limit its value

to 0.7 V to match the measured I-V characteristics of the MOSFET in the break-

down region which leads to a number of contradictions. The first contradiction is

that the substrate voltage remains fixed while substrate current is increasing and

substrate resistanceis fixed. The second contradiction is the saturation of substrate

current as reported by some authors which is in complete disagreement with the

measured substrate current. The third contradiction is that the saturation of sub-
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strate current implies almost constant drain currel!t which is also contradictory to

the rapid increase of drain current with VDS•

1.7 Summaryof the thesis

A number of different models have been developed so far to find the drain

characteristics of a short channel MOSFET in the multiplication breakdown region.

Different authors have used different approaches to develop their models. But most

of the reponed works failed to incorporate the exact physical mechanism that drives

a short channel MOSFET in the breakdown region. In this thesis, an analytical

model comprising of a detailed physics of a shon channel MOSFET in its avalanche

multiplication region is presented. The main model consists of four small different

models namely channel current model leh, excess channel current model b.leh. the

substrate current model ISlIb and the emitter current modei Ie. Various short

channei effects have been taken into account while developing these models.

In the first chapter of this thesis, the literature survey of a MOSFET including

its threshold voltage, body (substrate bias) effect and various undesirable effects

have been undertaken. The effect of hot carrier and substrate current produced by

the mechanism of avalanche multiplication that drives a short channel MOSFET

into the breakdown mode have been described briefly in this chapter. Recent works

carried out by various authors on the breakdown of short channel MOSFET are

alBoreviewed in this chapter.

In chapter 2, a detailed analysis of the breakdown model along with the physics

is presented to find the I-V characteristics of a short channel MOSFET . The total

drain current in the avalanche multiplication region consists of four different cur-
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rent components i) conventionai channel current dlie to electron flow from source

to drain ii) excess channel current due to threshold lowering iii) substrate current

due to hole produced by avalanche multiplication iv) emitter current due to bipolar

action of the MOSFET. For the channel current model a simple but efficientmethod

is used where the change of threshold voltage with drain source voltage and channel

length have been taken into account. An accurate substrate current model is devel.

oped where the effect of junction depth, oxide thickness, drain voltage, substrate

doping on multiplication factor have been incorporated. In developing the emitter

current model the effective channel length is represented by an analytical one and

later an empirical expression is derived to flnd the complete drain and substrate

characteristic of the short channel MOSFET.

In chapter 3 of the thesis the drain and substrate characteristics based on the

analytical model developed in chapter 2 and a computer programme scheme to

study the characteristics are presented.

The final chapter contains the concluding remarks with suggestions for further

work on this topic.

17
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CHAPTER 2

ANALYTICAL BREAKDOWN MODEL OF
SHORT CHANNEL MOSFET

2.1 Introduction

The mechanism of bipolar induced breakdown due to impact ionization in short

channel MOSFET has been Btudied by many authorB [6-11, 20J. In this thesiB'

an analytical model ill'presented. Thill' model can be applied for a wide range of

MOSFET channellengthB to find different I-V characteriBtics of the MOSFET.

The physics of the avalanche induced breakdown problem along with different

current components has been illuBtrated in Fig. 2.1 for an n channel MOSFET.

Channel electrons that travel through the high field avalanche region cause impact

ionization. The electric field in the high-field region B'WeePB'the electron generated

. by impact ionization into the drain and holes into the bulk. The holes created

at the high field avalanche region fim caUB'esa reduction in the channel region

depletion width and thUB'lowers the threshold voltage liT of the MOSFET and then

the ohmic drop caUB'edby the hole flowing through the high resiB'tivivity subBtrate

forward biases the source junction to initiate the bipolar action of the MOSFET and

18
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Fig. 2.1 Current components with bipolar Induced breakdown
In short channel MOSFET.
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hence cause it to inject electronS'. Part of theE1einj«ted electronS' travel to the drain

junction and will further be multiplied by the drain field, cauS'ing poS'itive feedback

action. So after the bipolar turn-on of the MOSFET the drain current ld cOnS'iB'tS'

of three componentS' of current i) channel current leh , ii) exceS'S'channel current

b.leh due to threS'hold lowering of the MOSFET and iii) the collector current Ie of

the bipolar npn tranS'mor . On the other hand, the hole current 1mdue avalanche

multiplication conS'iB'tS'of base current Ib and the S'ubB'trate current Isub' From the

equivalent circuit (Fig. 2.2) of a MOSFET after the bipolar turn on, the neceS'S'ary

equationS' relating different current componentS' can be repreS'ented as follwS',

•

ld = M( Ie + leh + b.leh)

1m = (M - 1)( Ie + leh +b.leh)

(2.1)

(2.2)

where, M is'the multiplication factor. From equationS' (2.1) (2.2) and (fig 2.5) we

get

(2.3)

But the drain current is' related to S'UbB'trate current as followS' (from equation 2.1

and 2.2)

lri - M(Ie + 100 + b.leb)

- 1m+ Ie + leh + b.leh

20
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Fig, 2,2 Equivalent circuit of a short channel MOSFET after the
bipolar turn on.
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= I.ub +h+ Ie + Iebej- t::.Ieb

= I.ub + Ie + Ieb + t::.Ieb

•

= I.ub + I.

where, Ie is' the emitter current and I. is'the S'ourcecurrent and is' given by

(2.4)

(2.5)

So from equli.tion (2.4) and (2.5) the expression for B'Ubstrate current can be

given by the relation

1 .
I.ub = (1 - M) (I.ub + I.) - Ib (2.6)

If the multiplication factor M can be found we shall be able to find the S'ubB'trate

current I.ub.

2.2 Enhanced Body Effect

The breakdown in shoM channel MOSFET is' not a S'implejunction avalanche

breakdown rather it is' a breakdown induced by avalanche multiplication. Two

cOfiB'ecutivephaseS'of breakdown occur in S'ucha S'mallchannel MOSFET. First, the

riS'ein drain current is'cauS'edby the enhanced body effect (EBE) and then the S'harp

riS'e in drain current is' initiated by the parasitic bipolar action of the MOSFET.

The phyS'ical mechanism of the enhanced body effect is' that the holeS', multiplied

in the drain junction, bias the B'UbstrateB'preading reS'iB'tancewhen flowing towardS'

the B'Ubstrli.teterminal. This bias corresponds to a reduction in the channel region

depletion width from Wo which corresponds (I.lIb = 0) to wand thus releaseS' a
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certain amount of bulk charge QB of ionized impUlitieB, which was initially tied

by the gate field. ThiB reduction in bulk charge of the amount t:J.QBS implieB a

threshold lowering of the MOSFET and enhancement of inverBion layer charge by

the amount t:J.QBS BOas to preserve the overall charge neutrality,

QiJ +QI - Qa

- Co (YaB - 1/>.)

•

_ const. (2.7)

ThiB enhanced body effect iBquite different from the body effect reBulting from

the applied external poBitive biasing of the bulk (body) which alBoCaWleBa reduction

in threBhold voltage. But the difference between theBe two body effectBreBultBfrom

the fact that the ordinary body effect doeB not involve any electric field in the bulk

whereas, the enhanced body effect EBE requireB a nonvaniBhing electric field in

the bulk, neceBBaryto drive the BUbBtratecurrent. In case of EBE, the variation

in potential in the bulk no longer diBappearB along the depth from depletion edge

boundry to the BubBtrate terminal and the BubBtrate current in the bulk floWlldue

to drift of the holeB rather than diffuBion. The holeB after multiplication Bpread

towardB the bulk and follow the doping diBtribution (p = N) which makeB the

gradient of concentration along the depth of the MOSFET zero and leadB to zero

diffus'ion current in the bulk. The nonzero electric field required to enBUrethe drift

of holeB is given by

E = f.ub (2.8)
q/lpNIZ

In the equation I accountB for the lateral Bpreading of the BubBtrate current and



•

is given by (Fig. 2.3) •

I = L - (I. + ld) (2.9)

where, Lis the physical channel length of the MOSFET and

2.3 Channel current model

In this section first the channel current model for a long channel MOSFET is

developed and by some modifications to this model a channel current model for a

short channel MOSFET is derived. With strong inversion guaranteed at the source

end of the channel the drain end will also be strongly inverted. With both channel

ends strongly inverted I the application of bias voltage VSB .at the source end and

VDB at the drain end will shift the quasi fermi level at the corresponding end by

VSB and VDB respectively. The corresponding surface potentials at the ends can be

represented as

•

i{>so = cP•• + VSB

24
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Fig. 2.3. Simplified diagram of an n-channel MOSFET.
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i/JSL = cPri + VDB

•
(2.11)

•

where i/JSL and i/Jso are the surface potential at the drain and source end respectively.

In strong inversion the concentration of carriers in the channel region is high and

there is a significant variation in surface potential from i/Jso at the source end to

i/JSL at the drain end. Hence, the channel current is predominantly due to drift

mechanism of the carrier rather than diffusion as the gradient of concentration

along the channel is small. The drift component of the channel current along the

channel due to variation in surface potential i/J.(y) determines the channel current

Ich in strong inversion.

(2.12)

where, Z is the width ofthe channel.

But the variation of surface potential i/J. can be represented as

(2.13)

where, with channel length L

y=O

y=L
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Now,

•

(2.14)

The inversion layer charge Q/ is given by

Q/ - -C.(VaH - VPH - 1/>. + ~:)
= -C.(VaH - VPH - eP,;- VaH - 'YJeP'; + VaH) (2.15)

where, the depletion layer charge QH is

(2.16)

and

(2.17)

By expanding the equation (2.17) into Thylor series around VaH = VSHwe get

(2.18)

(2.19)

where,

51=-='Y==
2";$.1 + VSH

27



The value of th is modified again by 5 for the beElifitting of the curve. The value

of 5 is
5 = dz'Y.

2-J(pri + VSB
where, dz variell from 0.5 to 0.8 [12]

Now, the exprellllion for the inverllion layer charge QI becomell

QI = -Co [VaB - VFB - <Pri- 'YV<Pri+ VSB - 5(VCB - VSB) ~ VCB]

= -Co [(VaB ~ VsB) - VFB - <Pri- 'YV<Pri+ VSB - (1 + 5) (VCB - VsB)]

= -Co [(Vas - VT) - (1 + 5) (VcB - VSB)] (2.20)

In equdion (2.20) the threllhold voHage taking the effect of body bias VSB ill given

by

The channel currem feh from equation (2.12) ill

•

(2.21)

(2.22)

I.e.,

(2.23)

With VDB = VDS+VSB and VaB = Vas +VSB the channel current after integration

of equation (2.23) ill obtained as

feh = Z~Co [(Vas - VT)VDS - .5 (1 + 5) VJs]

z8



By taking the effect of normal component of tl'vJelectric field on the mobility

of electrons in the inven;ion layer that leads to acceleration of electrons toward the

oxid&-interface we get the effective mobility ~.ff [4J

where,
/J.

/J'ff = 1+ e(Vas - VT) + eIJVSB

The expreB'B'ionof the channel current leb with /J replaced by /J'ff becomes

•

(2.25)

The expreB'B'ionof the channel current is valid upto saturation voltage Vl,s, b&-
yond which the channel is pinched off and the current ill saturated.

Accordingly,

for VDS :$ Vbs

for VDS > Vbs

(2.26)

(2.27)

where, lcl. is the channel current leb at a drain source voltage Vbs obtained from

equation (2.26) . This is' the. channel current model for a long channel MOSFET

and by considering varioUS'short channel effects the corresponding model for the

short channel MOSFET can be obtained from thiS' model.

For a short channel MOSFET which is'also narrow, a three dimensional analysiS'

is required for obtaining the accurate channel charac1eriB'tiCB'.Such an analysiS'

involves the solution of three dimensional PoisB'On'sequation and is very complex.

However; for efficient calculation a simple channel current model can be developed

29



by taking into consideration the follwing short chanllel effects simultaneoUilly in the

long channel model and combining them in a single model.
[ .

The variOUilshort channel effects are: i) Effect of velocity saturation.' it) Effect of
. . I

channel length modulation. iii)Effect ofl channel length L on effective threshold. iv)

Effect of drain source voltage VDS on effective threshold. v) Effect of width Z ofthe

channel on effective threshold.

2.3.1 Velocity saturation effect

In the channel current model developed for the long channel MOSFET, it is

assumed that the lateral (horizontal) component fi, of the electric field is small

enough so that the drift velocity of the carrier vdis proportional to ey. But in case

of short channel MOSFET this relation is violated due to high value of electric field

fi, and the previoUilly developed channel current model for long channel MOSFET

requires some modifications. Actually the velocity of carriers in the inversion layer

of short channel MOSFET saturates at a high value of electric field ey and does not

increase with the electric field (Fig. 2.4) due to the generation of phonons by the

scaUering collision of the carriers with the laUice. So the drift velocity is modified

•

= Vdmoz

30
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Fig. 2.4 Carrier velocity vs. laterai component of electric field.
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where, Ee is the critical field and is given by .•

V&m"" ( )Ec = - 2.30
I-'

A single expression of drift velocity Vd(Y) can be obtained from equation (2.28) and

(2.29) and is given by

•

(2.31)

where, the lateral electric field E, is given by

Hence, Vd(Y) is given by

Vd(Y) (l/Ee)(dVoB/rJy)
= vdmaz1 + (l/Ee)(dYoB/dy)

dVOB/rJy
= I-' 1 + (dYoB/rJy)(l/Ee)

(2.32)

(2.33)

Now, the channel current of long channel MOSFET will be modified due to

velocity saturation effect in short channel MOSFET as below,

(2.34)

Integrating both sides of the equation and after some simplification we ul1imately

get the channel current Ich including velocity saturation.
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Upon integration the channel current leh becomell

(2.35)

•

where,

Z
leh =-L

IJ
1+ Vos/(u.) (2.36)

VOB - VSB = Vos

Comparing with equation (2.23) the channel current expreS'sion in all the non-

S'aturation region taking the effect of velocity S'aturation can be modified 8.S'folloWS'

leh. includiug Wlloeity
leh. not including Wllocity

saturation =
1+ Vos/(Lc..)

saturation (2.37)

2.3.2 Bffect of L, VDS, Z on threshold voltage

The threS'hold voltage of a long channel MOSFET is' given by

where QB is' the depletion region charge and is' given by

33
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I,.

where, w is the depletion width.

The total charge that ill contributing to the threshold in equation (2.38) is

ZLQB, the charge represented by rectangle with width Z and length L. But in

shoMchannel MOSFET, a part of this charge is shared by drain and source such

that only the area iMide the trapezoid (Fig. 2.5) ill controlled by gate and the

charge inside it contributes to the actual threshold of the short channel MOSFET.

So the actual bulk charge Q'B will be less than QB and illgiven by

•

But

QB (
L+LJ) Zw

Q'B = . 2 Z Lw
L+LJ

= QB 2 L (2.39)

L+LJ
2L = Mw d.

1 - (. 1+ - - 1) ...1..d. L
1

d; [ 1 2w .]1- L 1+ (2) . d; + ... - 1
w

1- -
L (2.40)

The validity of the expreEflionfor the effective charge Q'B can be.extended by

introducing an empirical constant CYl

(2.41)
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Fig. 2,5 Charge sharing model of a MOSFET,
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Le. •
(2.42)

•

Now the reduction in threshold voltage D.VT due to significant charge sharing

at drain and source end in short channel MOSFET is given by

(2.43)

Replacing the values of"Y =¥ and Co = e in equation (2.43) we get

(2.44)

This expression is valid when drain source voltage VDS = 0 so that depletion

width Ws at the source end and the depletion width at the drain end WD are equal

and we can assume a uniform depletion width along the channel. For a drain source

voltage greater than 0 the depletion region width around the drain end will widen

and the trapezoid assumption will lead erroneous result. Considering an average

depletion width of ".; ••0 the effective charge qB from equation (2.41) is given by

(2.45)
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where, •
Ws=

2 E. (<Poi + VSB)
= ,h'i + VSB (2.46)

qNA

Wo=
2 E. (<Poi+ VOB)

= 'V<P'i + VOB (2.47)
qNA

•

and

But, the average depletion width can be approximated as

WS+WO

2

(2.48)

So, after some B'implificationthe general expreB'B'ionfor threshold reduction DoVr

due to charge sharing in short channel MOSFET, incorporating the effect of drain

source voltage Vos, can be obtained as follws :

DoQB
C.

= QB _ ClB
C. C.



(2.49)

•

If the width of the channel Z in a short channel MOSFET is narrow then the

depletion region (Fig. 2.6) on the sides of the channel is comparable to the total

depletion region volume and cannot be neglected and this charge on the sides should

be added to QB to find the effective charge QB . Now the increase in threshold b.VTl

due to narrow channel width is given by

(2.50)

If we assume the side parts of the depletion region is an area of quarter circle

croSS'section then charge Q~ inside the region is given

=

2 (7r/4) w2L
ZLw

W7r

2Z
(2.51)

By introducing an empirical collBtant the total effective charge QB can be rep-

resented as

(2.52)
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Fig. 2.6 Effect of fringing field In narrow channel MOSFET.
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So the change in threshold voltage from (2.50) is gilren by

Replacing the values of w = '.J"'ri + VSB • C. = t and'Y = (2Y''c.Nd,'J> in

equation (2.53) the ultimate increase in thresold voltage is given by

€., t"", () ( )/:;.VT1 = a31T- - o/ri + VSB 2.54
€..., Z

Combining the effect of L, VDS and Z on the long channel threshold voltage VT

the expression of effective thresold voltage VT for short channel MOSFET is

•

(2.55)

2.3.3 Channel length modulation

In a MOSFET at a certain drain source voltage Vbs the channel is pinched off

At the pinchoff point zero inversion layer charge is situated at the drain end of

the channel. If drain source voltage VDSis increased beyond Vbs then the depletion

region at the drain substrate region starts to increase. This lateral extension of

the depletion region into the channel beyond pinch off reduces the effective channel

length. Since the depletion region is bias dependent it changes with drain source

voltage and thus modulates the effective channel length. This change in channel
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length due to bias voltage is negligible in long chanI¥l1MOSFET, whereas, in short

channel MOSFET it is comparable to the length of the MOSFET itself. So like the

long channel MOSFET the current in short channel MOSFET does not saturate

after pinchoff, rather it increases after saturation due to the fact that the channel

current is inversely proportional to the channel length. So if I~his the channel

current at saturation voltage ViJs then the channel current Ich after saturation is

•

(2.56)

The value ofb.L can be found in the followingway by solving an one dimensional

Poisson's equation with appropriate boundary condition (Fig. 2.7) in the pinchoff

region near drain end.

dz;, q= -NA
tty E.,

=*z;, qNA= eD +-y
E,

ESAT
qN;;, (2.57)= +-y.

E.,

fo6L fo6L ( qNA ). dl/>~ = - ESAT + -- y dy
D • D E.,

(2.58)

So,
_ -ESAT b.L _ ~(Ll.L)2 qNA

2 E.,
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Fig. 2.7 Channel length modulation of a MOSFET.
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SolYing equation (2.59) for f:>L, f:>L can be writtlilll as

On the other hand,

(2.60)

•

f:>L
L

(2.61)

where,

and

V - 20fD L..jijNA - E L
A - ~ - SATv2E.,

From equations (2.56) and (2.61) the channel current feh after saturation is

1'. ( VDS - Vbs)
feh = eh 1 + ---~

VA
(2.62)

Finally, by combining all the effects of shoM channel MOSFET that have been

described in this section and recalling the channel current model of a long channel

MOSFET from equations (2.26) and (2.27) ,the channel current model for shoM

channel MOSFET can be represented as follws :
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For a drain source voltge VDS ~ Vos the channel c••rrent feb is

•

where,

feb
/loCo If [L Vas - VT(VDS)}VDS - .5(1 + 5)VJs]

=
[ 1 t 9{ Vas - V T(VDS)} + 9pVSB] [1+ VDs/(L€~)l
/leffC.lf [Val VDS - .5( 1 + 5)V5s1

[1 +~]

/lo
/leff = [1 + 9{Vas - VT(VDS)} + 9pVSB]

and Val = Vas - VT(VDS)

and V. - u.

(2.63)

(2.64)

For a drain source voltage VDS > Vos the channel current feb is

_ f~b (1 + VDS~ VOs)

/loC.lf [{Vas - VTcYos)}Vbs - .5( 1 + 5)vgs] (
- [ A ] [ V' ] 1 +. 1+9{Vas - VT(Vbs)} + 9pVSB 1+ ~

VDS~A Vbs) (2.65)

Now, we have to focus on the saturation voltage Vos which still remains to be

found. Neglecting the dependence of VT on VDS and equating the expression ~ch ofD,'

equations (2.64) and (2.65) at VDS = Vos, we get a transcendental equation after

the follwing simplification. By solving the equation numerically we can get the

satuarlion voltage Vbs'
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( Vbs) { I 1( ) 12}1 + V
c

Vm VDS - 2 1+ 6' VDS

= VA [( 1+ V~S){VG1_ V~s( 1+ 6'n]
- 2. [{VGl Vbs - ~( 1 + 8)vgsJ]Vc 2

= VA [ Vm- ~~ ( 1+ 8) - Vbs( 1 + 8)] (2.66)

2.4 Substrate current model

In a short channel MOSFET the sub61rate current is composed of holes generated

by impact ionization in the drain region due to high lateral electric field. This

. current is detectable when the drain source voltage VDS is one or two volts above

Vbs' The sub61rate current is a function of multiplication factor M as shown in

equation (2.6). But the general expression of multiplication factor M is given by

[25)

But

1
1-- =

M

=

f:P

anexp[-l"?(an -ap)dx'] dx

foAL a'if dx (2.67)

(2.68)

where, E is the lateral (y direction) electric field (fig 2.2) ani ap I are the ionization

rates for electron and hole respectively and Ai and Bi are the ionization coefficients.
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{!>L
10 (X.II dy

•

(2.69)

(2.70)

(2.71)

•

Since, the lateral electric field E in the channel increases sharply toward the

drain and the substrate current is very strongly dependent on the field, equation

(2.69) reduces approximately to (2.70).

From equations (2.67) and (2.71) we get

1
1- M = C1- C2

where,

C1= A~ E~D Idy I ( 1- 2EsD + 6E~~ e--';;)
B. dEIs'D Bi Bi

and

G - Ai E2 Idyl (1 2EsAT + 6ESAT' -~)2 - SAT - -- --- e urBi dE 'D Bi Bl

The substrate current can be represented From equation (2.6)
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The lateral electric field E can be related to drainoB'ourcevoltage [21] as.

•

where,

and

A= f'Oz/ f.ri

tea {(t4 + .Ol(V - Vbs)(d1 - di)}

(2.76)

dE dE dV
dy = dV dy = B

dE
dV

(2.77)

From equations (2.72), (2.73), (2.74) and (2.76) we find that the multiplication

factor M is a strong function of lateral electric field near the drain junction and

thus is a function of drain source voltage VDS, oxide thickness tea, junction depth

dj and substrate doping N,uh. The substrate current can be found from equation

(2.75) by knowing the parameters 01 and O2 • The essential variables required to

evaluate these parameters are the electric field ESD and the gradient of electric field

IflBRD at the drain end of the channel which can be found in the follwing way.
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dE
dV

dE
E dV

•

= ~.{ A2 (V _ V' )2 + E2 .. }1/2dV . DS SAT

= (V - V!JS) A2 [ 1+ (V _ V' ) ~ dA]
E DSAdV

- (V - V~S) A2 [ 1+ ~ :~ (V - V~S)] (2.78)

•

Putting Xl = !oo and Yl = toz{ A. + .01(VDs - VL,s)(dl - c4)}
'. ""1

dA
dV

1 dA
q--

AdV
(2.79)

where,
. 1 ( ) t••b = - 0.01 dl - dj E.,-

2 Eoz

From equation (2.76), (2.77) and (2.79) we get

(2.80)

The lateral electric field ESD and thegradienl I~ at the drain end can be
••.•. E.'D

fotind by replacing V in equation (2.76) and (2.80) by VDS.
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2.5 Excess channel current model •

Due to the enhanced body effect EBE (Fig. 2.8) the enhancement of the

inversion.is achieved through a eXCeBSchannel current .6.1ch injection in addition to

the conventional channel current leh' This excess channel current corresponds to

an eqUivalent threshold lowering of Vth which is equal to:

•

- .6.QBS q ,.,.
- .6.vth = Co = Co.lw N'(x) dx

and consequently the exceBBchannel current.6.1eh.isgiven by

(2.81)

(2.82)

where, the symbol N'(x) represents the transformed doping profile which replaces

the real doping profile N(x) in short channel case according to VDT technique[16).

The VDT technique allows the two dimensional Poisson's equation, inherent in short

channel MOSFET to be reduced to one dimensional form. According to [16]N'(x)

is given by .

For x ~ ,,\

N'(x) = N: (2.83)

= N, - :2~[VDS + 2 (Vbi - 24>/)+ 2J(Vbi - 2q,/)(VDS + Vbi - 2(PJ)J2.84)

= N. - V (2.85)
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For x > >. •
N*(x) = NB (2.86)

Here, N" NB and>' are the parameters of the box approximation of the doping

profile and stand, respectively for the surface and bulk box doping concentrations,

and the range of the surface enhanced. doping, Vbi is the built in potential of the

source bulk junction. For most practical case the depletionwidth w. at a substrate

current (Ioub = 0) is less or equal than the>' i.e w.~ >.

where,

•

(I ) J2E.l/>cw. = w oub = 0 = --
qN:

(2.87)

By using the VDT technique, 6. lib can be found by solving a one dimensional

PoiBBon'sequation with appropriate boundry condition of potential 1/>", and field E,.

at the depletion edge boundry which is shown below. The threshold lowering 6.lih

due to substrate current is related to depletion width w at a particular substrate

current .and w. by the following expression.

(2.88)

where, Ioubt corresponds to the substrate current which causes the depletion layer

to dissappear completely(w ~ 0).

The surface potential at the silicon surface x = 0 is given by
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Upon integration

•
tPc == 2q, f + VSB = 1/>(0)

dez q N:-=---
dx f.,

(2.89)

(2.90)

(2.91)

•

By putting boundary conditions

qN'
co=Ew+ -' w

f.,

Using equation (2.91) and (2.92) we get

1qN: 2tPo = tPc = tP., +WE., + --w2 f.,

The boundary conditions are as follows:

(2.92)

(2.93) .

tP., = R.nb I.nb
r

E., = II.nb

where,

[from equation (2.8)]

(2.94)

(2.95)

r = (q!-7NZ)-l
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R"ub is the substrate resistance which is a functien of the substrate current I.ub

when I.ub > I.ub/.and is equal to a constant value R"ub/.when I.ub ~ I.ub/..

Rearranginging the equation (2.93)

•

(2.96)

Solving the equation we get the depletion layer width W in terms of Wo

1 2E",E.,
W - ----

2 qN:

=

=

E,!" I.ub .
I N* +q ,

(, !" I.Ub) 2

qlN:
+~( 1 _ R"ub IBl•b) _ E, r I.ub

o i/>c qlN: (2.97)

.where,

( ) tE,i/>c
Wo = W I.ub = 0 = qN: (2.98)

From equation (2.88) and (2.97) we find that depletion width w decreases and

the ILl Vi.hl value increases with the increase of substrate current. The value of

ILlVthl will reach its maximum value when the depletion edge reaches the boundary

of inversion layer Wi or in other words the Si surface since (Wi ~ 0). Under this

condition the depletion width (w = 0) and the corresponding substrate current is

given by
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1 tP.
subt = 0--.

.ILsl1bt

•
(2.99)

•

where, R.ubt is 1he substra1e resistance which corresponds (w -> 0). During 1he

EBE phase 1he substra1e resistance R.ub equals1he R.ubt, 1he resistance oHhe bulk,

bu1 in 1he bipolar phase 11VlLrieswith d, 1hickness of equipoten1ial region (EPR).

So in 1he EBE phase1he expression of substrde resistance can be represen1ed by

1he following empirical reid ion [Appendix AJ

(2.100)

2.5.1 Transition phase

The operdional phase when 1he deple1ion layer vanishes a1 a substra1e cur-

rent I.ub = Isubt and the 1hreshold vol1age liT reaches i1s minimum value is1he

1ransi1ion phase (Fig. 2.10). This corresponds to 1he maximal thretlhold vol1age

reduction l.6lihmaxl where

and

fJ.QBSmoz =-qf N*(x)dx

In 1he 1ransi1ion phase 1he normal elec1ric field E vanishes d1he inversion layer

boundary Wi aild 1he po1ential at 1his boundry become tP. since the electric field
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lines originating from the gate terminate within th/3 inversion layer and there is no

free charge available which can changl'l the boundary condition. In the transition

phase the bulk below the inversion region also becomes quasineutral, i.e p ~ N

and is denoted as QNR (Quasi neutral region).

2.6 Emitter currentmodel

After the transition phase the MOSFET enters in its bipolar phase (Fig. 2.11) .

When the substrate current l.ub exceeds l.ubt , the current at transition phase, the

excess holes due to avalanche multiplication is neutralised by injection of electrons

from source junction in order to preserve the charge neutrality condition. The

region where the bipolar action takes place is EPR (Equipotential region) because

of the constant potential. This region of EPR acts as the base of the npn transistor

formed by the source, substrate and drain of the MOSFET where source acts as the

emitter and drain as the collector. EPR is a perfectly neutral (p - n - N = 0) and

the normal field E at its upper boundary vanishes, the potential 1/>. is reproduced

throughout the EPR But the potential at the upper boundary of EPR near the

source junction is I/> = 1/>.+51/> "" 1/>. and 51/> increases with increase of EPR thickness

d and the electric field at this boundary is slightly greater than O. So the potential

at the upper boundary near the source junction rises very slowly with increasing

carrier concentration.

As a result the substrate current in the EPR is due to diffusion mechanism,

whereas, in the bulk below the EPR it is due to drift mechanism. In the bipolar

phase, concentration gradient occurs in both horizontal and vertical direction. The

concentration gradient £!;f is responsible for the substrate current and ~n is respon-

sible of the emitter current due to electrons. The components of emitter current are

Yi
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Fig. 2.11 Schematic illustration of the bipolar phase with
corresponding pontential and carrier distribution.
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IuSB and IpBS of which IuSB is' due to exceS'S'elec~ronS' injected into EPR (base)

from S'ource and IpBS is' the exceB'B'holeS' injected from the EPR into the S'ource.

•

(2.101)

The neutrality condition implieS'

(2.102)

COnS'idering a 'typical n+p junction of S'ource and EPR, different current compo-

nentS' can be expreB'B'edas' followS'

and

~n
IuSB = qJlnUT -1- Zd

/-In (d) 2
= J1? I I.ob (2.103)

IpBS

(2.104)

Not all ofthe electronS' carried by the IuSB arrive at the drain terminal. Some of

them will recombine with holeS' and thereby will coIlB'litute recombination current

Tree
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•

•

free =

(2.105)

The emitter current Ie and the bB.Becurrent Ib after 6'Omesimplification are

given by

Ie = inSB + IpBS

= U. (ll.n /-!pN,ll.n)Zd
qJ.ln T I +. N LJ.ln SD ,( )(r. J.ln IN, d (2.106)- ~ +L,NsD I IBub

Ib = I,BS + IT«

= 1m- IBub

( N L
2

. 1 J.ln) ( dr (2.107)= Ns:IL, +"2 It, L"

Comparing with the bB.Beof the conventional bipolar tra.nsisior the EPR (bB.Beof

the pa.rB.Biticbipolar tra.nsisior ) hB.Ba s1ructure of variable geometry. EPR actually

emerges at the silicon surface and expands towards the bulk B.Bwell B.BbeloW 6'Ource

and drain domains to absorb B.Bmuch B.Bof the bulk spreading resisiance to maintain.

the consiam potential VBub = RaubIBub = tPc = <P'i +YsB at its bottom edge (Fig.
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2.12). The self adjUBtingmechanism leads to the ilecrease In Rsub reciprocal to

I.ub and takes place through a change in geometry of the EPR. After the transition

phase the biasing ofthe base emitter junction Vbe increases with 5tP which increases

with the increasing size (d) of EPR and is glven by

•

Vbe = v"ub + 5tP - VSB = 2<fif + 5tP (2.108)

At the transition point 5tP = 0, V.ub = tPc, Vbe = 2cPf and before the transition

phase 5tP = 0, V.ub = Rsubt.I.ub, Vbe = v"ub - VSB,

An explicit expression for Vbe can be obtained by equating the mean excess

concentration 6.n of electrons as glven by the diode theory and by equation (2.102).

Or

(
dNI.Ub)

Vbe = UT In 1+ q/lpUTn'fIZ

(2.109)

. (2.110)

In the transition phase when I.ub -+ I.ubt and d -+ tit, the voltage Vbe Is glven

by
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= UT In(NB;') ~O.7 V
"i .

We Summarize the variation of Vbe 8.Bfollows

(2.111)

•

for Isob::; Isubt

for Isub > Isubt

(2.112) .

(2.113)

From equation (2.112) and (2.113) wefind that Vbe incre8.Beslinearly in the EBE

ph8.Beuntil it reaches the value <Pn at the transition ph8.Bebeyond which the incre8.Be

slows down but does not vanish completely rather it incre8.Beslogarithmically 8.B

shown by equation (2.113).

In the last part of the section we have to focus on d (EPR thickness) to find its

variation as a function of substrate current. From the well known relation of resis-

tance R = p~we can find a linear relation between Rsub and d. Here the substrate

resistance is Rsub = aT;d) which decre8.Beswith the incre8.Beof d.. Choosing two

different values of d such 8.Bcit and d; + tdc and knowing the corresponding substrate

resistance Rmbt and Rsobc at these two depths of EPR we can develop the relation

(2.114) between Rsub and Isub which is valid for18ub > I8ubt

d dt + (d; + ttk - dt)
Rsubt - Rsub-
Rsobt - Rsubc

dt + (d; + tdc - dt)
R8Ubt - ~

(2.114)= 8U
Rsubt - Rsobc
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The value of cit, the EPR thickness at the traIJOlitionphase, can be determined

from the following equations.

•

tPc lJ. !:iPt Zl-;;-- = l.ubt = q/lp T-;;-
".ubt "t

(2.115)

Substituting the value of Vbe at the transition phase with 2<Pf from equation

(2.111) into (2.109) we get !:in!

But

(2.116)

The value of cit is given by

(2.117)

Finally, we have to consider the situation when EPR expands towards the bulk

as well as below the source and drain domains I.e d > dj• The analysis upto this'

point is valid for d :5 dj• But In the case of d > dj the geometry of EPR become very

complex and we have to consider the composition of 2 bipolar transistor connected

in parallel. The width and the cross-sectional area ofthe base of the upper transistor

are I and Zdj and those of the lower one are II and Zed - dj) where II = 1+ l"..

Parameter l". accounts for the encroachment of the EPR underneath the l!IOurce

domain. The variation of II with substrate current Isub can be made by developing

an empirical expression of 1m [Appendix B) to fit the curve in the upper region of

the drain characteristics. Upon this basis appropriate current expression for hand
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Ie can be derived for the two transistors in an a~alogical manner as it has been

done in (2.107) and (2.106) I.e.

Ie = leI + le2

where,

(
Iln IN,) (di)2

leI - /-lp + 4 NSD T IslIb

(
Iln II N, ) (d _ ~) 2

le2 - /-lp + L, NSD II l.lIb

and

= (1 J.l" N,L~ ) (~) 2 I2 /-lp + I 4 NSD Ln slIb

= (11ln N, L~ ) (d_~)22 /-lp + II L, NSD Ln IslIb

2.7 Conclusions

(2.118)

(2.119)

(2.120)

(2.121)

(2.122)

(2.123)

In this chapter, a detailed analysis of the short channel MOSFET in the avalanche

induced breakdown region is presented. The physics of the enhanced body effect and

the bipolar transitor action have been distinguished in the analysis. The difference

between the ordinary body effect and the enhanced body effect has been considered

carefully. The conventional channel current is derived by considering various short

channel effects. A brief description of various short channel effects has also been
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presented in this chapter. The multiplication ~del used to find the substrate

current has taken into account the effect of junction depth, doping concentration,

drain source voltage, and oxide thickness on the lateral electric field near the drain

region. The excess channel current model is developed by using VDT technique

which replaces the two dimensional Poisson's equation, inherent in short channel

MOSFET by a one dimensional equation ..
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CHAPTER 3

MODEL IMPLEMENTATION AND RESULTS

3.1 Introduction

The drain characteristics of a shoM channel MOSFET opeMating in the avalanche

multiplication regime depends strongly on the flow of substrate current. Actually

the drain current in this region COIl8istsof four different current components i) Ich.

ii) Isub. iii) b:.Ich, iv) Ie . But exce88channel current b:.Ich and emitter current Ie are

function of substrate current isnb . The substrate current on the other hand depends

on the hole generation in the depletion region near the drain end of the MOSFET.

The degree of multiplication determines the hole current and the multiplication

factor M strongly depends on the lateral electric fleld ESD at the drain end of the

MOSFET. The electric field ESD increases with the increase of drain source voltage

VDs. By using a multiplication model as presented in section 2.4 the substrate

current can be obtained for a particular VDs . Knowing the substrate current I.ub

the excess channel current b:.Ich and the emitter current Ie can be calculated at

the corresponding voltage with the help relevant equatioIl8 derived in the second

chapter.



A computer program is developed to study the different characteristics of the

MOSFET. The equations which are used for obtaining the characteristics are based

on the analytical model developed in chapter 2. In the followingsection of this chap-

ter we have developed an algorithm of the computer program for model simulation

which is represented briefly and sequentially.

3.2 Analysisof the Computational method used

The drain current ld ofthe short channel MOSFET is the sum of lch, l.ubl c.lehl

Ie. The relevant equations required to get these current components are derived

in chapter 2. The flowchart of the computational method used to obtain" the ld

versus VDS characteristic is shown in (Fig. 3.1). The steps of the total algorithm

are shown below :

1. Start the program.

2. Read the necessary parameters like drain source voltage VDSI critical field Eel

fleld at saturation EsAT, junction depth dj I oxide thickness t"" and doping

concentration of substrate N .

3. Calculate the short channel threshold VT and the saturation voltage VJ,SI

R"ubtl l.ubt .

5. Calculate the current leh at saturation voltage Vbs and then channel current

leh. Also calculate the lateral electric field ESD at drain end and then find
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the substrate current I_lib . •

6. If I_lib is iess than or equal to J_lIbt then (a) assign base and emitter current

equal to zero i.e Ib = 0, Ie = 0 (b) Calculate base emitter voltage Vbe,

depletion width w, and excess channel current 6.Ieh (c) print depletion width

wand return to step 12 .

7. Calculate base emitter voltage Vbe, the depth of EPR d, and thickness of EPR

at tranisition phase t:4 •

8. If d is less than or equal to junction depth dj then calculate h, Ie .

9. Calculate the excess channel current 6.Ieh .

10. Calculate the EPR length h at a depth d > dj •

11. Calculate h and Ie and return to step 9 .

12. Calculate and print drain current Id and source current I_ .

13. Stop.

Using equation (2.55) the short channel threshold VT is calculated at a particular

drain source voltage VDS for a fixed channel length L. Then the saturation voltage

Vhs which varies both with the channel length L and Vas is calculated from (2.66)

by applying regula falsi method. If VDS is less than or equal to Vhs then Ieh is

calculated from (2.64). Otherwise first I~1i is calculated from equation (2.63) and

then Ieh and ESD are calculated from (2.65) and (2.76) respectively. The substrate

current I_lib is then obtained from equation (2.75) with the help of regula falsi

method. If I_lib > I_lIbt then Vbe, d, dt are calculated from equation (2.113),

(2.114) and (2.117) respectively, whereas, for I_lib ~ I_11M, Vbe, wand 6.Ieh are

calculated using equation (2.112), (2.97) and (2.82) respectively. If d is less than or
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equal to dj then Ie and h are found from equation.(2.106) and (2.107). For a value

of d greater than dj, Ie and h are calculated from equations (2.118) and (2.119)

after calculating II and b.Ich from equation (2.82) with IslIb = Isubt. Finally, the

drain current Id and the source current Is are calculated from equations (2.4) and

(2.5).

Besides the main programme two separate programmes have been developed to

find 11 as a function of Land VDS' By using the data found from the extrapolation

of Id vs. VDsand Isub VB. VDS curve we extract the value of II at different VDS for

a fixed channel length L from the first programme. Regula falsi method is used in

the programme to extract the necessary data. The S'econdprogramme is' uS'Cdto

find the mathematical expression of II in terms of Land VDS using the necessary

data obtained from the first programme. In the second programme the coefficient

a, all az, b1, b2 are found using matrix inversion rubprogramme.

3.3 Results and Discussions

The analytical model developed in chapter 2 is used to find various characteristics

of a short channel MOSFET.

3.3.1 Threshold and saturation voltage

Threshold and saturation voltage are two very important parameterS' to find

the channel current of a short channel MOSFET as they are dependent on channel

length. Fig. 3.2 shows the effect of channel length on threshold voltage and Fig.

3.3 showS'the effect of channel length on S'aturation voltage of a MOSFET. Fig.
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3.2 shows that when the channel length decreases \he threshold voltage VT of the
MOSFET decreases for a fixed drain source voltage. This is due to the fact that for

a fixed draln source voltage t:.VT increases, with decrease of L as given by equation

(2.49). So the short channel threshold VT decreases as L decreases when Vos is

fIxed. The physiCal explanation for the reduction in threshold due to lowering of

the channel length lies in the fact that as the channel length decreases the depletion

charge at source and drain ends widen and become comparable to the depletion

charge Q8 controlled by the gate. As a result the threshold gate voltage required

to achieve inversion must decrease to accomodate smaller Q8. Again as the thresh-

old decreases with the decrease of channel length, the saturation voltage Vvs also

decreases with the decrease of channel length.

3.3.2 Channel current

Fig. 3.4 shows the channel current Ich vs. VDS characteristics for a series of

MOSFET at a particular Ves differing only in electrical channel lengths. For higher

channel length L, the channel current is lower for a fixed drain source voltage. The

situation can be explained from equation (2.64) and (2.65). We can see from those

equations that the channel current is inversely proportional to channel length L.

Fig. 3.5 shows the channel current Ich vs. Vos chani.cteristiCsfor a higher Vas than

that of Fig. 3.4. For higher Vas the channel current Ich must be higher as can be

shown from equation (2.64) (2.65) for the same VDS and L.
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3.3.3 Lateral electric field and substrate c;urrent

Lateral electric field in a short channel MOSFET is a strong function of drain

source voltage Vos. The electric fieldEso near drain end of the channel at pinchoff

or saturation point is given by ESAT and must increase with Vos beyond pinchoff.

This can be explained from equation (2.76). For a fixed channel length and substrate

doping Vbs is fixed. The parameter A although decreases with Vos but the increase

ofthe term (Vos ~ Vl,s)with Vos overcompensates the decrease and ultimately the

product of the two increases with Vos. So the electric field Eso increases with VDS
and the plot shown in Fig. 3.6 agrees well with the fact.

Fig. 3.7 and 3.8 show the variation of substrate current I.ub with Vos for two

different values of Vas for a series of MOSFET differing only in channel lengths.

These plots show that the substrate current increases with Vos which is quite ob-

vious and can be explained from equation (2.75) and (2.76). The substrate current

is a strong function of multiplication factor M as shown from (2.75). The multipli-

cation factor M on the other hand increaseswith Vos due to the increase of ESD
with Vos as given by equation (2.76) and (2.80). These facts justify the increase of

substrate current with Vos. The effect of Vas on substrate current can be explained

by considering two conflicting factors. The substrate current I.ub depends on both

ionization rate O-eff and channel current Ieb [3). When Vas increases Ieh increases

but O-.ff decreases due to the decrease of electric field Eso. The decrease in Eso
is due to the increase of Vbs with Vas. The increase in channel current tends to

increase the substrate current I.ub, whereas, the decrease in O-eff tends to decrease

the substrate current I.ub' Ultimaiely the substrate current for a fixed drain source

voltage is determined by the factor of the two which dominates the other.
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3.3.4 Depletion width and the combined.channel current

Fig. 3.9 shows the variation of depletion width w with substrate current 1mb'

The depletion width w decreases with t he increase of substrate current I.ub which

can be explained by equation (2.97). The depletion width w is a function of I,"b

for a fixed We and decreases with the increase of I,"b due to the decrease of the

second term ofthe square root portion of equation (2.97). The increase in sub&1rate

current corresponds to a increase in the number of holes which causes a reduction

in depletion width w.

Fig. 3.10 shows the effect of substrate current I,"b on threshold voltage VT of

a short channel MOSFET. The plot shows that VT starls to decrease appreciably

after a certain VDS. The reason for such a rapid decrease can be attributed to

the generation of substrate current at that ceMain voltage VDS' We can see from

equation (2.88) that the reduction in threshold b.Vth increases as w decreases. But

from Fig. 3.9, w decrases with the increase of I,"b' So, the short channel thresold

VT decreases as I,"b increases.

The combined channel current leba ofthe MOSFET is the sum of channel current

Ieh and the excellllchannel current b.Ieh' The channel current Ieh increases with VDS

but the excess channel current b.Ieh increases with VDS upto transition phase due

to threshold lowering b. Yth as given by equation (2.82) and then saturates because

of zero depletion width w = 0 reaching at the transition phase. After the transition

phase the combined channel current Iehe almost saturates due to constant value of

b.Ieh and a slight increase in Ieh with VDS' The plot 3.11 shows the variation of

leba with VDS'
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3.3.5 Base emitter voltage and substrate Pesistance

Fig. 3.12 shows the dependence of bllBe emitter voltage Vbe of the MOSFET

on I.ub after the bipolar turn on. The bllBeemitter voltage Vbe increllBes linearly

with Isub upto the substrate current Isubt and then the increllBein Vbe slows down.

The behaviour can be expla.ined by equation (2.112) and (2.113) respectively where

Vbe is'governed by the first equation before the transition phllBeand by the second

equation after the transition pha.se. The second equation shows the logarithmic

variation of Vbewith Isub after the transition phllBe.

The Fig. 3.13 shows the variation of R.ub with EPR thickness d. The substrate

resistance Rmb should decrellBewith the increllBeof d llBgiven by equation (2.114).

The plot 3.13 agrees well with equation (2.114). The decrease of R.ub with the

increllBe in d is' due to the reduction in the length of the substrate material with

the evolution of EPR.

3.3.6 Drain current

The drain current of the MOSFET is the sum of Ich. 6.Ich, Ie and I.ub' Fig.

3.14 shows the drain current Id vs. VDs characteristic for a series of conventional

MOSFETs differing only in electrical channel lengths. The drain current '[d slowly

increllBes upto a certain VDS and then it increllBes rapidly with VDS to cause the

breakdown of the MOSFET. The voltage around which this change takes place cor-

responds the transition phase of the MOSFET. The initial up-bending of the drain

characteristic before the transition pha.se iil caused by the excess channel current

6.Ich and the rapid rise in drain current after the transition phllBeis caused by the

emitter current Ie. From equation (2.82) and (2.106) we can see that both 6.Ich
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and Ie are function of substrate current. As the I?Ubstratecurrent I.nb increases

with VDs the excess channel current b.Ich increases slowly but the emitter current

Ie increases rapidly according to the nature of the equation (2.82) and (2.106) r&-

spectively.

3.4 Conclusions

in this chapter different short channel effects have been presented. The drain

and substrate characteristics for different operating conditions are studied by using

the model presented in chapter 2. A computer programme is developed based on

the algorithm illustrated in the chapter. The results based on the model presented

in chapter two show that the multiplication induced substrate current is the main

reason that leads to the breakdown of the short channel MOSFET. The major

components of the drain current that contribtite to this breakdown phenomena are

excess channel current b.Ich and emitter current Ie both of which are' determined

by the substrate current I.nb' But the substrate current I.ub again depends on

the source current I. and the multipliaction factor M which is a strong function of

electric field ESD at the drain end.
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CHAPTER 4

Conclusions and Suggestions

4.1 Conclusions

In thill work, an analytical model of breakdown in IlhoMchannel MOSFET

ill presented. Modelling of device aimll at relating physical device parameterll to

device terminal characterillticll. Simple and accurate device modelll are needed to

predid the performance of the device. But accurate modelling of a device is very

difflcut and complex. There ill alwaYIla trade-off between accuracy and complexi-

ty. A number of different modelll have been developed in the laat few years. But

most ofthose modellldid not take into account the adual physical effects occuring

duririg the avalanche induced breakdown in Ilhort channel MOSFET. In this work

a complete physics along with a simple analytical model is presented. By taking

various shoM channel effects simultaneously and then combinning them into a s-

ingle analytical model the drain and substrate characteristics are obtained in the

avalanche-induced multiplication region. An accurate IlUbstratecurrent model and

a simple channel current model is used to find the different charaderistics of the

short channel MOSFET for a wide range of device parameter.
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The holes produced by avalanche multiplication.due to high field at the drain

depletion region causes. a substrate current to flow in a short channel MOSFET

which ultimately degrades the device performance and finally causes the destruc-

tion of the device. The breakdown in MOSFET can be prevented by increasing

I.ubt current needed to initiate the bipolar action by reducing R.ub as given by

equation (2.99). The increase in I.ubt corresponds to a shift of the drain charac-

teristics towards higher drain biases. The reduction in R.nb can be achieved by

doping the substrate heavily. Increasing the bulk doping concentration leads to the

undesirable snap back characteristics of a MOSFET. So, the deep channel implant

is the most appreciable one to achieve the reduction in R.ub instead of the overall

doping increase. This also prevents the punchthrough of the channel.

4.2 Suggestions

In this work the channel current model is developed by one dimensional analy-

sis. Howeverthe breakdown physics in short channel MOSFET along with various

short channel effects are three dimensional which is extremely difficult to approach

analytically. The present model can be improved by three dimensional analysis in

the near future. The substrate resistance can be replaced by an accurate analytical

expression and an accurate physics may also be developed to find the variation of

11 with Land VDS analytically at a EPR depth of d > dj• Finally, an entirely non-

iterative breakdown model may be developed in future to predict the breakdown

characteristics of the short channel MOSFET .
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APPENDIX j!\

.Determination of the expression of
lm as a function of Land VDS

Let us consider that x,y,Z represents L, VDS, 1m of the work presented in this thesis
respectiveiy. Now Z can be expressed in terms of x and y by the following two

degree polynomial.

Al

The determination of the coefficients a, aI, a2,a3,bl, liz can be performed by us-
ing the least square method. In the least square method the square of the error E
between the function to be approximated and the approxmimating function is min-
imized. The minimization of E can accomplished by setting the partial derivatives
of E with respect to each of the coefficients equal to zero, where E is given by

A2

N d,. I b tt' 8B 0 8E 0 8E 0 BE 0 8E 0 t thow accor mg y y pu mg Il;;" = '8., = '8 •• = , iibi= , 81>"= we ge e
following equations

n n n n n

lla + al L Xi + a2L xi + bl L Yi + b2Lyf = L Zi
i=1 i=1 1=1 1=1 1=1

A.3.

n n n n n

+ al Lxi + a2LX~ + blL x;Y;+ b2Lyfx; = LZ;x;
1=1 . i=1 i=1 1=1 i=1

A.4

n n n n n

aLxi + aIL x~ + a2L x1 + blLxiy; + b2LYlxi = LZiXi
1=1 1=1 1=1 1=1 1=1 1=1

n n n n n n

a LYi + al L x;Y;+ a2L xiy; + blLyI + b2Lyl = L ZiYi
1=1 1=1 i=1 1=1 1=1 i=1

n n n n n n

aLyI + al LXii; + a2Lxii; + blL yr + b2L yt = L Ziyl
1=1 i=l 1=1 i=1 1=1 1=1
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Rearranging the equations in matrix form we find

n EXi Exf EYi EYf a Ez,
EXi Exf Exl EXiYi EXiYl al EZ,Xi ,
Ex~ Exl Ext ExfYi Eylxf a2 = E z;xf ...,..~

- .
EYi EXiYi Exfy; Eyf EM bI EZ,Yi .

EYl EXiYl ExfYf EY! EYt b2 Ez;Yl
-,

EXi Exf EYi Eyf -1 Ez,a n
aI EXi Exf Exl -Ex{Y; EXiyf E Z;Xi

'* a2 = Exf Exl Ext Exf'!Ji EYtxt E z;xf = A-I[K] A,8
bI EYi EXiYi ExfYi Eyf EY! E Z;Yi
~ Ev. EXiYl Ex'fyf Ev. EYt Ez;yl

So by performing the operation of A-I the cofficients can determined from
equation A.8. Knowing the coefficients the variation of 1m with Vvs and L can
be obtained.
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APPENDIX B

Determination of substrate resistance Rsub

in EBE phase
'.~'

To find the variation of R.ub with channel length L we rely on the following math-
ematical relation

R"ubt = R"ub = Flo + (t - 1) KL B.1

where Ro is the resistance of the MOSFET with channel length L = LOI and K L

can be determined by the following simple methodology. The substrate resistance
Raub(= R"ubt) of a MOSFET with L = La can be extracted from its two Is versus
VDS characteristics corresponding to 2 different Vas as shown in (Fi~. 2.9). The
extrapolation of the saturation portion of the Is curve ( related to Vas+ lJ.vthmax )
as far as the intersection with curve ( related to Vas) gives the drain voltage corre-
sponding to the transition phase. The latter allows to determine Isubt for L = La
from Isub versus VDS characteristic. Knowing Isubt we can 'find Rsub = R"ubt = Flo
from the following relation Ir

R.ubt = ~btsu
B.2

I
I
I
,

Now by repeatirig the same procedure to MOSFET of length L of La the
coefficient K L can be calculated from the difference of (Rsubt - Ro) according to
equa.tion B.l.

"t,~ ~
Wll'mR~*
l"~ \
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