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ABSTRACT

Hot-carrier induced degradation is one of the main concern in MOSFET's . One

manifestation of the presence of such hot-carrier is the substrate current resulting from

impact ionization of carriers in the high field region near the drain. The measurement

of substrate current has become an important and widely used method for monitoring

the presence of energetic carriers. For this reason, the substrate current itself has been

used as a parameter in modeling device reliability. The impact ionization events

generally occur near the drain where highly nonuniform electric field exists. The

channel electrons experiencing rapid change of electric field do not reach their

stationary state transport. The non-stationary transport of electrons could affect the

impact ionization . It has been found that the established local-field model can

introduce an artificially high and misleading degree of sensitivity in substrate current.

But the quantitative argument of the non-local impact ionization in MOSFET's is still

lacking. In this work, a non-local impact ionization model applicable for the drain

region is proposed where electric field increases exponentially. From the non-local

impact ionization model, a new analytical model for substrate current is developed

which explained the experimental data quite well.
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CHAPTERl

INTRODUCTION

1.1 MOS TRANSISTORS FUNDA1VIENTALS

The l'..,IOStransistor is a four-telminal device in which the lateral CWTentflow is

controlled by the externally applied vettical electric field. A typical MOS transistor

has foW"-telmmals: soW"ce, gate, drain and substrate. A n-channel enhancement

IvlOSFET consists of a relatively lightly doped P type substrate into which two

heavily doped n regions are diffused which act as source and drain respectively.

When a positive voltage is applied to the gate with respect to the substrate, mobile

negative charge is induced in the semiconductor below the semiconductor oxide

interface. The negative carners pro"ide a conduction channel between the source

and the drain.

The application of a voltage across the MOS capacitor establishes an electric field

between the plates. The penetration of the field into the semiconductor produces a

potential barner beneath the surface where the depth of penetration depends on the

doping density[ I]. Thus
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v = voltage across oxide, Vo + surface potential, ,¥, (1.1)

The threshold voltage VT of a MOSFET is defmed as the minimum voltage

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

applied to a MOSFET it produces a large band bending which may cause the band

gap energy Ei to cross over the constant-Fermi level by an amount 1>[ at or near

the Silicon Surface (Fig. 1.3). When this happens an inversion layer of width Wi IS

formed at the silicon surface.

For the condition of the onset of strong inversion, it is necessary to establish a

higher inversion carner density that corresponds to a smface potential 01'-

<PSi = 2<Pf + 6<I>r

Where,

and

( 1.2)

(1.3)

(1.4)

Here, ni is the intrinsic carner concentration, Ey is the Fermi energy level and Ei

is the intlinsic energy level.

, r
• (' J
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The corresponding width of the surface depletion region of the induced junction is-

(1.5)

where,

ks = Dielectric constant of semiconductor

60 = Free space pennitivity

N,= Density of acceptor ions in substrate.

In figure 1.4, the left side of XI remains n type whereas the right side remains P

side. So, at the left side of XI a region of inversion layer of width X, and at the

right side of X, a surface depletion region of width Xd is produced which extends

upto bulk. If we apply a large voltage so that \jJ, >'PSI then the increase of \jl, is

added to the difference of E, and E, and a small increase of \jJ, produces a large

increase of electrons at the sUiface, according to the relation of

q",
n=n.ekT

I

q",
P = Pie kT

(1.6)

( 1.7)

Therefore, the surface inversion layer is acting like a narrow n+ layer, and the

induced junction resembles on n+p junction for a large positive gate voltage.

However, all induced charge will be in the inversion layer after strong inversion,
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and the charge inside the depletion layer will remain constant. With a depletion

layer width of Xdm, the bulk charge QB becomes

(1.8)

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

=Qo (1.9)

where, Qs , Qr , Qo are total charge, inversion layer charge and gale charge

respectively.

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

surface potential 1jI, and voltage across the oxide V0 and is given by

(1.10)

where,

(1.11)

and,

(1.12)

•



where, Co. tox are oxide capacitance per unit area and oxide thickness

respectively.

At the onset of strong inversion QI «QB • then equation (1.10) reduces to

Q, = QI+QB' SOthe threshold voltage can be represented as

(1.13)

Now the inversion layer charge at a gate voltage above tlu'eshold is given by

(1.14)

After fonnation of channel, if a drain voltage Vos greater than saturation voltage

V'DS is applied between drain and source, thc electron density near the drain will

he reduced at VDS> V' oS , pinch off will occur near the drain. After the pinch off

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

channel length.

Depending on the physical length of the channel, j\.10SFET are categorized into

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

the sum of source and drain depletion width (ws + wo) (Fig.3.l) then it is caDed

long channel MOSFET and when L < (ws + wo) then the MOSFET is caDed short

o



channel MOSFET. The depletion width Ws and WD are controlled by bias voltage

VDB and VSB respectively where VDB represents drain bulk bias and VSB the

source bulk bias. In short channel MOSFET's the difference between effective and

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

in long channel it is almost constant.

1.2 EFFECT OF SUBSTRATE BIAS:

Generally the source and the substrate teIminals of a MOSFET are directly

grounded. But if a negative voltage is applied to the P type substrate with respect to

the source (n+ ), a reverse bias voltage, Vsa will be across the induced junction

between the channel and body and also between the source and the substrate

junction. In this case the inversion layer substrate junction will act as a field induced

p junction and the source substrate junction will act as a regular pn junction. In

either case the depletion region is \~idened and the threshold voltage required to

achicve inversion must be increased to accommodate the large Qa. In this case, the

bias will shift the quasi femti level at the source by VSB. SOthe surface potential at

the source during strong inversion can be modified as

\Vs=VSB + <PSI

10

(1.15)
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as the bulk charge becomes

Therefore, the increased differential charge is

(1.16)

(1.17)

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

compensate for L',QB. Therefore,

112
(2q Es Na) [ 112 112]

i". VT = ------ (VSB + <:PSi) - <:PSi
Co

(1.18)

\\inen a positive VBS is applied 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, VB' must be zero or negative to avoid the forward bias

of the source junction.

11



1.3 ADDITIONAL FEATURES OF SHORT CHANNEL

MOSFET:

When the dimensions of a MOSFET are reduced the distinct features are seen in

device characteristics. First the drain cunent is found to increase with the drain

voltage due to channe1length modulation beyond pinch off. lbis is in contrast with

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

after the pinch off condition. But the output cunent in short channel MOSFET

does not saturate. The second feature of a short channel MOSFET can be seen in

the subthreshold region where the gate losses control over the drain cunent. In

other words, the output drain cunent can't be reduced to zero i.e. can't be turned

off. The third feature is that due to the presence of velocity saturation the drain

c.unent in short channel MOSFET for a fixed drain-source voltage is smaller than

the conesponding drain cun'ent in long channel MOSFET. The fOUl1h distinct

feature of a short channel MOSFET is the shift of its threshold voltage with the

channel length as well as drain bias voltage. Whereas, the threshold voltage of a

long channel MOSFET is not a function of either drain bias or channel length.

11
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1.4 AVALANCHE BREAKDOWN AND HOT CARRIER

EFFECT:

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

and electron hole pairs will be generated due to impact ionization. The mechanism

of avalanche breakdown of a junction involves the impact ionization of host atoms

by energetic earners. Nonnal lattice scattering event can result in the creation of

electron hole pair if the canier being scattered has sufficient energy. If a large

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

region becomes large and an electron entering from the p side may be accelerated

to high kinetic energy to cause an ionizing collision with the lattice. A single such

interaction results in carner multiplication. The degree of multiplication can become

very high if earners generated within the transition region also has ionizing

collisions with the lattice. This is an avalanche process, since each incoming carner

can initiate the creation of a large number of new earners.

Most of the electrons generated by the avalanche multiplication are normally

attracted by the drain and the holes generated by multiplication can flow to the

substrate, giving rise to a large substrate CutTen!. The electrons generated in the

drain depletion layer are also attracted to the positive gate voltage, as shown in



+Vos

Fig.1.5. Effects of hot cameros In MOSITT
1.Holes that flaw to the source
2.Electrons that flow to the drain
3.Holes that flow to the substrate
4.Electrons thot tunnel into the oxide
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figure 1.5. If these electrons have an energy greater than 1.5 ev, they may be able

to tunnel into the oxide or to surmount the silicon oxide potential bamer to produce

a gate current. In either case, electrons can be trapped inside the gate oxide, thus

changing the threshold voltage and the current voltage characteristics. This is not

desirable and should be avoided. The hot carner effects can be minimized if the

electric field of the function can be reduced. This can be accomplished by using the

lightly doped drain structure. The lightly doped drain design improves the

perfonnance. It has a higher breakdown voltage, and the substrate current is

reduced by a factor of 30.

1 "
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1.5 REVIEW OF RECENT WORKS ON SUBSTRATE

CURRENT MODELING OF MOSFET

Hot-carriers generated by the vary large electric fields of the drain region create

serious reliability problems. One manifestation of the presence of such hot-carriers

is the substrate current resulting from impact ionization. A number of models on

the substrate current of MOSFET's have been developed in the last few years. D.P.

Kennedy and A Philips [2] in 1973 first developed a source-drain breakdown

model and suggested that the positive feedback effect involving bipolar transistor

action is the main breakdown mechanism in short channel MOSFET. In 1977 T.

Toyable [3] developed a two dimensional avalanche breakdown model of short

channel MOSFET. Later Fu-chien Hsu, Simon Tam [4] derived a simple analytical

breakdown model that combines the effects due to ohmic drop caused by thc

substrate current and the positive feedback effect of the substrate lateral bipolar

transistor. They pointed out that drain source breakdown in most short channel

MOSFET's is neither simple junction avalanche breakdown nor source to drain

punch through but it is avalanche-induced breakdown 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 other is the sufficient avalanche

multiplication to cause significant positive feedback.

lA



The most widely implemented substrate current models in device simulators, such

as PISCES[S], rely on the local ekcttlc tield to determine the amount of impact

ionized carner generation within devices. These models adopt a simplification

equivalent to assuming that the carner instantaneously acquires the steady-state

energy associated with the field at each grid point. This assumption is clearly

violated in regions of rapidly vmying electric fields. As a result, when attempting to

use these local-field models, it is a common practice among users to modifY the co-

efficient of the impact ionization rate in order to obtain agreement between the

simulated and experimentally measured subsb'ate currents. In 1982, R.K. Cook and

J. Frey [6] presented a technique for studying energy transport effects in

submicron-scale semiconductor devices usmg a two-dimensional numerical

simulation. Using this model, it was found that the inclusion of energy transport

effects is very important tor the accurate simulation of submicron-scale GaAs

l\lESFET's, but is not as important for Si devices. In 1988, N. Goldsman and J.

Frey [7] presented a strategy tor accurate and efficient application of the energy

transport method to determine average electron energy, the most critical quantity

affecting many types of device degradation. In 1989, C.G. Hwang, R.W. Dutton

[8] investigated the non-equlibrum effects of hot carner to analyze avalanche

generation. In 1992, V.M. Agostinelli, 1.J. Bordelon [5] reported a two-

17



dimensional substrate current model and it has shown to more accurate estimate the

substrate currents in devices fabricated by different technology. In this work, we

propose a nonlocal impact ionization model applicable for the drain region where

electric field increases exponentially and using this model, an expression for

substrate current model is developed to explain experimental data in a satisfactory

manner.

1.6 OBJECTIVE OF THIS THESIS:

The main objective of this research is to develop an improved model for the

substrate current to explain the experimental data. The substrate current model is

developed through the development of nonlocal impact ionization model. This

impact ionization model is obtained from the analytical solution of the energy

conservation equations for electrons.



1.7 SUMMARY OF THE DISSERTATION

Chapter one deals with the fundamental concepts of MOSFET including its

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

effect of hot camer and substrate current produced by the mechanism of avalanche

multiplication that drives a MOSFET into the breakdown mode have also been

descrihed hriefly in the chapter. A through literature review related to this work has

been earned out. The objective of this work is also mentioned in this chapter.

In chapter two, an analytical expression for nonlocal impact ionization rate is

developed from the analytical solution of the energy conservation equation for

electrons. Analytical expressions for fmding the drain current are also presented in

this chapter. A new substrate current model is developed using these expressions.

The effects of this substrate current on the channel current is also explained in this

chapter.

In chapter three of the thesis ,results of the developed non local impact ionization

model and the substrate current model are presented and a computer program

scheme to study the charactelistics are also presented. A brief discussion on the

results is also presented in this chapter.

10



The [mal chapter contains the concluding remarks with suggestions for further

improvement.



CHAPTER 2

HOT-CARRIER INDUCED SUBSTRATE CURRENT

MODEL

2.1 INTRODUCTION:

For the reverse-bias drain-to-substrate junction, the electric field at drain end may

be quite high and electron hole pairs will be generated due to impact ionization.

Normal lattice-scattering event can result in the creation of electron-hole pair if the

carner being scattered has sufficient energy. In this case, an electron entering from

the p side may be accelerated to high kinetic energy to cause an ionizing collision

with the lattice. A single such interaction results the carrier multiplication. Hot-

carrier induced degradation has been one of the main concerns in scaled down

MOSFET's. One manifestation of the presence of such hot-earners is the substrate

current resulting from impact ionization of carriers in the high field region of the

drain. The measurement of substrate current has become an important and widely

u.~edmethod for monitoring the presence of energetic carriers. For this reason, the

substrate current itself has been used as a parameter in modeling device reliability.

?I



The impact ionization events generally occur near the drain where highly

nonuniform electric field exists. The channel electrons experiencing rapid change of

electric field do not reach their stationary state transport. The non-stationary

transport of electrons could affect the impact ionization. However, quantitative

argument of the non-local impact ionization in MOSFET's is still lacking. In this

work, a nonlocal impact ionization model is developed from the analytical solution

of the energy conselvation equation for electrons in section (2.3)

From the non-local impact ionization model, a new analytical model for substrate

CUiTentof n-channel MOSFET's is derived in section (2.4). Then the model is

compared with the experimentally measured substrate current. The possible effects

of the substrate currcnt on MOS transistor is explained in section (2.5).

11
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2.2.1 CURRENT-VOLTAGE RELATION IN MOS

TRt\NSISTORS

A schematic diagram of an n-channel MOSFE T is shown in Fig. 2.1 in which bias

voltages are included. To simplifY our analysis, we have grounded the source and

substrate terminals. Let us consider a small section at y of the transistor in Fig. 2.1

under the condition that the gate voltage is greater than threshold voltage so that

significant amounts of mobile earners are induced in the inversion layer.

Then the total current in y-direction can be written as

ID = ID ( drift ) + ID (diffusion)

= 1m + 1m

Where, 1m and 1mcan be expressed as [I],

(2.1)

(2.2)

and

fl. W<PTCo [( l (liZ 1/Zl]1m = ~-~~ 'VSL - \Vso + Y \VSL - \jIso
L

?l

(2.3)
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Fig. 2.1 Simplified diagram of a n-chcmnei MOSFET
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Equation (2.2) and (2.3) are the drift and diffusion components. What remains to be

found are the boundary conditions of the surtace potentials at the source and the drain.

The surtace potentials at the source and drain are found from the iterative value of the

j()lIowing equations(I]

(24)

and,

(2.5)

Using the computed values of surface potentia!, the total drain current can now be
computed.



2.2.2 DETERMINATION OF DR<\IN SATURATION

VOLTAGE

In the region of strong inversion, the diffusion tenn is not important so that we may

use equation (2.2) to represent the cwrent of the transistor. The surface potential is

the sum of 'Pm and the appropriate bias. Thus,

\jJ ='P +V
1;0 si SB

1." ='" +Vt'SL 'Y si DB

With these conditions, equation (2.2) becomes,

(2.6)

(2.7)

W '( ) I 2 I( ) 3/2, ) 3I21~I =- C V -V - V --V '-_. +V +V - +V
D L Jln 01\ G!.'. FE q'lsi DS 2 DS 3 YL CPS! SE DS {'P~j SE J

(2.8)

At the pinch-off point,

dI
_D~V =0
dV D.SAT

DS

.-......
I
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Fig. 2.2 Simplified diagrom of after pinch-off reached
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( )

1/2
V -V - - V - ( + V + V = 0(GS FB <flsJ D,SAT Y Psi BB d.SAT

Let,

b = qJ,j+VSB

Then equation (2.9) reduces to

1/2
a ~ V - Y(b + V ) = 0

D.SAT D,SAT

or,

2 ( 2 '\ / 2 2\

V - V I y + 2aj+ la - by J = 0
D,SAT D,SAT\

or,

(2.9)

(2.10)

(2.11)

(2.12)

'r



Substituting equation (2.10) and (2.11), we get

z ! 2
V =V -V -<p +L_y1v -V +V +L
D,SAT as FB ,; 2 I as FB S8 4 (2.13)

This is the drain voltage at which drain current saturates tor a particular values of

Vas.

II'



2.3.1 LOCAL-FIELD MODEL OF IMPACT IONIZATION

In the case of high elecbic Held along the channe~ earners 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. An impact ionization co-efficient, a, is

defmed as the number of impact ionization events caused by an electron per unit

length along the e1ecb1cfield. In uniform e1ecb1cfield, the co-efficient is expressed

as [9]

(2.16)

In the exponential expression, E is the electric tield component parallel to the

cunent density which can say as field parallel to the Si/SiO, intetface. The field

component peq)endicular to the CutTent flow does not cause ionization since the

caniers only gain energy from the field component parallel to their motion. Further

details is shown in appendix-B.

Various authors have detennined Ao and Bo experimentally [10]. Many authors

used different values of Ao and Bo [11-14]. It is widely accepted that these



parameters arc in the range of 6.2-7.03:<10' em" for Ao and 1.08-1.23lxlO" V!em

for Bo.

Equation (2.16) is developed under the concept of an uniform field. The rapid

spatial variation of electric field prevents carriers from reaching a steady-state

equilibrium with the local electric field. So the assumption of steady-state energy

associated with the field is not proper. Thus it has been employed in device

simulators by treating Ao, Bo as fitting parameters to express impact ionization in

scaled devices, in where strong nonuniformity of electric field exists.

According to the pseudo two-dimensional model [15], the electric field in the

velocity saturation region ofMOSFET's is expressed by

E = Esat exp(x / t..)

Where,

E= Electric field parallel to the Si/SiOz interface

x= Distance from a velocity saturation point

E,,,= Field at which drifl velocity saturates.

t..= Characteristic length for the electric ileld.

It depends on geometrical sizes ofMOSFET.

11

(2.17)



Using equations (2.16) and (2.17), the impact ionization model ( a Vs. xI'A) can

be developed by detennining the variation of electric field with xi",

. 2.3.2 NONLOCAL IMPACT IONIZATION MODEL

To ascertain average electron energy w, a simple energy transport equation is

derived. Using common definition of moments in the electron distribution function

we obtain [7]

Ow \7 \7 dw
-_-+v.\7w = e(v.E)--.(l1l\Te.v)--.Q+(-)collisionN 11 11 ill

Where.

E~ Electric field

w= Average electron energy

T,= Electron temperature

v= Electron d,ift velocity

n= Electron concentt'ation

Q= Diffusive heat flow term

(2.18)



The left hand side of equation (2.18) is the rate at which energy changes within a

differential volwne element of electron gas as it moves along the direction of

electron flow. The light-hand side describes how individual forces contribute to

change the total energy of the volume element. The rate at which work is done on

the volume element by the electlic tield is described by the fIrst term to the right of

the equal sign. The nkTe. v term describes the work done by the electron gas as it

exerts pressure and is defOlmed ; the Q term describes the rate at which energy is

removed from the element by the conduction of heat.

Equation (2.18) contains fIve unknown: w, Te, v, Q, and n. The 8w/8t term is

neglected by assuming that the carrier acquires the steady-state energy associated

with the field at each grid point. If we make the approximation that the electron

distribution function is symmetrical in momentum space, then (Vln).Q =0 and if

there is no generation or recombination 'i7.nv=O.Furthermore, w",,3/2kT, . So that

kT.",,2/3w and three unkno"ms are removed . Then we can write the energy

transport equation in one dimension as

8w 2.8w l(dW)-=eE(x)---+- -
&x . 3&x vdt,oll

(2.19)



The collision term can be evaluated as

(2.20)

Where Wo and 'tw are average electron energy at thennal equilibrium and energy

relaxation time for electrons respectively. From equations (2.19) and (2.20), we get

Sow w-wo--=eE(x)-
3 ox v'tw

(2.21)

The electron current density expressed as j=envn is constant provided the eleetron-

hole generation rate is negligible compared to the channel current. This means that

both j and n are also constant in the velocity saturation region where the drift

velocity. Vn has the constant value v"' . Then the equation (2.21) can be written as

Sow w-wo--=eE(x)-
3 ox v,nt'tw

or,

(2.22)

1J

. '~,



Then.

where,

or,

(,W 3 w- Wo-=-eE-
6x 5 Iw

6w 1 3 w
-+-W= -eE+-ox Iw 5 Iw

(2.23)

with operator notation, we write the equation as

(I} 3 woD+- = -eE+--
lw . 5 lw

The appropriate integrating factor is

f-!-dx ~
u=e Iw =e'w

and the general solution consists of two parts

(I) ComplementaIY solutions; w, :

C -xiiw=-=ce w, u

(ii) Particular integral, wp:

1 (3 w)w = - S u - eE + ~ d"
p u \ 5 'w

or~ w =e
p

x ~I x l
'w f Iw I 3 ~ w 0 I

e l- eE e + - klx5 ,at I I
w J



or,

3 A
-el E e5 w sat

W =w + Ip 0
1+~

'It,

or~

3
-el E5 w (x)

W =w +----
p 0 1+1

w/A

The general solution of equation (2.23) is then

or, w(x) = ce

x
I
w

3
-el E(x)
5 w

+w +
o 1+1 1'It,

w

(2.24)

At x=O , equation (2.24) becomes to

3
-el E5 w sat

w(O) = c+w+---
o 1+1 1'It,

w

Substituting the integrating constant c into equation (2.24) , we get

(2.25)

-~ ( -~ ') 3 el wE -~ 3 el E(x)
w(x) = w(O)e Iw + w ll- e A)_ sat e A + w (2.26)

. . . 0 51+lw/'lt, 51+lw/'lt,

Where x is a distance from the velocity saturation point and e is electric charge.



Impact ionization occurs significantly in the region where the electric field execs

200 kv/cm. The average energy w(x) in the region is larger than w(O) and Wo .

These facts allow us to simplifY equation (2.26) as

(2.27)

In unifOlIDelectric field, A,-H:t . Then w converge to (3/S)elwE ; it is the average

energy in unifOlIDelectric field, E.

Since impact ionization events are caused by high energy electrons, the impact

ionization co-efficient in nonunifOlID field should be expressed as a function of the

average electron energy rather than the local electric field model. Substituting

E=Sw/(3elw) into equation (2.16), ioni7.ation co-efficient can be expressed as a

function of the average energy as

(2.28)

In exponentially increasing field, with the use of the energy given by equation

(2.27) , the impact ionization co-efficient becotnes

(2.29)

\



where,

(2.30)

equation (2.29) indicates a linear relationship of loga. vs. lIE characteristic'length ,

'J.. as given by equation (2.30).

2.4 ANALYTICAL SUBSTRATECURRENTMODEL

When the drain voltage becomes sufficiently high, an avalanche breakdown occurs

within the pinch-off region. The generated holes are collected by the substrate

tenninal and constitute substrate current. The resulting current by this impact

ionization process can be written a~

Where & is the length of the pinch-off region.

Using equation (2.16) and (2.17), equation (2.31) can be written as

1 = If A ex.J- B / E.)dxSUB 0 D 1'\

=ff Aexl-b/(E eXP(x/'J..i)l.x
DOL SAT P:

1R

(2.31)

(2.32)



The voltage variation Irom pinch-off point to drain end can be expressed as

V(x) = V + 1'E(x)d"{
D,SAT 0

or, (2.33)

Substituting equation (2.33) into equation (2.32) and using the boundary condition

that

At

At

x=O

x=&

V=VO.,"

V=VOB

equation (2.31) can be reduced to

A ( 'I ( -).B 'I
I =-1 V -Vex I
SUB B D D D,SAT) ~ V _ V )

\ D D,SAT

Where, VD.SAT is the drain voltage at which drift velocity saturates .

. 10

(2.34)



2.5 EFFECTS OF SUBSTRL\TE CURRENT

The breakdown in MOSFET is not a simple junction avalanche breakdown rather it

is a breakdown induced by avalanche multiplication. Two consecutive phases of

breakdown occur in such a MOSFET. First, the reduction of threshold voltage is

caused by the enhanced body effect (EBE) and then the sharp rise in drain current

is initiated by the bipolar transistor action of the MOSFET.

2.5.1 Enhanced body effect

The physical mechanism of the enhanced body effect is that the holes, multiplied

in the drain junction, bias the substrate spreading r~sistance when flowing towards

the substrate terminal. The bias corresponds to a reduction in the channel region

depletion width from Wo which corresponds (lSllB = 0) to wand thus releases a

certain amount of bulk charge QB of ionized impurities, which was initially tied by

the gate field. The reduction of the bulk charge implies a threshold 100veringof the

I\KlSFET. Hence the drain current will increase due to this effect.

The variation of depletion width, w with the substrate current is [16]:

w= [
Ssrlsub]2 +Wo2[1- RSUbISlIbJ_
q/N S \v c q/N s

(2.35)



Where,

fftl>sljlc
11'0=11'(1 b=O)=

Sll Nq s

lfJ c ,., O.7volt

2..5.2 Bipolar transistor action of MOSFET.

(2.37)

(2.36)

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 of 0.7 V, the substrate-source pn junction will conduct significantly.,

Electrons can be injected from the source to the substrate, just like electrons

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 pair. This constitutes a positive feedback

mechanism.

dl
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p-type

V sub = RSub'sUb
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Fig.2 ..3 Current components due tobipcilar trans

action in MOSFET
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The variation of base emitter junction Vbe is [16]:

Vbe = R sub I sub

(2.39)

; When Vb. ,;0. 7 volt.

; When V be >0.7 volt.

(2.38)

The effect of transistor action will depend on the value of Vbe .

2.6 CONCLUSIONS

In thi~ chapter. hot-carrier induced substrate currents in MOSFET is presented in

det.1i1s. The effects of uniform electric field and nonuniform electric field on

impact-ionization model have been distinguished in the a:nalysi~.The conventional

drain current is derived by considering long channel MOSFET. The energy-

dependent ioni7.ationmodel used to fOimulate the substrate cun'ent model has taken

into account the effect of characteristic length for the electric field, energy

relaxation time and the saturation velocity of electron in the pinch-off region.

Finally a substrate cutTent model is developed taking into account the facts

discussed above.



CHAPTER 3

MODEL IMPLEMENTATION AND RESULTS

3.1 INTRODUCTION

The substrate cun'ent of a MOSFET depends on the drain current and ionization

coefficient. Ionization coefficient is a function of drain voltage, drain saturation

voltage and device parameters. The drain current is calculated by using the

characteristics of long channel MOSFET. The drain saturation voltage is also

determined from a developed formula. The impact ionization parameters are found

from the new non-local impact ionization model. In the model, it is found that the

parameters are the function of de"ice dimensions. By using the model presented in

chapter 2, the substrate current with the varying VOB can be obtained for a

pat1icular VDB. To know the substratc current, corresponding drain current ID, drain

saturation voltage VD.SAT can be calculated \vith the help of relevant equation

derived in chapter two.



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

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

on the analytical model developed in chapter 2. In appendi:l:-A, we have developed

an algorithm of the computer program for model simulation which is represented

briefly and sequentially.



3.2 RESULTS AND DISCUSSION:

The analytical model developed in chapter 2 is used to [rod various characteristic of

a MOSFET.

3.2.1 DRAIN CURRENT CHARACTERISTICS:

The drain CUiTentID vs. VDS characteristic of a MOSFET taking Vos as parameters

is shown in Fig.- 3.1. The Fig. suggests, the effect of the gate voltage is to vary the

conductance of the induced channel for low drain-to-source voltage. For a given

value of Vos there will be some drain voltage VDS for which the cun'ent becomes

saturated, after which it remains essentially constant. For a fixed drain voltage VDS,

if Vos is increased then the pinch-off point moves toward the drain end and

saturation voltage V0, SAT will increase. Fig. 3.2 shows the variation of drain

CUiTentwith gate voltage for a constant value of Vos.

3.2.2 LOCAL-FIELD MODEL:

In the model, the impact ionization rate is detelTrllned directly from the field in the

direction of current flow using equation (2.16) . Here Ao and Bo are constants and

E is the unifOlm field. In the model, the rapid spatial varying electric
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field is used in equation (2.16) to fmd the model. Here, Ao and Bo are taken as

constant value in the spatial varymg electric field which depends on devicc

dimensions.

It is seen that the model greatly overestimate the substrate cun'ent because they do

not accurately model the impact ionization process in the presence of the rapidly

Vatying fields. In the device, the experimental substrate current curves are extracted

at room temperature. The model is developed with the default impact ionization

coefficient. It should he noted that these co-efficient have heen litted in order to

agree with the substrate current characteristics over drain biases for a single device.

When the resulting equation is applied to other devices with a similar technology

but different dimensions, the agreement deteriorates.

Figure-3.3 shows the variation of electric field with distance. Here, distance is

measured from pinch-off point. The distance is normalized by the characteristic

length 'A. In figure-3.4,. the impact ionization co-efficient of electrons vs. xI'A is

plotted and in figure-3.5, the plot of (1. vs. lIE is shown. The slope of the line is

Bo.



3.2.3 NON-LOCAL IMPACT IONIZATION MODEL:

In the model, the fitling parameter B is adjusted with the device dimensions . A

relationship between D and A, is determined in equation (2.30). Here, the

Chynoweth's law of impact ionization co-efficient in uniform field [9] shown in

equation (2.16) is frrstly expressed as equation (2.28), in where the impaet

ionization co-efficient is expressed as function of the average energy. Then, the

inlpact ionization for varying average energy as the result of varying electric field is

determined ; in where the parameter is adjusted to a new value.

Figure (3.6 ) shows the plot of loga Vs. lIE ; the slope of the plot indicates the

parameter B. It is seen that the parameter B is a function of 'A. Here, it is observed

that the slope of the lines increases if 'A is decreased. Using the new value of B(~.),

the plot of parameter D vs. 1/A, is shown in fig. 3.7. Using the modified value of D,

the developed substrate CWTentmodel is betler adjusted to the expelimental data as

compared to Im.aI field model.

, ,
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3.2.4 SUBSTRATE CURRENT MODEL:

The variation of substrate current lSI'll with Vos for two different values of VDS is

shown in fig. (3.8) and fig. (3.9). The substrate current, IsuB increases first with

Vos reaches a maximum, then decreases[17]. We show that substrate current is

proportional to both the drain cun.ent, ID and ionization co-efficient, u. For a given

VDS, as Vos increases , both ID and VD. SAT increase. \\'hen VD. SAT increases the

lateral field (VD-VD • SAT)!& decreases, causing a reduction of u. thus we have two

conflicting factors. The initial increase of IsUBis caused with Vos, and at larger Vos,

the decrease of 1st", is due to decrease of u. !vIaximum IsUBoccurs where the two

factors balance.

In fig. (3.8) and fig. (3.9), both the measured and calculated substrate current are

shown. The simulation results with non-local impact ionization model agrees quite

well with the measured data[14]. But, the calculated result based on local-field

model significantly differs from the measured data. 1\10reover, relative error

hecome large as the drain voltage or electric field decreases in case of local field.

Since the substrate current is comparable with the drain current in the subthreshold

region, the assumption of velY low substrate current with respect to drain current is

not very appropriate as the case oflower drain voltage. It is seen that fig.(3.8) fits

..,...•••~,



hetter to the practical data as compared to fig. (3.9). This may be due to the

inaccuracy in the assumed values of various device parameters e.g. effective mean

t,'ee path for electrons.
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3.2.5 Depletion width and the base emitter voltage

Fig. 3.10 shows the variation of depletion width w with substrate current I'Ub'The

depletion width w decreases with the increase of substrate current which can be

explained by equ.ltion (2.35). The depletion width w is a function of I"", for a

[l,ed IV and decreases with the increase of Ieub due to the decrease of the second

term of the square root portion of equation (2.35). The increase in substrate current

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

depletion width w.

Fig. 3.11 shows the dependence of base emitter voltage Vb. of the MOSFET on

I~,b.In the present device, the Vb. is less than 0.7 V; so that it does not tum on the

transistor action.

-'" ,
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3.3 CONCLUSIONS:

The substrate cun'ent characteristics are studied by using the model described in

chapter-2. A computer program i~developed based on the algorithm illustrated in

appendix-A. The simulated results of substrate CUITentsusing the proposed model

show a reasonable agreement with the experimental data and give a better

perfonnance than the local field model. The local field model uses the default

impact ionization coefficients which overestimates the substrate current. The

developed non-local impact ioniz.1tion model modifies the fitting parameter of

Chynoweth's law and thus give a new substrate current model of better

performance.



CHAPTER 4

CONCLUSIONS AND SUGGESTIONS

4.1 CONCLUSIqNS:

In this work, an analytical model of substrate current in MOSFET is presented.

Simple and accurate device modeling is required to predict the petformance of the

device. But accurate modeling of a device is very difficult and complex. There is

always a trade-off between accuracy and complexity. Apparent disagreements

between experimental and calculated data can be explained in the following way:

Since the substrate current is comparable with the drain current in the subthreshold

region, the assumption of very low substrate current with respect to drain current is

not very appropriate. When the substrate current begins to be an appreciable

fraction of the drain current, then a two-carrier solution of the energy transport

equations is more valid than the single carrier solution.

Moreover, in the determination of drain current, short channel effects are not

included. So the calculated drain cUrrent is not an exact estimation of the drain

current in case of shOlt channel MOSFET.



The proposed non-local impact ionization co-efficient is applicable for the drain

region of n-channel MOSFETs where electric field increases exponentially.

Considering the above effects, the new substrate current model is derived from the

developed impact ionization model. Finally, the developed model is compared with

some published experimental data. It is obsen'ed from the comparison that the non-

local impact ionization model agrees better with the experimental data. So it can

be concluded that the proposcd model for substrate current explains the

experimental data much better than the existing local field model.

4.2 SUGGESTIONS

In tltis work, the additional effects in drain current due to shot-channel MOSFETs

are not incorporated. Also the effect of substrate current on drain cutTent in the

subthreshold region is not considered in calculating drain currents. The drain

cunent is determined by one dimensional analysis. Howcver the breakdown physics

in short channel MOSFET along with various short channel effects are three

dimensional wruch is extremely difficult to approach analytically. The proposed

model can further be improved by incorporating alI these effects.



APPENDIX-A

The substrate cutTent of a MOSFET can calculate from drain cuo'ent, drain

voltage, drain saturation voltage, charactelistic length for the electric field etc. The

relevant equations required to get these component are derived in chapter 2. The

drain CUlTentcan calculate from cquation (2.1). The drain saturation voltage can be

detennined from equation (2.13). The parameter B is evaluated from equation

(2.30). The flow chart of the computational method used to obtain the

ISllB versus VGB characteristic is shown in ( Fig. 4.1) . The steps of the total

algorithm are shown below:

1. Start the program.

2. Read the necessary parameters like drain bulk voltage VDB , source bulk

voltage VSB , field at saturation ESAT , junction depth Xi, oxide thickness

tox, doping

width etc.

concentration of substrate NA, channel length L and channel

3. Take gate-to-bulk voltage VGB to 0.5 volts.



4. Determine the sUiface potential at pinch-off point by using subprogram

CALC.

5. Determine also the sutface potential at drain end by using the subprogram

CALC.

6. Calculate the drain current, ID by calculating the drift current and diffusion

current.

7. Calculate the drain saturation voltage, VD .SAT by using the analytical

expressIOn

8. Using the drain current Ip, drain voltage VD , drain saturation voltage

VD.SAT, fmd the substrate current at the corresponding gate-to-bulk voltage,

VGB•

9. Print VGB and corresponding IsUB•

10. Increase the gate-to-bulk voltage by 0.5 volts if gate voltage is less than the

ending limit, repeat from step-4.

11. Stop.

ti7



OPEN:Data FlitPrint Filt

INITIAtE
V•• =0.5V

CALL CALC
to find "'50

CALL CALC
to find "'SL

CALCULAtE
'L V. SA.,lsu•,

StOP
Fig. 4.1a.A flowchart Illustrating tho.. procoduro of finding substrahourront charactorlstlcs.



CALC(V •• ,Vn,
GAM, V.' +s)

DECLAREFNC=Funetion
of "'S

CALCULATEFNC by using
tho "'S

DECLAREFNCPRn=Firstdorivativ. ofFNC

CALCULATEHEU +5ts-"'s-FHClfHCPRn

RETURN

Flg.4.1b. A flow of a subprograM illustrtating tho proe.dur •
.of finding surfae. pot.ntia!,



The algoritlun of detennining the surface potential used to [md drain current is

shown below. It is used as a subprogram of the main program urnt.

I. Assume a value of surface potential, 'lIs'

2. Declare the transcendal equation of'llg as a function, FNC. Find FNC by

using the value of'll,.

3. IfFNC is less than or equal to a tolerable error, go to step-7.

4. Declare the first derivative ofFNC as FNCPRM. Determine FNCPRfvI by

using the value of IjIs.

5. Determine a new value of 'lIs from the relation of

1jI,= 1jI,-FNCIFNCPRM

6. Repeat from step 2.

7. Repeat to the main program.

Using equation (2.5)-(2.7), the drain current is calculated at a particular gate-bulk

voltage VOB for a fixed drain-bulk voltage VDB • In the computation, the surface

potential at the pinch-off point and the surface potential at the drain end is

calculated from equation (2.8) - (2.9) by applying Newton Raphson method.
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The parameter of impact ionization co-efficient B(A.) is calculated from the

developed equation (2.30). The drain saturation voltage VD.SAT is determined from

the developed equation (2.15). Using these values, the substrate currents for

various gate-bulk voltage for a fixed drain-bulk voltage is found by using equation

(2.34). The calculation is started from VOB = 0.5 volts. It is repeated by increasing

VOB in 0.5 volts in each step; when VOB> ending limit, the calculation is stopped.

Besides the main program four separate programs have been developed to [md ID

as a function of VDS , ID as a function of Vos, ionization coefficient as a function

of inverse electric field, and parameter B as a function of 1111.. Newton-Raphson

method is used as a subprogram along the main program to extract the value of

surface potential which is necessary to find the drain current.
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APPENDIX-B

RELATIONSHIP BETWEEN IONIZATION COEFFICIENT

AND ELECTRIC FIELD.

The charge multiplication, M, produced by carner injection into a p-n junction can

measure as a function of the bias, V for the two different grm,n junction, Let,

junction A is n t),l)e and junction B is p type. Considering the multiplication

initiated by hole injection, we have [20]

1-2- = f~(E)exp{ J[a( EI - fli E) ldX'JldX
Mo.o

(1)

where, a and ~ are the ionization rate for electrons and holes respectively. A

similar expression of equation (1) results for the case of electron injection if a and

~ are interchanged.

1 Jw (Jx. }1- M = ~(E)expl- rfliE)-a(EljQ"{' Q"{
o . 0

(1.2)

The solution of these two simultaneous equations in a and p can be found by

considering an unifOim field over an appropriate effective width.
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The results of these calculations show that, within the limit of experimental error,

plotting the logarithm of the ionization rate against the reciprocal of the electric

fkld strength results and probably, for electrons also. So the relationship between

a. and E can be expressed as,

a.=Aexp(-BiE)

Where, A and B are constants.
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