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ABSTRACT

MOSFETQ are used extensively in VLSI Technology specially in various digital
circuits such as microprocessors, semiconductor memories etc. 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 performa;nce. The fundamental issue of downsizing the
MOS transigtor 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 eﬁ'ects/ 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 mo deis have been developed
for short channel MOSFET in the lagt 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 1;-0 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 ié due to emitter current and

both these currents agnin 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 flow is con-
trolled by an externally applied vértica.l electric field. A typical n-channel enhance-
ment MOSFET consists of a reia.tively lightly doped p type substrate inte which
two heavily doped n* regions are diffused which act as source and drain respective-
ly. The region of inversion layer of mobile electrons between source and drain is
" 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 Vi of a MOSFET is defined as the minimum voltage
required to induce the conduction channel. When a gate voltage equal to Vo is
applied to & MOSFET it produces a downward bending of the energy band-diagram

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



Metal Oxlde Semiconductor
p-type
EC
T g —
v v
VGB '
Pl et
E _\JI_ :’ W;
fm ;
Energy band '
Qg

: O o —— i
Charge Qs | "
distribution

Fig. 1.1. Energy band and charge distribution diagram of a MOSFET.



the constant fermi level by an amount ¢y at or nea» the silicon surface (Fig. 1.1)
(Fig. 1.2). When this happens an inversion layer of width w; 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 deusity in the substrate is given by

n= ﬂiegﬁ& (1.1)
and - |
p=me T o (1.2)

where, n; is the intrinsic carrier concentration, By is the fermi energy level and E;

is the intrinsic energy level . The values of Br and B are given by

EBp = —q¢; (1.3)

and

E; = ~qp (14)

where , ¢; and ¢ are the potential of the fermi and the intrinsic level respectively.
This condition is defined as the onset of the girong inversion and the surface

potential ¢, under this condition is given by

b =207 = b as)

The left side of X, (Fig. .1.2) remains n type whereas the the right side remains
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Fig. 1.2. Energy band dlagram of a MOSFET at the onset
ot strong inversion. :



p type. So, at the left side of X; a region of inversioan layer of width w; and at the
right side of X a surface depletion region of width w is produced which extends

upto bulk. The depletion layer width w and bulk charge Qp is given by

2e,9,
- 1.6
and

Qs = —qNw (1.7)

where, N, is the doping density of the substrate.

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

Qs = Q1 +Qs .
= Qg (1.8)

where, Qs, @, Q¢ are total charge, inversion layer charge and gate charge respec-

tively.

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

Vg, surface potential ¢, and voltage across the oxide V, and is given by

Ves = VFB+¢a—CéS
= VFBTl‘wu + 'lf).. (1'9)



where, .

——-—-—m (1.10)

1=

In this equation C, is the oxide ca.pa.ci‘lia,ncé per unit area and is given by

(1.11)

&€

where, ¢,; i8 the oxide thickness.

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

VT = VFB + QP, - %B (1.12)

where, ¥, = 2¢;

At the onset of strong inversion Q; <€ Qg, therefore,l equation (1.8) reduces
to Qs = Q; + Qs ~ Qp. Now the inversion layer charge at a gate voltage above
threshold is given by |

Q = -Co(Vgs — V1) (1.13)

When a posi‘tivé gate voltage greater than V7 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
sutface region of & very thin layer containing mobile electrons. These thin layer of
induced electron form thé 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



voltage. Whgn a drain voltage Vpg greater than smturation voltage V)¢ is applied
between drein and source, the electron density near the drain will be reduced at
Vps > V)g, pinch-off will occur near the drain. After the pinchoff of the channel
the effective channel length of a MGOSFET differs from-its physical channel length.
Depending on the physical length of the channel MOSFETSs 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 (Wg + Wp) (Fig. 2.3) then it is
called long channel MOSFET and when Lg(Ws + Wj) then the MOSFET V'Ls called
short channel MOSFET . The 'depletion'widths Ws and Wp are controlled by bias
voltege Vpp and Vsp respectively where Vpg represents drain-bulk bias and Vsp the
source bulk bias. In short channel MOSFET% 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 ag semiconductor memories, long shift registers , microprocessors
etc. To Eabriﬁa.te 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



perpendicular to the surface i.e. they had compoments only 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 dra.in and source junctions become com-
parable to the channel length and a significant part of the eleciric 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 back-surfece bias) and the lateral field
gy (controlled by the drain bias). This two dimensional potential results in degra.da.-
tion of the subthreshold behaviour, dependence of the threshold voltage on channel
length, biasing volfa.ges, and failure of current saturation due to punch through. If
the channel is both short and Ina.rrow then a three dimensional analysis becomes
necessary. Though three dimensional analysis is accurate it is very complex and can
be replaced by & Bimple..model for effecient calculation by using empirical approxi-
mations and by examining separate phenomena one at a time. The short channel
effects can be summarized as i) the edge efﬁ;cts along the sides of the channel at
source and drain ii) channel length modulation iit) 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 off which 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



the oxide, leading to oxide charging and subsequent tl’ireshold voltage shift. These
are the short channel effects of a MOSFET which complicate the device opéraﬁon
‘and degrade device performance and should be eliminated or fninimised go that a
~ physical short channel devipe can pfeserve the electrical long channel behaviour and

at the same time can maintain its desirable features.

1.3 Effect of substrate bias

In a MOSFET genemlly the source is connected to the substirate and both
terminals are grounded. But.when a negative Vps is applied to the p type substrate
(body) with respect to the source (n*) a reverse bias voltage Visz 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
e field induced n*p junction and the source substrate junction will act as a regular
~ pn junction . In either case, the depletion region is widened and the threshold

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

Qs

When a voltage Vsp is applied between the source and substrate the bias will
shift the quasi fermi level at the source by Vgz . So the Burfa.cerpotentia,l at the

source during strong inversion can be modified as
Yo = Vop + $u (1.14)

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

given by
¥ = 2¢5 - (1.15)



and ) . ™

Qs = —gNsw
= —(2ge,Nagn)"? : (1.16)

For an arbitary reverse bias voltage Vsp, the bulk charge becomes

Qp = —[2q6.Na(Vap + )" (1.17)

Therefore, the increased differential charge is

AQn = —(2qe,Np) P (Vss + ¢a)'* ~ 617 (1.18)

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

-compensate for AQg. Therefore,

_ &Qs
C,
(2ge, N4)'/2
G

LHVr

(Vos + =627 (119)

When = positive Vg 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 biaged 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, Vus must be zero or negative to avoid the forward bias

of the source junction.

10



1.4 Characteristics of short channel. MOSFET

When the dimensions of a MOSFET are reduced the distinct features are seen
in device characteristics. First the drain current is found to increase with the drain
voltege due to channel length modula.t;lon beyond pinch-off. This is in contrast with
the I-V curve of & long channel MOSFET, where the drain current becomes constant

"after the pinch-off condition. But the output current in short channel MOSFET
does not gaturate. The second feature of a short channel MOSFET can be seen
in the subthreshold region where the gate lﬁsses control over the drain current.
In other words, the output drain current can't be reduced 1o zero i.e. can't be
turned off. The third feature is that due to the presence of velocity saturation the
drain current in short channel MOSFET for a fixed drain-source voltage is smaller
than the corresponding drain current in long channel MOSFET. The fourth d:lBtinct
feature of a short channel MOSFET ig the shift of its threshold voltage with the
channel length as well ag drain bias voltage. Whereas, the threshold voltage of a

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

1.5 Hot c'arrier effect and avalanche_breakdoWn

At relatively small Vpg, high electric field will exist in the drain depletion region
and slectron hole pairs will be generated due o impact ionization. The mechanism
of avalanche breakdown of a junction 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 has sufficient energy. If & large
reverge 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 eﬁergy to cause an ionizing collision with the lattice. A single
puch interaction results in carrier multiplication. The degree of multiplication can
become very high if carriers generated within the transition region also have ionizing
collisions with the lattice. This is an avalanche process, since each incoming carrier

can initiate the creation of a large mimber 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 fleld, 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 mu:ltiplic&tion can
flow to the subtrate, giving rise to a large substrate current (Fig 1.3). The situation.
ig further complicated by the fact that the region between the pource and drain can
act like the ba.sé 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 like electrons injected from emitter to base in an npn transistor. These electrons
can in furn, 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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1.8 Review of recent works on the breakdown of MOSFET

A number of analytical and numerical models c;n the breakdown of short cha.n-
nel MOSFET have been developed in the last few years. D.P Kennedy and A.
Phillips [6] in 1973 first Vdeveloped 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.
Leter in 1978 he proposed & numerical model of avalanche breakdown which is a
modifled version of his previous model. E. Sun [8] in his breakdown model of short
channel MOSFET showed that the turning on of the soﬁrce substrate junction 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 subsirate
lateral bipolar 1rensistor. They pointed out that drain source breakdown in most
short channel MOSFETS is neither simple junction ava.[a.glche breakdown nor source
{0 drain punchthrough but 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 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
channel lengthe. In his work ionization integrals, internal body effect and 'barasitic
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



high resistivity substrate improves the source barries and lower substrate resistivity

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

Chenming Hu [10] in 1982 showed that a phenomena of second brea;kdown im-
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 ra.nge‘ of device parameters. In 1983 Hsu [11] presented a
simplified model which is an extended version of his previous work. In this work
Hsu included the effects of those carriers injected ffom 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 iﬁ 1989 that 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 differently. They also showed that enhanced body effect can'’t
be replaced by ordinary bedy effect resul‘ting'from the external positive bulk bias.
Similarly théy 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
t0 0.7 V to match the measured 1-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 éubstrate current is increaging and
substrate resistance is fixed. The second contradiction is the saturation of substrate
current ag reported by some authors which is in complete disagreement with the

measured substrate current. The third contradiction is that the saturation of sub-



strate current implies almost constant drain curremt which is also contradictory to

the rapid increase of drain current with Vpg.

1.7 Summary of 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 regiofl.
Different authors have used diﬁ'érem approaches to develop their models. But most
of the reported 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 short channel MOSFET in its avalanche
multiplication region is presented. The main model consists of four small different
models namely channel current model Iy, excess channel current model Aleh, the
substrate current model Ty, and the émitter curremt model Jo. Various short

channel effects have been taken 'm‘;-o 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 va.r;lous 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

algo reviewed 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 o short channel MOSFET . The total

drain current in the g:mlﬁ.nche multiplication region consists of four different cur-



rent compdngn‘ts i) conventional channel current due to electron flow from source
to0 drain ii) excess channel current due to threshold lowering iii) substrate current
due to hole produced by avalanche mulﬁplica:tion iv) emitter current due to bipolar
action of the MOSFET. For the channe! current model a simple but efficient method
is used where the change of threshold voltage with drain source voltage and channel
length have been taken imto account. An accurate substrate current model is devel-
oped where thé effect of junction depth, oxide thickness, drain voltage, subsirate
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 find 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 containe the concluding remarks with suggestions for further

work on this topic.



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 studied by many authors [6-11, 20]. In this thesis
an analytical model is presented. This model can be applied for a wide range of

MOSFET channel lengths to find different I-V characteristics of the MOSFET.

The physics of the avalanche induced breakdown problem along with different
current components hag been illustrated in Fig. 2.1 for an n channel MOSFET.
Channel electrons that travel through the high field aﬁlanche region cause impact
ionization. The electric field in the high-field region sweeps the electron generated

" by impact ionization into the drain and holes into the bulk. 'The holes created
at the high fleld avalanche region first causes a reduction in the channel region
depletion width and thus lowers the threshold voliage Vp of ‘thg MOSFET and then
the ohmic drop caused by the hole flowing through the high resistivivity substrate

| 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 channe!l MOSFET.
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hence cause it to inject electrons. Part of these injected electrons travel to the drain
Junction and will further be mulﬁplied by the drain field, causing positive feedback
action. So after the bipolar turn-on of the MOSFET the drain current I,i consists
of three components of current i) channel curfent Ich , ii) excess channel current
Al due to threshold lowering of the MOSFET and iii) the collector current I of
the bipolar npn transistor . On the other hand, the hole current I due avalanche
mﬂltiplié’ation consists of base current J;, and the substrate current I,,,. From the-
equivalent circuit (Fig. 2.2) of a MOSFET after the bipolar turn on, the necessary

equations relating different current components can be represented as follws,

Iy = M(IL+In+ OIg) ) ' (2.1) |
Im = (M_ 1)( Ie+Ieh + -Afch) 7 (2'2)

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

get

1
Iy = Iigy, + 1y = (1~ H) I3 . (2.3)

But the drain current is related to substrate current as follows (from equation 2.1

and 2.2)

Ii = MUo+1Iq+OLy)
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Fig. 2.2 Equivalent circuit of a short channel MOSFET after the
bipolar turn on.
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= Isub+1b+1c+1ch"l‘ AV 5
= Isnb+Ie+Ic_h+AIch
. = g+ I ) (2'4)

where, Io is the emitter current and I is the source current and is given by

Io=Ig+OIc + 1o ' (2.5)

So from equation (2.4) and (2.5) the expression for substrate current can be
given by the relation

qub-= (1 - 'j:'l'.d") ( IsuB +Is) _. Ib (26)

If the mulfiplication factor M can be found we shall be able to find the substrate

current Tpnb-

2.2 Enhanced Body Effect

The breakdown in short channel MOSFET is not 2 gimple junction avalanche
breakdown rather it is a breakdown induced by avalanche multiplication. Two
consecutive phages of breakdown occur in such & small channel MOSFET. First, the
' rise in drain current is caused by the enhanced body effect (EBE) and then the sharp
rise in drain curremt is initiated by the parasitic bipolar action of the MOSFET.
The physical mechanism of the enhanced body effect is that the holes, multiplied
in the drain junction, bies the substrate spreading resistance when flowing towards-
the substrate terminal. This bias corresponds to & reduction in the channel region

depletion width from w, which corresponds (foup = 0) to w and thus releases a

22



certain amount of bulk charge Qp of ionized impusities, which was initially tied
by the gate field. This reduction in bulk charge of the amount AQps implies a |
threshold lowering of the MOSFET and enhancement of inversion layer charge by

the amount AQgs 5o a8 to preserve the overall charge neutra.lity ,

Qs+Qr = Qg
= Ca (VGB - 'J)a)
= const. (2.7)

This enhanced body effect i quite different from the body effect resulting from
the applied external positive biasihg of the bulk (body) which also causes a reduction
in threshold voltage. But the difference between these two body effects results from
the fact that ‘.the'ordinary body effect does ﬁot involve any electric field in the bulk
whereas, the enhanced body effect EBE requires a nonvanishing electric fleld in
the bulk, necessary to drive the substrate current. In case of EBE, the variation
in potential in the bulk no longer disappears along the depth from depletion edge
boundry to the pubstrate terminal and the substrate current in the bulk flows due
to drift of the holes rather than diffusion. The holes after multiplication spread
towards the bulk and follow the doping distribution (p = N) which makes the
gradient of concentration along the depth of the MOSFET zero and leads to zero

diffusion current in the bulk. The nonzero electric fleld required to ensure the drift

of holes is given by

I!mb
E= W (2.8)

In the equation ! accounts for the lateral spreading of the substrate current and



is given by (Fig. 2.3) .

l=1L- (EB + 1) (2.9)

where, L'is the physical channel length of the MOSFET and

2. 7
(V-9 +V;
ldm\/qNA( bt — ¥, + Vpg)

2.3 Channel current model

In this section first the channel current model for & long channel MOSFET is
developed and by some modifications to this model a channel current model for a
short channhel 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 sirongly inverted, the application of bias voltage Vsp at the source end and
Vpp at the drain end will shift the quasi fermi level at the corresponding end by
Vsp and Vpp respectively. The corresponding surface potentials at the ends can be

represented as

Y50 = ¢4 + Vsg (2.10)
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- Flg. 2.3, Simplified diagram of an n-channel MOSFET.
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s = ¢u‘l+ Vbs (2.11)

where $g; and yso 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 & significant variation in surface potential from 5o at the source end 1o
sz at the drain end. Hence, the channel current is predominantly due to drift
mechanism of the carrier rather than dif[‘usi(;n a8 the gradient of concentration

along the channel is pmall. The drift comp6n9n1 of the channel c'urrent. along the |
channel due to variation in purface potential ¢,(y) determines the channel current

I in strong inversion.

. 4 .
Iep = uZ(—Q:)E'P.(y) (2.12)
where, Z is the width of the channel.

But the variation of surface potential ¢, can be represented as _

I = uﬂ—Q:)%%(y) (2.13)

where, with channel length L
Ves(y) = Vsa, y=0

Ves(y) = Voa, y=1L
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Now,

Ly = FZ(_QI)%VCB

The inversion layer charge Q; is given by

Qa)

Qr = -C(Vas — Ves — %+ 5

= —Co(Vap — Vra — ¢ — Vo — ‘f\/ $u + Vor)

where, the depletion layer charge Qp is

Qs = ~Cov\fdu + Vo

and

'g"g" = ""7\,‘ ‘?Sai + VCB

(2.14)

(2.15)

- (2.16)

(2.17)

By expanding the equation (2.17) into Taylor series around Vg = Vgp we get

Qs (Ves — Vsa)
2 S+ Ven + e 2
Ca ' v qs ‘SB ‘72 n + SEBE
' ~ Y/ da+ Vep + 5:(Ves — Veg)

where,
Y

by = e
! 2P + Fsg
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The valuelof 51 lS modified again by § for the best fitling of the curve. The value
of §is

where, d; varies from 0.5 to 0.8 [12]

Now, the expression for the inversion lﬁ.yer charge Q; becomes

Q = -G, [VGB ~ Vrg ~ $ui — Y/ bui + Vsp — 6(Ven — Vsa} - Vcs]'
= ~C, [(VGB — Vsg) = Vrg = ¢ui = Yy/dei + Vop — (1 +8) (Veg - Vss)]
= —Co[(Vas — Vo) = (1 + 8 (Ve — Vsg)] | | (2.20)

In equation (2.20) the threshold voltage taking the effect of body bies Vsg is given

Vr = Vrg + ¢u +vy/dbei + Vsp

by

The channel current Iy from equation (2.12) is

dVes

Iw = pZ (- Q:) (2.21)
f T dy = [ uz(- Q,)‘W"" (2.22)
ie.,
Yoo : )
IplL = ]"f wZ(-Qr)dVes (2.23)

With Vps = Vpg+Veg and Vgg = Vas+ Vg the channel current after integration
of equation (2.23) is ob"ca.ined Y

ZuC’

Iy = [(VGS ~ Vi) Vs — 5(1+ 8) V3] (224)
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. By taking the effect of normal component of thp electric field on the mobility
of electrons in the inversion layer that leads 1o acceleration of electrons toward the

oxide-interface we get the effective mobility s.;; [4]

where,
_ Ho
Hell =7 +68(Vgs ~ V) + 85Vse

The expression of the channel current Ien with u replaced by u.;r becomes

ZuesrC, '
Ty = =242 [(Vas — Vr) Vs - 5.(1 + 8) Vis] (2.25)

The expression of the channel current is valid upto saturation voltage V4, be-

yond which the channel is pinched off and the current is saturated.

Accordingly,

ZusC, ‘ /
I = =FL2 [(Vas - Vi) Vs = 5.1 +8) Vis] for Vos < Vs (2.26)

= 'rl:h : fOT‘ VDS > VBS (2.27)

where, 73, is the channel current /oy at a drain source voltage Vg 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 , & three dimensional analysis
ip required for obtaining the accurate channel characteristics. Such an analysis
involves the solution of three dimensional Poisson's equation and is very complex.

However, for efficient calculation a simple channel current mode! can be developed
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by taking into consideration the follwing short chanuel effects simultaneously in the

long channel model and combining the:in in & single model.

The various short channel effects are : i) Effect of velocity saturation. ii) Effect of
channel length modulation. iii)Effect of channel length L on effective threshold. iv)
Effect of drain source voltage Vpgs on effective threshold. v) Effect of width Z of the
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 &, of the electric field is small
enough so that the drift velocity of the carrier v, is proportional to &,. But in case
of short channel MOSFET this relation is violated due to high value of electric field
&y and the previously developed channel current model for long channe]l MOSFET
requires some modifications. Actually the velocilty of carriers in the inversion layer
of short channel MOSFET saturetes at & high value of electric field ¢, and does not
increase with the electric field (Fig. 2.4) due to the generation of phonons by the

scattering collision of the carriers with the lattice. So the drift velocity is modified

as

ol = ule) forle,) <& (2.28)

= Ugmaz . fOT'lEyI > e (2.29)
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where, ¢ is the critical field and is given by .

g, = Jdmos - (2.30)
i

A single expression of drift velocity vs(¥) can be obtained from equation (2.28) and

(2.29) and is given by

vg = Um"_______e,,/ec (2.31)

1+¢,/e

where, the lateral electric fleld ¢, is given by

dV,
= dZB (2.32)
Hence, vy(y) is given by
v () - v (1/6;:)(”05/@)
i o= 1+ (1/e)(dVos/dy)
= Ves/dy - - (2.33)

1T (dVos/dy)(1/e.)

Now, the channel current of long channel MOSFET will be modified due to
velocity saturation effect in short channel MOSFET as below,

Vs /4y : (2.34)

Ien = Z(-Qulu7— (dVes/dy)(1/ec)

Integrating both sides of the equaﬁon and after pome simplification we ultimately

get the channel current Iy including velocity saturation.
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L Vps. Vbs
[ ey +la [ dVes (1ed =2 [ (-QndVes (2:35)
o Vae Van :

Upon integration the channel current Ien becomes

_E Iy Yon _ .
Ip = L 1+ Vos /(L) sts (-Q1)dVeg (2.36)

where,

Vos — Vsg = Vps

Comparing with equation {2.23) the channel current expression in all the non-

saturation region taking the effect of velocity saturation can be modified as follows

Ich, not includi locity saturatio
jrt:h, including welocity saturation = e m;‘_l*_ n‘gfps‘;”(;;)s e (2-37)

2.3.2 Effect of L, Vps, Z on threshold vb]tage

The threshold voltage of a long channel MOSFET is given by

Vr = Vip ‘*‘47:{—%
0

= Vre + i +7yda + Vsn : (2.38)

where Qg is the depletion region charge and is given by



QB = —qNAw .

where, w is the depletion width.

The total charge that is contributing to the threshold in equation (2.38) is
'ZLQB, the charge represented by rectangle with width Z and length L. But in
short channel MOSFET, & part of this charge is shared by drain and source such
that only the ares inside the irapezoid (Fig. 2.5) is controlled by gate and the
charge inside it contributes to the actual threshold of the short channel MOSFET.

So the ac‘sua;l bulk charge Q; will be less than Qp and is given by |

' L+L\ Zw
% = Q.‘"‘( 2 )ZLw
L+l _
QU 53 | (2.39)
But
L+l w . d;
5 = 1_(,1+d_j_1)_f;
. P
N 1= 7 1+(2)'d,- + 1
w ]

The validity of the expression for the effective charge Q5 can be extended by

introducing an empirical constant ay

] w

- | Qs = Qs(1~ A | (2.41)
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Fig. 2.6 Charge sharing modsl of a MOSFET,
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i.e. . ' »

) | (2.42)

Now the reduction in threshold voltage AVy due to significant charge sharing
at drain and source end in short channel MOSFET is given by

_. 95, @
=%

= 7y da +Vsa(a}1w)  (243)

Rebla.cing the values of v = @ and C, = @& in equation (2.43) we get

- tos -
AVp = 2002 (4 + Via) (2.44)

This expression is ;.ra.lid when drain source voltage Vps = 0 so that depletion
width wg at the source end and the depletion width at the drain end wp are equal
and we can assume a uniform depletion width along the channel. For & drain source
voltage greater than 0 the depleﬂon region width around the drain end will widen
- and the trapezoid assumption will lead erroneous result. Considering an average

depletion width of 4$22 the effective charge @’ from equation (2.41) is given by

@=as (1-2Ey g

Mt
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where, .

€, (P + Vo |
I ACIE R 7
wo = ‘/2 (‘7; ]\-7: o) - (y/bsi + Voo (247)

and
' 2¢,

¢= g Ny

But, the average depletion width can be approximated as

ws + wp

l(d(ﬁri + Vsp + \/an' + Vo)

.\/955:' + Vsg + \/&5“‘ + VSB + VDS]

e > V;

¢li + VSB + ¢n + VSB ( 1 + (ﬁ _}‘_DSVSB)HZ}
(——— S " Vbs .

4711 + VSB + ¢u + VSB (1 + 0 ¢u + VSB )]
(\/qﬁn +Vsg + o m) ~ (2.48)

So, after some simplification the general expression for threshold reduction AVr
due to charge sharing in short channel MOSFET, incorporating the effect of drain

source voltage Vps, can be obtained as follws :

_ AQs
AVr = C.
_ 9%
¢ G
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QB Q‘ [ ]
= & (1—Q—§) k

. +
= Ea t Ves (S BetuD)

-8 tDI
= 20‘15—7: [(¢s + Vsg) + a2Vps] (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
deplefion region volume and cannot be neglected and this charge on the sides should

be added to Qg to find the effective charge Qg . Now the increase in threshold AV

due 1o narrow channel width is given by

AVpy = (%E - ) (vy/ ba + Vsa) (2.50)

1If we assume the side parts of the depletion region is an ares of quarter circle

cross section then charge ¢y inside the region is given

Qs _ 2{n/4) L

Qs ZLw
w T
= 3% (2.51)

By introducing an empirical constant the total effective charge Qs can be rep-

" resented a8

Op = Qs (1+ aa%%) - (2.52)



Depletion region

Flg. 2.6 Effect of fringing fleld In narrow channsl MOSFET.
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So the change in threshold voltage from (250) is giyen by

AV =7y{de + Vsa (azéw Vési t+ Vsa) (2.53)

; r
Replacing the values of w = (VPi+Ves , Co = & and v = Q—“——‘E’!ﬂf—- in

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

s Loz
AV = 11311':—"2—((}5,-; + VSB) (2.54) .

oE

Combining the effect of L, Vpg and Z on the long channel threshold voltage Vp
the expression of effective thresold voltage Vi for short channel MOSFET is

Vo =Vp— AVp + AVpy (2.55)

2.3.3 Channel length modulation

In & MOSFET at & certain drain source voltage V)5 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 {roltage Vps is increased beyond V¢ 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 effe_cti{e 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

a0



* length due to bias voltage is negligible in long channel MOSFET, whereas, in short
channel MOSFET it is comparable o the length of the MOSFET itselt. So like the
long cha.nnel 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 18 inversely proportional to the channel length. So if I’y is the channel

current at saturation voltage V},¢ then the channel current /o after saturation is

7 R
ch ¢ 1= AL/L)

~ Iy ( 1+ éLﬁ) ' (2.56)

The value of AL can be found in the following way by solving an one dimensional
Poisson's equation with appropriate boundary condition (Fig. 2.7) in the pinchoff

region near drain end.

dey q
dy a €y Na
=g = & t %4'
= B + 2y (2.57)
AL AL N .
fn dgpy = A - (ESAT + 12 y) dy (2.58)
So, : ,
1, . gN
Vps = Vps = —Bsar AL = Z(AL)? “'—E-‘i (2.59)

a1



p-type

Fig. 2.7 Channe! length modulation of a MOSFET.
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Solving equation (2.59) for AL, AL can be writien as

AL = \/:; |90+ (Vs - Vas) = \/#,) (2.60)

On the other hand,

AL [Ze, 1 1 Vps = Vs _

L . qNAL[\/‘;D(l'{'g ép +oee) \/(;D
_ 26.. _l_VDS—VbS
T VeNA I 2V

Vps — VE&S : :
——— 2.61
- | (261)

where,

and

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

Vps — V7
I :}:h(l.{_ ._.Di‘./_is)
A

(2.62)

Finally, by combining all the effects of short channel MOSFET that have been
described in this section and recalling the channel current model of & long channel
MOSFET from-equations (2.26) and (2.27) ,the channel current model for short
channel MOSFET can be represented as follws :
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For a drain source volige Vps < V)¢ the channel cyrrent I¢y, is

oCo ¥ [{ Vas ~ Vr(Vos)}Vos — 5(1+ 6)Vis]

Ien = . - S (2.63)
[ 1+6{ Vas - V(Vps)} + 85Vss| [ 1+ Vos/(Le.)]
_ HepCE Var Vos — 5(1 + 8)Vis] (2.64)
[1+ %2 |
where,
Beff = 7 -
i . [1 + G{VGS - ‘?T(VDS)} + G,BVSB]
and Vor = Ves - Vi(Vps)

and V., = Le,

For a drain source vol‘tage Vps > Vjs the channel current Iy, is

Vps — V's)
I = F 14 =05
ch c!l ( V)I
oGy [{VGS' — Vr(Vhs)iVhs — 5( 1+ 5)"}525'_ ( 14+ Vs

. 7/
) / - __.._ZIE) (2.65)
1+ 6{Ves - i (Vhe)) + gﬁVSB]V [1+ 2] o

Now, we have to focus on the saturation voltage V)¢ which still remains to be
found. Neglecting the dependence of Vi on Vpg and equating the expression %‘;—)‘: of
equations (2.64) and (2.65) at Vpg = V)5, we get a transcendental equation after
the follwing simplification. By solving the equation humerica.lly we can get the

satuartion voltage V.
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)
1
‘?S) {VGIV;)S - 5( 1+ 5)Vg's}

(1+

i -
= Vy[(1+ 53){VG1—V[,S(1+6)}J

[ 1
(VarVps - 5(1 +O0VEs}]

Zf}( 1468 -Vhe(1+ 6)} (2.66)

= Va|Var -

2.4 Substrate current model

In a short channel MOSFET the substrate current is composed of holes generated
by impact ionizatiori in the drain region due to high lateral electric field. This
. current is detectable when the drain source voliage Vs is one or two volts above
Vps. The substrate current is a function of multiplication fs.ctbr M as shown in |
equation (2.6). But the general expression of multiplication factor M is given by

[25]

1 Zp i
l_ﬂ' =-[z,. a,,ezp[mfz (an—a,)da:’} dx
AL ,
= fD gy de (2.67)
But .
Qup= A e ? (2.68)

where, E is the lateral (y direction) electric field (fig 2.2) @, o, , are the ionization

rates for electron and hole respectively and A; and B; are the ionization coefficients.
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AL AL :
- -y dy
fn  Oeppdy = f ae? Lap (2.69)

Bsn a ’
FL -% dE (2.70)
5D B 8AT

Bgp

2
N A '—L [Ez +e? (1--§~E+GBZ)]
aD Baar
- dy

2

.A“ 2 EpY -
=4 Bi 'ESD dE en ( ] 2 B‘ + 6 Bz ) e °ip
A o |dy EBsar | Biary -45
B, Dsinggly,, 1~ 275, t6 g e ™
I~ (CI - Cg) ] (2.71)

Since, the lateral electric field E in the channel increases sharply toward the
drain and the substrate current is very sirongly dependent on the field, equation

(2.69) reduces approximately to (2.70).

From equations (2.67) and (2.71) we get
| 1

1-— "‘ﬁ = CI - Cz ’ (2.72)
“where, .
CI— B EZp dEls,, 1—- 2— B‘ 2 632 B e % _ (2.73)
and
A; dy Esar | Esre
Cz:EEg"T'EL,,, (1— 22 46 ;2 W) (2.74)

The substrate current can be represented From equation (2.6)

Tub = (C1 ~ Ga) (Tpab + I) — Iy (2.75)
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The lateral electric field E can be related 1o drainsource voltage [21] as,

E= A (V =~ Vi + Bl p

where,

Eoz/ (]

A= \J te {(d, + .01(V - Vﬁvs)(di - d;)}

and

T e <o
dy = \/(q ]\;M) (Vs + 2¢5)

(2.76)

(2.77)

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

factor M ip a strong function of lateral electric fleld near the drain junction and

thus is a function of drain source voltage Vpg, oxide thickness ¢, junction depth

d; and substrate doping N,.s. The substrate current can be found from equation

(2.75) by knowing the parameters C; and C; . The‘ essential variables required to .

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

l%,m at the drain end of the channel which can be found in the follwing way.
D

Y



dB

- dv

E

Pulting =; = 5:‘

dA
av

where,

darE

dV

d . .
"'—{A2 (V—V‘E:s)2 + B ir )

(V Vis) .2 1 dA
2 A 1+ (V- Vig) 7 5
. , 1dA |

and y1 =t.{ d;i + .01(Vps ~ Vjg)(di - d;)}

(mljz 1;2) d

1

1/

Y dV( 1/2

|t {d; + .01(V -

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

The lateral electric field Egp and the gradient |%'E
3D

dE
&y

Vps)d1 ~ d;)}]

T2y
A
5o o {.01 (& - d;)}
— te { 01( d; - d;)}
~bA? (2.79)
b=1 001 (d - d
3 (d1 — d;) &, ‘;
= AV - Vps) [ 1 - bA%(V - V;,S)] " (2:80)

at the drain end can be

found by replacing V in equation (2.76) and (2.80) by Vps.
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2.5 Excess channel curreht model .

Due to the enhanced body effect EBE (Fig. 2.8) the enhancement of the
inversion is achieved through a excess channel current Al injection in addition to
the conventionsl channel current fch- This excess channel current corresponds to

an equivalent threshold lowering of Vi which is equal to:

-A
— AV = CQBS = —g—- [:L' N*(z) dr (2.81)

and consequently the excess channel currentAlgy is given by

Alh = Lenlvpiayy, — Ty (2.82)

where, the symbol N*(x) represents the transformed doping profile which replaces
the real doping profile N(z) 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*(z)

is given by
For < A
N'(z) = N; ' ' ' (2.83)
¢, ' =]
= N, - EIEZ Vos +2 (Vi = 267) + 2/ (Vo — 267)(Vis + Vs — 261)[2.84)
- N-V (2.85)



" QCarrier
Potential Concentration

Fig.2.8. Schematic Illustration of the EBE phase with corresponding
potential and carrier distribution.

50



Fora> A : - .
N*(z) = Ng - | (2.86)

Here, N,, Ng and )\ are the parameters of the box approximation of the doping
profile and stand, fespectively for the surface and bulk box doping concentrations,
and the range of the surface enhanced-doping, Vp; is the built in potential of the
gource bulk junction. For most practical case the depletion width w, at a substrate

current (fgap = 0) is less or equal than the Aie w, < A

where,

%=wm“=m=J%% | . (287)

By using the VDT technique, AV can be found by solving a one dimensional
Poisson’s equation with appropriate boundry condition of potential ¢, and field E,,
at the depletion edge boundry which is shown below. The threshold lowering AV;y,
due to substrate current is related to depletion width w at a particular substrate

current and w, by the following expression.

_AVI‘.h = _Ci Ny (w, - w) for Igw £ Lam (2.88)

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

1o dipsappear completely .(w — 0). -

The surface potential at the silicon surface 2 = 0 is given by



P, = 245 + Vsg = ¥(0)

des _ _q N,
dz Eq
Upon integration '
N‘
£y = Eo — N
£,
By putting boundary conditions
Ni
£, = By + 2% 24

Using equation (2.91) and (2.92) we get

¢o=¢c=¢w+wEw+2

The boundary conditions are as follows :

’/’w = leb Isub

E, = %Imb : {from equation

whers,
r= (qy.,,NZ)_I

1QN:w2

- (2.8)]

(2.89)
(2.90)

(2.91)

(2.92)

(2.93) -

(2.94)
(2.95)



Rgup i8 the substrate resistance which is a functien of the substrate current Ijyp

when Igop > Laie and is equal to a constant value Rguie when Toup € Lot

Rearra,nginging. the equation (2.93)

2¢, B, ) 2¢,
gN *  gN;

v+ w ( o —%) =0 - (296)

Solving the equation we get the depletion layer width w in terms of w,

1 2B, 1[,2E, "2 2,
T2 qN; *J(-qN:) Ca e )
_ €, Isub ' € T -IB'llb 2E‘¢c —_——
= qu*+\j( aN: ) + ( )tﬁc( )
- Es T Isub Rﬂl‘lb Isub - € 7 Isllb ‘
) J( an; ) P T - (297)

“where,

wy = w(lyap = 0) = 1(%:}\% - (2.98)

From equation (2.88) and (2.97) we find that depletion width w decreases and
the [AVipl value incfea.ses with the increase of substirate current. The value of
[AVis will reach ite maximum value when the depletion edge reaches the boundary
of inversion layer w; or in other words the Si surface since (w; = 0). Under this
condition the depletion width (w = 0) and the correflponding pubstrate current is

given by

53



Source current

Drain bias
Fig. 2.9. lllustration of the method of extracting the Iy py Current.
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. " ) ‘
subt = 2.9
g b Rsubt. ( ‘ 9)

where, Rgqbe i the substrate resistance which corresponds (w — 0). During the
EBE phase the substrate resistance Ry, ), equals the B, ¢, the resistance of the bulk,
but in the bipolar phase it varies with d, thickness of equipotential region (EPR).
So in the EBE phase the expression of substrate reéista.nce can be represented by

the following empirical relation {Appendix A]

Rub = Rsnbl‘. = RD + kL(L‘D/L - 1) , (2'100)

2.5.1 Transition phase .

The operational phase when the depletion layer vanishes at a substrate cur-
rent foup = Feupe 2nd the threshold voltage V.- reaches its minimum value is the
{ransition phase (Fig. 2.10). This corresponds to the maximal threshold voltage
reduction [AVihmax] where

.
Vo] - - 2

and

AQssmee =4 [ N*(z)dz

In the transition phase the normal electric field E vanishes at the inversion layer -

boundery w; and the po;:entia.l at this boundry become . since the electric field
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Fig. 2.10. Schematic illustration of the transition phase with
corresponding potential and carrier distribution. .
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lines originating from the gate terminate within the inversion layer and there is no
free charge available which can change the bouﬁdary condition. In the transition
phase the bulk below the inversion region also becomes quasineutral, i.e p =X N

and iz denoted as QNR (Quasi neutral region).

2.8 Emitter current model

After the transition phase the MOSFET enters in its bipolar phase (Fig. 2.11) .
When the substrate current Iy, exceeds Tgune , the current at transition phase, the
excess holes due to avalanche multiplication is neutralised by injection of eleétrom;
from source junction in order to preserve the charge neutrality condition. The
region where the bipt-)la.r action takes place is EPR (Equipotentia.l 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 feld E at its upper boundary vanishes, the potential ¢, is reproduced
throughout the EPR. But the potential at the upper boundary of EPR near the
source junction is ¢ = ¢, 15 = ¢ and &4 increases with increase of EPR thickness
d and the electric feld at this boundary is slightly greater than 0. So the potential
at the upper boundary 'near the source junction riges very slowly with incressing

carrier concentration,

As & result the substrate currernt in the EPR is due to diffusion mechanism,
‘,whereas, in the bulk below the EPR it is due to cirift mechanism. In the bipolar
phase, con(_:én‘tra.ﬁon gradient occurs in both hoﬁzontal and vertical direction. The
_concentration gra.dieﬁt 22 i5 responsible for the substrate current and £2 ig respon-

sible of the emitter current due to electrons. The components of emitter current are
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Fig. 2.1 Schematic Hiustration of the bipolar phase with
corresponding pontential and carrier distriburtion.
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Iusp and Fpps of which Jhgp i8 due to excess elecjrons injected into EPR. (base)

from source and Jpps is the excess holes injected from the EPR into the source.

IEl‘lb o q‘p‘., UT—AEE tZ - (2.101)

The neutrality condition irnplies
J

An=A

Considering a typical n*p junction of source and EPR, different current compo-

nents can be expressed as follows

A
I.sB = qunlr e Zd

La {d ’
= — 5 Igub (2-103)
tp \ 1

and

N, An
I = Up———— Zd
N, d?

= — 2, ‘

Not all of the electrons carried by the F gp arrive at the drain terminal. Some of

them will recombine with holes and thereby will constitute recombination current

I]‘BC
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AQn
Tﬂ

d.2. |
%_ ("‘I‘:") Isub . (2'105).

Al
[ B

where, AQ, = 9% and L, = (Tn#yUT)m

The emitter current Jo and the base current Ji, after some simplification are

given by

Ie

= Iwgp + IpBs
- qp.,‘UT(Aln + ::;VVSDAI: ) Zd
()G e
Ity = Ips+ I
= Im— Lap i
2 .
e e

Comparing with the base of the conventional bipolar transistor the EPR (base of
the parasitic bipolar transistor ) has a structure of variable geometry. EPR actually
- emerges at the gilicon surface and expands towards the bulk as well as below source
and drain domains to absorb as much as of the bulk spreading resistance to maintain

the constant potential Vyub = Rgublsub = ¥ = ¢ui + Vss at its bottom edge (Fig.
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2.12). The self adjusting mechanism leads to the gecrease in Fgup rebiproca;l to
Toup and takes place through & change in geometry of the EPR. Afier the transition
phase the biasing of the bage emitter junction Vbe increases with 5y which increases

with the incressing size (d) of EPR and is given by

Voo = Viub + 8% —Vsg = 295 + 5¢ (2.108)

At the transition point 8¢ = 0, Voup = %2, Ve = 2¢¢ and before the transition
phase 8% =0, Vyub = Reubesub, Voo = Veub — Vsa.

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

concentration An of electrons as given by the diode theory and by equation (2.102).

An = N [ea:p( i, ) - 1] = G UriE Tyt (2.109)
Or
— | dNIsub ]
Vbe = Uz In (1 + ‘ILLFUTHHZ) | (2.110)

In the transition phase when Lub — Jeube and d —d, the voltage V4, is given

by

Ve = 2¢5
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Isub3 > Isub2 » Isub?
Rsub3 < Rsub2 < BRsub1

lsub?

Fig. 2.12. Schematic diagram of the evolution of EPR.
(a) EPR emerging at the silicon surface. -
{b) EPR eéxpands towards the bulk.

{c) EPR expands below the source and drain domalin.
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€598

NpgN
2

n?

= Uprin(~Z L0V (2.112)

We Summarize the variation of Vje a8 follows

Voo = Hgubtdsub — Vss for Iap £ Liane (2-112) '
d NI .
= UT in (1 + m%) fO‘P Isub > Igl'lbt (2113)

From equation (2.112) and (2.113) we find that Vi, increases linearly in the EBE

- phase until it reaches the value ¢,; at the transition phase beyond which the increase

plows down but does not vanish completely rather it increases logarithmically as

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 [’uﬁction of substrate current. From the u}ell known relation of resis-

tance R = p% we can find a linear relation between Ry, and d. Here the substrate
resistance is Fegp = E(Ij:'g- which decreases with the increase of d. Choosing two
different values of d such as d; and d; + {4 and knowing the corresponding substrate

resistance Rygpe and Reqpe 2t these two depths of EPR we can develop the relation

- (2.114) between Rgyp and Iyyp, which is valid for Liyp > ount

Rsubl‘. - qub
d = di+(d;,+ti—d
o ' ( ? ® ‘) Rsubt — Renbe
Rsuht. - T'&_
= df. + (d, + ts — dt) sub (2'114)

Rsubt. - Rsnbc
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The value of d;, the EPR. thickness at the trangition phase! qa.nrbe determined

from the following equations.

e Ap
= ], = qu,llp— Z1 2.115
Rayube subt = qlplT d; ( )

Substituting the value of Vp at the transition phase with 2¢; from equation

(2.111) into (2.109) we get An,

But
-
Apt =An = NB - -ﬁ (21]6)
The value of d; is given by
j ni2 Rsnbt. 7
= - =] —= J1
dg qp,,UT (Ng N) '1/).: Zl (2 1 7)

Finally, we have o consider the situation when EPR expands towards the bulk
as well as below the source and drain domains i.e d > d;. The analysis upto this
point is valid for d € d;. But In the case of d > d; the geometry of EPR become very
complex and we have to consider the compositio'n of 2 bipolar transistor connected
in parallel. The width and the cross-sectional area of the base of the upper 1ra._nsistor
are ! and Zd; and those of the lower one are l; and Z(d — d;) where l; = I + L.
Parameter 1, accounts for the encroachment of the EPR underneath the source
domain. The variation of !; with substrate current I}, can be made by developing
an embirical expression of I, [Appendix B} to fit the curve in the upper region of

the drain characteristics. Upon this basis appropriate current expression for Iy, and



Is can be derived for the two transistors in an agalogical manner as it has been

done in (2.107) and (2.106) ie.

Ie = Iel"'IeZ

Iy = Iyt + bz

where,

’ 2
. Lin I N, d;
= (B %Y g
Iel (“? + L‘p NSD) (Z) sub

2 ,

Lin ZlN, d-dj
= |= Lub
fez (#p+LpNsn)( I ) "

and

1in N L2\ {d;\°
— en o, e %m 21 7
Tt (2,;,, 1L, NSD) (L,. sub

_ f1p,, N L2\ ({d-d)\° |
Ip2 = ('2'“?4'11 Lp NSD)( L. Isub

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 mpdel used to find the substrate
current hag 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 équation, inherent in short channel

MOSFET by a one dimensional equation . . -
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CHAPTER 3

MODEL IMPLEMENTATION AND RESULTS

| 3.1 Introduction

The drair characteristics of a short channel MOSFET opertating in the avalanche
multiplica.tidn regime depends strongly on thq flow of substrate current. Actually
the drain current in this region consists of four different current components i) fen,
i) fynb, iil) Alen, iv) I, . But excess channel current Al and emitter current I, are
[function of substrate current Ioap - 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 Bgp at the drain end of the
MOSFET. The electric field Esp increases with the increese of drain source voltage
Vps . By using a multiplication model as presented in section 2.4 the substrate
current can bel obtained for a particular Vps . Knowing the substrate current Kb
the excess channel current Aly and the emitter current fy can be calculated at
the corresponding voltage with the help relevant equations derived in the second

chapter.

63



A computer program is developed to study the different characteristics of the
MOSFET. The lequa.tions which are used for obtaining the characteristics are based
on the analytical model developed in chapter 2. In the following section of this chap-
ter we have developed an algorithm of the computer program for model gimulation

which is represented briefly and sequentially.

3.2 Analysis of the Computational method used

The drain current /g of the short channel MOSFET is the sum of Iehs Tsun, O1en,
- Js. The relevant equations required to get these current components are derived
in chapter 2. The flowchart of the computational method used 1o obtain the I,
vrersus Vs characteristic is shown in (Fig. 3.1}. The steps of the total algorithm

are shown below :

1. Start the program.

2. Read the necepsary parameters like drain pource voliage Vpg, critical field B,
fleld at saturation Egs7, junction depth d;, oxide thickness {, and doping

concentr&tion of substrate N .

3. Calculate the short channel threshold Vi and the saturation voltage Vjg,
Hsabes Fsube. - |

4. Compare Vpg with Vj)s. If Vpg is less than the saturation voltage V)4 then
calculate channel current o and assign the value of pubstrate current Ly

equal to zero.

5. Calculate the current Iy, at saturation voltage V}; and then channel current

Icn. Also calculate the lateral electric field Egp at drain end and then find
|
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Fig, 3.1. A flowchart illustrating the procedurs for computing

current veltage characleristios.
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the substrate current gy, . .

6. If Toup is less than or equal 1o Fyype then (a) assign base and emitter currem
equal to zero i.e [y = 0, J, = 0 (b) Calculate base emitter voltage Vi,
depletion width w, and excess channel current ATy (c) print depletion width

w and return to step 12 .

7. Calculate bagse emitter voltage Vi, the depth of EPR d, and thickness of EPR

at tranisition phase d, .
8. If d is less than or equal to junction depth d; then calculate Iy, 1o .
9. Celculate the excess channel current Al .
10. Calculate the EPR length I; at a depth d > d; . |
11. Calculate fp and [, end return to step 9 .
12. Calculate and print drain current Jj and source current I .

13. Stop.

Using equa,t'i'on'(Z.SS) the short channel threshold Vi is calculated at a particular
drain source voltage Vpg for & fixed channel length L. Then the saturation voltage
Vps which varies both with the channel length L and Vgs is calculated from (2.66)
by applying regul-a. falsi méthod. If Vpg is less than or equal to V)g then Iy is
calculated from (2.64). Otherwise first Iy is calculated from equation (2.63) and
then /op and Egp are calculated from (2.65) and (2.76) respectively. The substrate
current [y, is then obtained from equation (ﬁ.?S) with the help of regula falsi
method. If I, > f,“bt then Vje, d, d; are calculated from equation (2.113),
(2.124) and (2.117) respectively, whereas, for I;up < Ipube, Voo, w and Aly are
calculated using equation (2.112), (2.97) and (2.82) respectively. If d is less than or
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~equal to d; then Jo and Iy are found from equationy(2.106) and (2.107). For a value

of d greater than d;, /o and Iy, are calculated from equations (2.118) and (2.119)
after calculating ; and Al from equation (2.82) with I b = fgupt. Finally, the

drain current Iy and the source current T, are calculated from equations (2.4) and

(2.5).

Besides the main programme two separate programmes have been developed to
find I; a5 a function of L and Vps. By using the data found from the extrapolation

of Iy vs. Vps and I ,p v8. Vpg curve we exiract the value of }; at different Vpg for

‘g fixed channel length L from the first programme. Regula falsl method is used in

the programme to extract the necessary data. The second programme is used to
find the mathematical expression of I; in terms of L and Vps using the necessary
data obtained from the first programme. In the second programme the coefficient

a,ay, az, by, b2 are found using matrix inversion subprogramme.

3.3 Results and Discussions

The analytical model developed in chapter 2 is used 1o find various characteristics

of a short channel MOSFET.

3.3.1 Threshold and saturation voltage

Threshold and saturation voliage 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 vol‘éage and Fig.

3.3 shows the effect of channel length on saturation voltage of a MOSFET. Fig.
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3.9 shows that when the channel length decreases the threshold voltage Vp of the
MOSFET decreases for & fixed dra.in source voltage. This is due to the fact that for
a fixed drain source voltage AVy increeses, with decrease of L as given by equa.ﬁon
(2.49). So lthe short channel threshold Vi decreases as L decreases when Vpg is
fixed. The physical explanation for the reduction in threshold due to lowering of -
the chg.nnel length lies in the fact that as the channel length decrea.sesl‘the depletion
charge at source and drain ends widen and become compa.rable to the depletion
charge Qp controlled by the gate. As a result the threshold gate voltege required
1o achieve inversion must decresse to accomodate smaller Q5. Again as the thresh-
old decreases with the decrease of Cha.nnel.length,'the‘ paturation voltage V)g also

decresses with the decrease of cha,nrigl length.

3.3.2 Channel current

Fig. 3.4 shows the channel current Iy v8. Vpg characteristics for a series of
MOSFET at a particular Vgg differing only in electrical channel lengths. For higher
chennel 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 Iy vs. ‘VDS characteristics for s higher Vg than
‘that of Fig. 3.4. For higher Vas the channel current fop must be higher as can be
shown from equation (2.64) (2.65) for the same Vps and L.
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3.3.3 Lateral electric field and substrate gurrent

Lateral electric field in a short channel MOSFET is a strong function of drain
source voltage Vps. The electric fleld” Bgp near drain end of the channel at pinchoff
or saturation point is given by Egar g.nd must increase with Vpg beyond pinchoff.
This can be explained from equation (2.76). For a fixed channel length and substrate
doping V)¢ is fixed. The parameter A although decreases with Vpg but the increase
of the term (Vpg — Vj¢) with Vpg overcompensates the decrease and ultimately the
product of the two increases with Vps. So the electric field Egp increases with Vg

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 Iy, with Vpg for two
different values of Vg for a series of MOSFET differing only in channel lengths.
These plots Bhowr that the substrate current increases with Vpg which is quite ob-
vious and can be explained from equation (2.75) and (2.76). The substrate current
is a ptrong function of multiplica.‘tioﬁ factor M as shown from (2.75). The multipli-
cation factor M on the other hand increases with Vpg due to"the increase of Bgp
with Vps as given by equation (2.76) and (2.80). These facts justify the increase of
substrate current with Vps. The effect of Vigs on substrate current can be explained
by considering {wo conflicting factors. The substrate current I}, depends on both
ionization rate oy and channel current Iy [3]. When Vgg increases Iy increases
but a,y; decreases due to the decrease of electrié fleld Egp. The decresse in Egp
is due to the increase of V}, with Vgs. The increase in channel current tends to
increase the substrate current Ig,p, whereas, the decrease in oy tends to decrease
the substrate current Ig,p. Ultimately 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 Tsun-
The depletion width w decreases with thé increase of substrate current I, which
can be explained by equation (2.97). The depletion width w is a function of Iy
for a fixed w, and decreases with the increase of I, due to the decrease of the
second term of the square root portion of equation (2.97). The increase in substrate

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 /g, on threshold voltage Vo of
a short channel MOSFET. The plot shows that 177» starts to decrease appreciably
after a certain Vpg. The reason for such a rapid decrease can be attributed to
the generation of substra.‘ne current at that cer’:z_a.in voltage Vps. We can see from
equation (2.88) that the reduction in threshold AV, increases as w decreases. But

from Fig. 3.9, w decrases with the increase of J . So, the short channel thresold

Vr decreases as Iy, increases,

The combined channel current Jype of the MOSFET is the sum of channel current
Ip and the excess channel current Aly,. The channel current Iy, increases with Vg
but the excess channel current Al increases with Vye upfo transition phase due
to threshold lowering AVyy as given by equation (2.82) and then saturates because
of zero depletion widthw =0 rea.chilng at the transition phase. After the transition
phase the combined channel current [y, almost saturates due to constant velue of
Al and a slight increase in Jop with Vps. The plot 3.11 shows the variation of

Icpe with Vpg.
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3.3.5 Base emitter voltage and substrate resistance

Fig. 3.12 shows the dependence of base emitter voltage Vio of the MOSFET
on Iyyp after the bipolar turn on. The base emitter voliage Vb‘; increases linearly
with L}, upto the substrate current Jiupe and then the increase in Vpe slows down.
The behaviour can be explained by equation (2.112) and (2.113) respectively where
Ve is governed by the first equation before the transition phase and by the second
equation after the transition phase. The second equation shows the logarithmic

variation of Ve with Jgup after the transition phase.

The Fig. 3.13 shows the variation of Ry, with EPR thickness d. The substrate
resistance Reyp should decrease with the increase of d as given by equation (2.114).
The plot 3.13 agrees well with equation (2.114). The decrease of Fsup with the
increase in d is due to the reduction in the length of the substrate material with

the evolution of EPR.

3.3.6 Dfain current

The drain current of the MOSFET is the sum of Ign, Alch, Jo and lyup. Fig.
3.14 shows the drain curremt Jq ve. Vpg characteristic for a series of conventional

MOSFETs differing only in electrical channel lengths. The drain current 4 slowly

increases upto a certain Vpg and then it increases rapidly with Vps to cause the

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

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

characteristic before the transition phase is caused by the excess channel current
ATy and the rapid rise in drain current after the transition phase is caused by the

emitter current J,. From equation (2.82) and (2.106) we can see that both Al
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and fg are function of substrate current. As the gubsirate current I;,p increases
with Vpg the excess channel current Al increases slowly but the emitter current

I, increases rapidly according to the nature of the equation (2.82) and (2.106) re-

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 subs'tra.fe current is the main
reason that leads to the -brea.kdown of the short channel MOSFET. The major
components of the drain current that contribute to this breakdown phenomenas are
excess channel current Al and emitter current fo both of which are' determined
by the substrate current I;,,. But the substrate current Is,,i, again depends on

the source current I3 and the multipliaction factor M which is a strong function of

electric field Esp at the drain end.
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CHAPTER 4

Conclusions and Suggestions

4.1 Conclusions

In this work, an analytical model of breakdown in short channel MOSFET
is presented. Modelling of device aimes at relating physical device parameters to
device terminal characteristics. Siniple and accurate device models are needed to
predict the performance of the device. But accurate modelling of a device is very
difficut and complex. There is always a trade-off between accuracy and complexi-
ty. A number of different models have been developed in the last few years. But
most of those models did not 4ake into account the actual physical effects occuring
during the avalanche induced breakdown in short cha.nnél MOSFET. In this work
a complete physice along with.a, simple analytical model is presented. By taking
various short chennel effects simultaneously and thenr combinning them into & s-
ingle analytical model the drain and substrate characteristics are obtained in the
avalanche-induced multiplication region. An accurate substrate cﬁrren‘c model and
a simple channel current model is used to find the different characteristics of the

short channel MOSFET for a wide range of device parameter.
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The holes produced by avalanche muitiplicationedue to high field at the drain
depletion region causes. a subsirate current 1o 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
Isabe current needed to initiate the bipolar action by reducing Rgup 88 given by
equation .(‘2.99). The increase in Tybt corresponds to a shift of the drain charac--
terigtics towards higher drain biases. The reduction iﬁ Rgup 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 Rs“b-ins‘tead 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-
gis. However the 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

'l with L and Vps analytically at a EPR depth of d > d;. 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 A

Determination of the expression of
I, as a function of L and Vpg

Let us consider that x,y, 2 represems L, Vps, L of the work presented in this thesis
respectively. Now z can be expressed in terms of x and y by the following two

-

degree polynomial.

z=0a+ a1$-+ axz? + by + bay? Al

The determination of the coefficients a, a1, az, a3, b1, b2 can be performed by us-
ing the least square method. In the least square method the square of the error &
between the function to be approximated and the approxmimating function is min-
imized. The minimization of F can a,c-complished by setting the partial derivatives

of B with respect to each of the coefficients equal to zero, where E is given by

E=FEr?={s-(ataw+aw®+by+ba?}: A2
Now accordingly by putting 72 88 — 0, ﬂfx =0, g'% =10, g-ﬁ =0, %TE = 0 we get the

following equations

na+a12x1+agzx +b1Zy,+bzzy, Ez,, o A3
i=1 e

=1

RZ:L'-; +alzm?+azzmg+b12:ziyi+bzz'yi2w.-=Zz,:9:i . A4
i=1 i=1 =1 f==]1 i=1 i=1

aZa: +a12:1: +azzm +b) % y;+bzzy =Y zat Ab

1.—-—1 i=1 i=1 i=1

aZm.+a1Ew,y;+aszy,+bIZu +szyl > aw A

i=] i=1 i=1

azy;‘l'alz yz‘l‘ﬂzz 3/2"'5129‘;"'522% Syt AT
i=1

=1 i=1 i=1 i=1



Renrranging the e(jua.tions in matrix form we find -

[n . YT Y22 Tw ¥ |
Yz Lt Ta Loy Lyl
Yz T2 Tal Tl Tyl
Yu Ty Lotu LY L%
| Ty el T v XY L
a’ n Tz L Ty Lyl
ai PO 5 Ewiz ):3713 YT Efﬂi‘y‘?
=|a|=|XLa Lz T XTzlu Ly}
by Yy L Ly Ly LY
by T¥ Yzl Tl T T

- - -

a X
at 2 A% g
a; | = | T az? .
by 2 &Y '
by | | Tyl ]
~1 r Yz -

X AT

Yax? | = A7 K] AS

2 &Y

XY

So by performing the operation of A~! the cofficients can determined from

equation A.8 . Knowing the coefficients the variation of , with Vps and L can

be obtained.
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APPENDIX B

Determination of substrate resistance R,
| in EBE phase

To find the T..'ria.r'm.’c'u:)rl of Ry, with channel length L we rely on the following math-
ematical relation '

Rﬁl.lbf. = Hgyp = R, + (% - 1) Ky B.1

where R, s the resistance of the MOSFET with channel length Z = L,, and K
can be determined by the following simple methodology. The substrate resistance
Rsab (= Ryube) of @ MOSFET with L = L, can be extracted from its two J; versus
Vps characteristics corresponding to 2 different Vg as shown in (Fig. 29) The
extrapolation of the paturation portion of the I; curve ( related to Vg + AVihmax )
as far ag the intersection with curve ( related to Vg ) gives the drain voltage corre-
sponding to the transition phase . The latter allows to determine Ko for L = L,
from Teup versus Vpg characteristic. Knowing Tsape we can find Roup = Renbt = Ro
from the following relation

Rsnbt. =

; B.2
subt

Now by repeatirig the same procedure to MOSFET of length L # L, fthe
coeficient K can be calculated from the difference of (Rsubt — Ko) according to
equation B.1.
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