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Abstract

This thesis describes the optimization process of n-channel LDD MOS
transistors with a gate length of O.Sj.Lm. The optimization was performed
with respect to lifetime, punchthrough current, threshold voltage, body fac
tor, source/drain series resistance and junction capacitance.

The optimization process was completely carried out by simulation us
ing the 2-dimensional device simulator CURR Y. Because of the fact that
lifetime cannot be simulated (yet), the relationship between lifetime and
lateral electric field and excess carrier generation rate was used, so the con
straint with respect to lifetime was translated into constraints with respect
to lateral electric field and generation rate.

From the optimization process, it could be concluded that for an n
channel MOS transistor with a gate length of O.Sj.Lm, the lifetime constraint
of 30 years cannot be met if the supply voltage is kept at the standard of
5V. Therefore, the supply voltage will have to be scaled down. A value of
3.3V showed to be very suitable and is therefore recommended as a future
standard supply voltage.

Simulations have shown that even if the supply volta.ge is scaled down
to 3.3V, the LDD strueture is necessary to sufficient!y suppres hot-carrier
effects.

Circuit sirnulations referring to a 21-stage ringoscillator have shown that,
for LDD MOS transistors with a gate length of 0.5Jlm, reducing the supply
voltage from 5V to 3.3V only slightly reduces the switching speed. This
encourages the introduction of the value of 3 .3V as a standard supply voltage
even more.
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Chapter 1

Introduction

Due to the rapidly developing IC technology, there is a continuing trend
towards smaller dimensions of MOS transistors. This includes short ehan
nel lengths, thin gate oxides and shallow Bource and drain junctions. The
advantages of this down-scaling are:

• higher switching speed

• higher packing density

• lower costs

In order to maintain compatibility with existing IC's, the preference
exists not to reduce the supply voltage as device dimensions are sealed down.
This however leads to high eleetrie fields within the device. These high
electric fields in turn can cause effects which are strongly detrimental to the
behaviour of MOS transistors. These effects are the socalled Ithot-carrier
effects".

The occurance of hot-carrier effects results in a reduction of the life
time of MOS transistors due to, a.o., threshold-voltage shift and transcon
ductanee degradation. In order to diminish the hot-carrier effects soealled
hot-carrier-resistant struetures have to be introduced.

Ir the gate length is reduced to O.5jlm, the following question arises:
Is it possible to design a MOS transistor with a lifetime of 90 years while
the supply voltage is not reduced but kept at the standard of 5V?

This thesis describes the research which was done to answer the question
stated above. During this research, device simulations were used to observe
the behaviour of n-channel MOS transistors. In a CMOS process, of course,
it is also necessary to observe the behaviour of p-channel transistors. N
channel MOS transistors, however, are more suseeptible to hot-carrier effects
than p-channel MOS transistors due to the faet that more energy is required
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to enable holes to causehot-carrier effects than to enable electrons to do the
same. ThereCore, it is common practice to observe the behaviour oCn-channel
transistors first.

In chapter 2, the basic theory of MOS transistors is treated. In later
chapters, this theory will be used to explain several phenomena.

The Lightly Doped Drain (LDD) transistor, which was used as a hot
carrier-resistant structure during the research desribed in this thesis, is de
scribed in chapter 3. Comparisons between the conventional and the LDD
transistor will be given and the advantages as wen as disadvantages of the
latter structure will be made dear.

Chapter 4 describes the optimization process which was performed con
cerning an n-channel LDD MOS transistor. The optimum transistor char
acteristics were determined by simulation. The optimization process was
carried out for two different supply voltages.

Circuit simulations were done in order to observe the performance of
both n- and p-channel LDD MOS transistors with a gate length of O.SJlm.
Special attention was paid to the switching speed of these transistors. The
circuit simulations are treated in chapter 5.

Finally, chapter 6 gives the condusions which were drawn during the
work described in this thesis. Furthermore, some suggestions about the
continuation of the research are given in this chapter.
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Chapter 2

The MOS transistor

2.1 Introduction

This chapter deals with the behaviour of the Metal- Oxide - Semiconductor
(MOS) transistor.

First the principle of operation will be discussed and expressions for the
current characteristics will be derived.

After this some disadvantageous features will be discussed, most of which
manifest themselves more severely as device dimensions are scaled down.
Because of the fact that the electric field near the drain junetion plays a
very important role in submicron devices, it will be discussed in more detail.
This electric field can cause "hot-carrier effects" , a negative feature which
will a150 be di5cus5ed.

2.2 Device structure and principle of operation

Figure 2.1 shows the basic structure of an n-channel MOS transistor. It is
a four-terminal device with a p-type substrate and two n+-regions, called
source and drain (a p-type transistor consists of an n-type substrate and
p-type source and drain regions).
The contact on the insulator is called the gate, which is usually realized using
a metal or n-type doped polysilicon. The basic device parameters are the
channellength L, which is the distance between the two metal1urgical n+-p
junctions, the channel width W, the insulator thickness toz , the junction
depth Xi and the substrate-doping density No..

With zero gate bias, the source-to-drain electrodes correspond to two
pn- diodes connected back to back. The only possible current fiowing in this
case is a very smal! reverse leakage current.

When a sufficiently large positive bias is applied to the gate, an n-type
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Figure 2.1: Basic structure of an n-channel MOS transistor

inversion layer (channel) will be formed between the source and the drain
through which current can flow. The conductance of this channel can be
controlled by varying the gate voltage.

H a voltage is applied between the source and the drain, a current will
flow. This current can be modulated by varying the gate and/or drain
voltage.

2.3 Linear and saturation region

In the fol1owing the basic operation of the MOS transistor will he discussed
and expressions for the threshold voltage as weIl as the drain current in the
linear and saturation region will be given.

2.3.1 Threshold voltage

An expression for the threshold voltage which is often used is as follows [11]:

(2.1)

Where

= </Jm~ - 9"sO+9" is called the flatband voltage;
"s

is the difference in work function between the gate- and
semiconductor-material.
is the built-in charge within the oxide;
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qu is the charge present at the boundary of the insulator and
the semicanductor;

CO~ is the gate-oxide capacitance per unit area;

Here VSB is the source-to-substrate voltage. Equation 2.1 shows that "f
determines the dependenee of the threshold voltage on the substrate bias.
Therefore, "f is called the "body factor" and the fact that VeIL changes with
varying VSB is ealled the "body effect".

From equation 2.1, it is dear that "f is the slope ofthe VéIL VS.JVSB + 2rjJf
-eharacteristic, as confirmed by figure 2.2 [13J. This figure also shows that
a distinction can be made between the body factor for small and large
VVSB + 2(JJ/l "10 = tan(a) and "f = tan(>'), respectively. This is eaused
by the faet that "1 depends on the channel dope, which is not constant far
devices which are fabricated using state-of-the-art technology. For these de
vices, namely, the dope at the surface differs considerably from the substrate
dope.

..r-----,.----j"----"ï---,...-----,-..

J'

A

Z'ltI Z

lt

.. ~----.J...---"---__....L. .l-__......L.---J

••

••

.,

DL = 2.51lM

6L = tJJlM

11

Figure 2.2: Su6strate sensitivity of MOSFET's

There is another effect that has not been taken into account yet and
which beeomes significant when device dimensians are Bealed down. For
short-ehannel devices, such as submieron MOSFET's, the threshold voltage
appears to decrease with increasing drain voltage. This is explained by the
fact that, with increasing drain voltage, the potential barrier near the souree
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decreases and, as a result, more electrons will have sufficient energy to sur
mount this barrier and flow to the drain. The effect is called "Drain-Induced
Barrier Lowering" and is taken into account by introducing a parameter ÀD

which will be referred to as the "DIBL" [8j. Drain-Induced Barrier Lower
ing is discussed in more detail in [5j. Taking the "DIBL" into account, the
threshold voltage becomes:

(2.2)

2.3.2 Current characteristics

At strong inversion, the inversion layer charge can be expressed as follows:

(2.3)

When a positive voltage, Vdll is applied to the drain, a voltage drop across
the channel will exist. The voltage at a point Y in the channel with respect
to the source voltage will be referred to as V(Y). See figure 2.3.

z'7 L

Figure 2.3: Definition of the voltages in the channel

In addition to the reverse current through the drain diode, the drain voltage
will cause a curxent flow through the inversion layer. The voltage V(Y)
reduces the bias across the oxide to Vg5 - V(Y) and also causes an increase
in the depletion layer charge which becomes:

(2.4)

The charge at the gate electrode becomes:

(2.5)
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With the help of eq. 2.5 and the relation qg + qo~ + 9inu + q.. + qdepl = 0 the
inversion layer charge can be derived:

In the derivations given above it was assumed that the transversal com
ponent Ez. of the electric field in the insulator is much larger than the lateral
component, ElJ' This is called the ItCradual Channel Approximation". This
approximation is valid as long as Vd~ < Vg~ - Vth and the thickness of the
insulator is much smaller than the channel length, L.

Ir the diffusion current is neglected and thc relation ElJ = - a~r) is
applied the current I(Y) becomes:

Here Wis the channel width and J.ln is the mobility for electrons. 5ince I(Y)
equals Id~, the channel current fol1ows by integrating 2.7 from source ( Y = 0)
to drain ( Y = L) which results in the fol1owing expression:

J.lnWCo% [ ( 1 2 ([ ]J! [ ]3))]Ida = L Vd~ Vg, - VFB - 2Vd, - 31 Vd~ + 2q" 2 - 2<p, ~

(2.8)
When 1 is small (this can be realised by using a lightly doped substrate),

equation 2.6 can be simplitied by using a Taylor expansion with respect to
Vd~. This leads to

Where

(2.9)

8= 1
2.j2(PJ +VSB

Equation 2.7 then becomes:

Leading to:

(2.10)

(2.11)

(2.12)

Equation 2.12 is often used when insight in the behaviour of MOSFET's is
to be obtained because it is much easier to deal with than equation 2.8 and
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because experimental results have shown that it describes the behaviour of
the transistor current fairly weIl for a large range of applications.

If the drain voltage Vdl is increased while keeping the gate voltage con
stant, the drain current will saturate at a certain value of the drain voltage.
At the drain a pinch-off region appears. The resistivity of this pinch-off
region is very high and therefore this region wiJl take up all applied extra
drain voltage. As aresuit, the drain current wiU almost become voltage
independent. Using equation 2.12 the saturation voltage Vdll = Vd,at can be
ca1culated using the relation iJd- lv _ J = 0:

J. J.-VJ.",

v: _ Vg1 - Vtll
dllat - 1 + S

The related drain current is called Idlat:

Where

(2.13)

(2.14)

f3 = JlnWCoz (2.15)
L

is called the gain factor. When Vd, equals Vdla/ the inversion layer charge
(eq. 2.9) near the drain reaches the value qinll ~ O.

For Vdll > V dllat the drain current is not completely voltage independent.
Because of the fact that the pinch-off region increases with increasing Vdl'

the channel length L will become smaller and, as aresuIt, Idll will slightly
increase with increasing Vd,. This effect is referred to as flchannel.length
modulation" [17]. It manifests itself by inducing a nonzero slope on the
Id(Vd,)-eurve as shown in figure 2.4.

2.4 Field-dependent mobility

So far the mobility, Jln, was assumed to be constant. In reality, however, it
depends on both the lateral and transversal electric field components in the
channel, Ez and Eli' respectively. An expression for Jln which takes these
dependencies into account is given by [8]:

(2.16)

(2.17)

Where
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Figure 2.4: Channel-shortening effect

110 is the low field mobilitYi
(J is the mobility reduction factor, determined by the transver

sal field;
Ec is the field characterizing velocity saturation.

Equation 2.17 shows the transversal field dependency, whereas eq. 2.16 rep
resents the velocity saturation mechanism. Figure 2.5 shows the behaviour
of the electron velocity v as a function of the lateral field Eli'

T

__ EI/(Vem- I )

Figure 2.5: Electron velocity vs.lateral eieetrie field

The electron velocity v can be approximated by [20]:

1 1 1
-=-+---
V V 3clt J.Ln,e/fEil

11
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Where V,at is the saturation velocity of electrons in silicon, a constant which
approaches 107 cm/sec. Equation 2.18 can be rewritten to obtain:

Where
E -~c-

Iln,e!!

(2.19)

(2.20)

In contrast with what one might expect, the critica) field Ec is not a
constant. This can be understood by realizing that increasing the transversal
field E% (for instance by increasing Vg or decreasing the oxide-thickness) will
reduce the effective mobility Iln,e!! and, as a consequence, Ec will increase.
This means that, as the transversal field increases, a higher lateral field is
needed for the electrons to reach the same velocity.

IC the mobility dependence is taken into account, the current in the
unsaturated mode can he descrihed as follows [8]:

(2.21)

2.5 Punchthrough

A special case of high drain current exists which is called punchthrough.
This happens when the drain depletion layer actually touches the source
depletion layer and space-charge-limited current ftows from source to drain l

[17]. This condition is most likely to he encountered in devices with either
very short channel lengths, high-resistivity substrates, or both. The result
ing characteristics of figure 2.6 are quite typical. The most striking feature
of this figure is that (in the case of an n-channel enhancement MOSFET)
even at Vg = 0, there is substantial current flow for low values of the drain
voltage.

IC a gate voltage larger than the threshold voltage is applied, a surface
channel is Cormed as usual, and the normal drift current is added to the
space-charge-limited current fiowing through the depleted region. The gate,
in effect, still modulates the drain current, as shown hy figure 2.6. However,
if a negative voltage is applied to the gate, therefore shutting the surface
channel off, the underlying depletion-layer current is still left unaffected.
The device then cannot he completely shut olf. Only with the application

lOne sometimes encounters the term Mpunchthrough current", which refers to an)' cur
rent fiowing from drain to source at zero gate bias.
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Figure 2.6: Punchthrough characteristics of short channel devices

of areverse source-to--substrate potential the device can be shut off for a
wanted range of drain voltages.

Punchthrough is caused by either bulk or surface DIBL (As mentioned
before, DIBL stands for «Drain-Induced Barrier Lowering"):

Bulk DIBL occurs when the bulk doping is low because in that case, if
a sufficiently high drain bias is applied, the potential barrier between
souree and bulk region diminishes.

Surface DIBL occurs with a low subsurface doping, because then the po-
tential barrier between source and channel regions diminishes with
sufficiently high drain bias.

For more details, see e.g. [5].
For devices with channellengths larger than lpm, which are processed by

state-of-the-art technology (xi ~ O.3pm, toz ~ 40nm, and double channel
implants) [14], punchthrough is suppressed by the thin oxide, the shallow
drain/source junctions and the implants (threshold- and anti-punchthrough
implants, referred to as ~vt and APT, respectively).

2.6 Electric field at the drain junction

Based on the work of Ko [14), Biermans [20) has derived an analytical ex
pression for the peak lateral electric field at the drain junction, Ed, in a
MOSFET. In order to make this possible, the following conditions had to
he satisfied:

1. The source and drain junctions are square in shape and perfectly con
ducting (no source-drain series resistance!).
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(2.23)

2. The drain current Id flows withinthe- drain j~nction depth.

3. All carriers in the drain region are velocity-saturated.

4. Generation of carriers in the drain region is only modest and does not
influence the Poisson and current equation for primary electrons.

Subject to the constraints given above, the electric field at the drain junction
is given by:

The variables A and Bare defined as follows:

~K

A2 _ EI 'pr
- 2

tgZ(Xi + ~Xi)

Where K,pr is the lateral field spreading factor which determines the
spreading of the field lines into the bulk and ~Xj is a depth modification
parameter, which depends on the drain voltage.

1

B = (~,prt~ .) { (Xi + ÄXj)qNa - V2(,qNaJ2</>/ + VSB }
f, x) + x)

For larger Vd, equation 2.22 can be simplified to give:

(2.24)

(2.25)

Equation 2.25 shows that, for larger Vd, Ed is linearly dependent on Vd with
slope A. Therefore, from equation 2.23 it is clear that the oxide thickness
t O% and the junction depth Xj have a large influence on Ei:

(2.26)

(2.27)

Furthermore, it is obvious that Vd,af plays an important role in the deter
mination of Ed'
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Figure 2.7: Suhstrate current generation

'2.7 Substrate current

When an n-ehannel MOSFET is operated in the saturation region, part of
the electrons in the channel can acquire sufficient energy from the lateral
electric field, Eli' to cause impact ionization [14),[20). See figure 2.7.

The generated electrons will be swept into the drain while generated
holes will experience two field components. The first component is parallel
to the surface and moves the holes from drain to source. The second is due to
the gate field and attracts the holes to the surface in the immedeate vicinity
of the drain. Further away from the drain this component reverses direction,
so the holes will be directed into the substrate. The result is a substrate
current. Making the following assumptions [20), [14], an expression for the
substrate current can be derived.

1. Thermal generation and recombination are neglected.

2Note that equations 2.26 and 2.27 are only valid if the constraints for which Eli Wal!

derived are satisfiedl
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2. All drain current carriers experience the same electric- field distribu
tion.

3. The ionization coefficient is a function of the channel field.

4. The substrate current has no influence on the field and potential dis
tribution in the drain region

According to the assumptions stated above, the substrate current is given
by [21:

I,ub = (M - I)Id.at

The multiplication factor (M - 1) can be written as

M - 1 = laL Otn(y)dy

(2.28)

(2.29)

(2.30)

Where Otn , the ionization coefficient per unit length for electrons, strongly
depends on the lateral field in the channel, Eli:

-En
Otn = Anexp(E )

11

An and En are the pre- and post-exponential ionization coefficients, respec
tively. For an analytic expression for the substrate current, whicb turns out
to be astrong function of Ed, tbe reader is referred to [20], [21. Figure 2.8
gives an example of tbe substrate current as a function of tbe gate voltage.

2.8 Gate currents and hot-carrier effects

Besides the generation of substrate currents, another hot-earrier effect oc
curs in n-channel MOSFET's which is called the "channel hot-electron (CBE)
effect 11. This effect is explained with the help of figure 2.9.

CHE emission in an n-channel MOSFET occurs when the device is active,
that is, operating in the linear, saturation, or subthreshold region. Figure 2.9
shows the situation corresponding to a MOSFET operating in tbe saturation
region. In this operating region, the CHE effect manifests itself most clearly.

Electrons, moving from souree to drain, gain energy from the high lateral
electric field Eli near the drain and a small fraction attains enough energy
to surmount the energy barrier at the Si - SiO, interface. The figure shows
that, in these bias conditions, the transversal component of the electric field,
Ez, is directed from gate to bulk at the souree side of the pinch-off point
whereas it is directed from bulk to gate at the drain side of the pinch
off point. Most of the electrons which are emitted into the gate oxide at

16
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Figure 2.8: Su6strate current as a function of gate voltage. (Vd8 = 6V)

the source side of the pinch-off point, will therefore be driven to the gate
electrode by the transversal field and are collected by the gate contact. These
electrons are responsible for hot-electron induced gate current. Figure 2.10
shows an example of the gate current as a function of the gate voltage.
Those electrons, however, which are emitted into the gate oxide at the drain
side of the pinch-off point, encounter a net electric field directed from drain
to gate. Therefore, some of them are driven towards the drain and are
trapped in the gate oxide near the drain.

Hot electrons which are trapped in the gate oxide will influence the char
acteristics of the device, which, as aresuit, will change in time. Especîally
the threshold voltage Vth and the transconduetance 9m, which is defined
as the derivative of the drain current with respect to the drain voltage for
a fixed value of V,., are highly influenced by hot-electron effects. For an
n-channel device, usually the threshold voltage increases and the transcon
ductance decreases, whereas for a p-channel device the absolute value of the
threshold voltage will decrease and the transconductance will increase.

It will be evident that a transistor with characteristics changing in time
will he useless for circuit design. Therefore, the idea trdevice lifetime" has
heen introduced. It is the time needed for the threshold voltage of a tran
sistor to change with a certain amount, e.g. O.IV. In order to make sure
that (short-channel) devices have a sufficiently long lifetime, it is necessary
to minimize hot-electron effects. This can he accomplished by decreasing
the maximum lateral electric field, since this peak field is responsihle for the

17
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Chapter 3

The Lightly Doped Drain
(LDD) MOSFET

3.1 Introduction

Current technology makes it possihle to produce devices with very small
physical dimensions. However, one should he aware of the fact that the
lateral electric field will increase as device dimensions are scaled down, as
can he seen from the dependencies of the electric field shown in the previous
chapter (eqn. 2.26, 2.27). Special attention should he paid to the drain
souree voltage, Vdu which, if not scaled down properly, will cause a very
high electric field at the drain. This is indicated hy equation 2.25.

Since for reasons of compatihility and standardisation a modification
of supply voltages is not desirahle the necessity arises to look for different
MOS device stuctures, which give relief to the high electric fields ohserved
in conventional devices. In later chapters, it will become clear that, even if
supply voltages are scaled down, sueh socalled Ilhot-carrier-resistant" struc
tures are necessary when device dimensions are reduced to suhmicrometer
dimensions.

In this chapter two hot-carrier-resistant strudures will he discussed. One
of these, the Lightly Doped Drain (LDD) structure, will appear to he most
convenient for further use. The impact of this structure on the electric field
will he explained and its influence on device characteristics and performance
will he discussed.

3.2 Hot-carrier-resistant structures

In the previous chapter, it was mentioned that socalIed tlhot-carrier-resisiant"
structures are needed when device dimensions are scaled down. Two of such
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stuctures are shown in figure 3.1. Figure 3.1 b. shows the "Double-Diffused
Drain (DDD)" structure, where the As (Arsenic) source and drain n+
regions are surrounded by P (Phosphorous) n--regions. Fig. 3.1 c. shows
the "Lightly Doped Drain (LDD)" structure, where self-aligned n- - regions
are introduced between the channel and the n+-regions.

,,-poly gate

SiO,

G.

p-,uht,.

,-,uhtr.

b.

,.-polll gote

p-,ub.I,.

c.

,,-poly gate

Figure 3.1: 9 (n-channel) MOSFET structures
a. Contlentional structure
b. DDD structure
c. LDD structure

In the conventional device of fig. 3.1 a., the drain junction forms a
sudden transition from n+ to p material, resulting in a very high lateral
electric field right at this junction.

In contrast with the conventional device, the 000 and LDD devices
have a more gradual transition from n+ to p material at the drain junctioD,
resulting in a lower peak electric field [9]. This follows directly from Pois

sons law: ö:V' =~ =:} E" = ~ I e(y)8y. Figure 3.2 shows a comparison
between the peak electric fields of conventional and LDD devices.

The LDD device is preferred above the 000 device because in general
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the DDD device has a larger junction depth, making it more susceptible to
punchthrough. In order to suppress this punchthrough current a higher APT
implant close would be necessary which in turn would lead to higher drain
to-substrate depletion capacitance and a higher body factor. Besides this,
the DDD device exhibits larger overlap capacitances than the LDD device.
For these reasons, in this thesis the LDD structure will be considered.

3.3 LDD device fabrication

Figure 3.3 shows the sequence of process steps which are necessary to pro
duce an n-channel LDD MOSFET [20J. The n-channel LDD MOSFET's
are fabricated using an oxide spacer technology [15]. After the gate oxide
is grown and the threshold-(óVt ) and anti-punchthrough (APT) implants
have been done, polysilicon is deposited and doped. Polysilicon gates are
then patterned and a phosphorous or arsenic implantation is used to form the
n- LDD regions. In practice, a phosphorous implantation is used because
the diffusion coefficient of Phosphorous is higher than that of Arsenicum,
resulting in a more gradual transition from n· to p-materia1. Spacers are
formed by depositing oxide and anisotropical1y etching this oxide. These
spacers are used to perform the self-aligned heavy As source/drain implant.

3.4 Series resistance

Although the LDD structure provides better long-term stability concerning
Veil shift and transconductance degradation than conventional transistors do,
it shows larger series resistances than these conventional devices [25J. This is
due to the lightly doped part of the souree and drain regions and will have
an impact on circuit performance. The use of LDD-transistors therefore
implies a tradeoff between circuit performance and circuit stability.

Figure 3.4 shows the [d - Vd, characteristics of an LDD device compared
to those of a conventional transistor. As can be seen, the LDD device
has relatively lower gain in the linear region and this reduction increases
at higher gate voltages. From this, the conclusion can be drawn that the
linear region transconductance would fall off more sharply with increased
gate voltage. Figure 3.5 shows a comparison of gm vs. Vg, curves for LDD
and conventional devices at a constant drain voltage. The peak gm values
were normalised to study the different behaviour of the two devices.

The observed differences in figures 3.4 and 3.5 can be explained by the
fact that for an LDD device operating in the linear region the total source-
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drain resistance becomes comparable to the channel resistance when higher
gate voltages are applied, and hence larger amounts of degradation are ob
served in this region. Consequently, this additional degradation is more than
that expected due to mobility degradatian alone. In the saturation region
both devices display similar gm degradation with increasing gate voltage, as
evident fram figure 3.4.

LDD devices have lower peak substrate currents than conventional de
vices due to the reduced electric fields. This is shown in figure 3.6. Reducing
the n-concentration at drain and Bource reduces the substrate current, he
cause this measure leads to a decrease in lateral electric field which in turn
leads ta a decrease in generation of electron-hole pairs and therefore a re
duction in substrate current.This reduction in substrate current however
occurs at the penalty of increased source-drain series resistance. A tradeoff
between reliability and performance is therefore required. Figure 3.7 shows
the peak substrate current as a function of drain voltage far an LDD and
a conventional device. Reduced substrate currents are essential to the long
term stability of VLSI circuits because this implies reduced generation of
electron-hole pairs, resulting in less hot-carrier effects.

An LDD transistor can be represented as an ideal MOS device in series
with two resistors, at the source and the drain side, as shown in figure
3.8. When designing an optimum process, series resistance is minimized by
selecting apprapriate concentrations and drive-in times for the n- -doses.

In refs. [251 and [23] various methods for determination of the series
resistance are discussed. All of these are rather complicated and are beyond
the scope of this thesis. The interested reader is therefore referred to the
articles mentioned above.
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The influence of the total source-drain series resistance, Rt, can nev
ertheless be observed as follows: as can be seen in figure 3.9, the ideal
Jd - Vg, characteristic approaches a straight line. When mobility degrada
tion with increasing gate voltage is taken into account, however, the slope
of the Id - Vg, characteristic decreases with increasing gate voltage. Adding
the influence of series resistance to this effect results in an even more rapid
decrease of this slope. In the unsaturated mode, tbe drain current is given
by equation 2.12 as

(3.1)

Wbere
Jln,eff

Iln = E
I+~E.

Po
Pn,eff = 1+ O(Vg - Vi)

An equation for (J is given by Baglee [25] as

(3.2)

(3.3)

0= 00 + f3Rt (3.4)

where Rt = R, + Rd is the total source-drain series resistance which, to
gether with the decrease of mobility with increasing gate voltage, causes the
decrease of the slope of the Jd - Vg, characteristic as explained above.
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An easy , fairly good way to determine the series resistance is the use af
the Id - Vg, characteristics. This method will be explained in the following
subsection. Whenever series resistance is mentianed in this thesis, it bas
been determined using this method.

The series resistance will al80 have an impact on circuit performance
(for instanee large rise and delay times in switching applicationB, caused by
series resistance and junction capacitanee).

As shown in the figures 3.10 and 3.11, which refer to NMOS doek stages
in a dynamic RAM, tradeoffs will have to he made between rise- and delay
times and series resistance.

3.4.1 Determination of the series resistance

In the following, a means to determine the soureejdrain series resistanee wil!
be derived. For the purpose of convenience, same previously given equations
will be repeated.

The series resistance of souree and drain areas together, Rt , can be
determined using the Id - Vg, characteristic8 in the triode-region. This can
be achieved by the choke of a low Vd,-value (in this section, Vd" = O.IV is
assumed).
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(3.5)

(3.9)

(3.7)

(3.11)

An expression for the drain current in the triode-region is given by eq.
3.1:

/-lnW CO~[( ) 1( ) 2]Id, = L Vd, Vg, - Vth - 2" 1+ 6 Vd,

Define Vgt = Vg, - Ve•
When Vd' is small (which it is here, because it is set to a.IV), Id, can be
approximated by:

(3.6)

J.Ln,ef I
/-ln = E

l+~Ec

J.Lo
J.Ln,eff = 1 + O(V

g
_ V

t
) (3.8)

Ir k « 1 and 00 « {3Re 1 then, using equations 3.4 and 3.6, the drain
current per cm channel width is approximated by:

Id, J.LoCoz Vgt Vei"
W ~ -L-l + {3RcVgt

The above approximation concerning 80 results in J.Lo ~ Pn. In this case, IJ
is approximated by f3 ~ eu";,ooz and eq. 3.9 can be written as follows:

Id , f3 VgtVd, (
W ~ W 1 + (3R

t
V

gc
3.10)

This results in the following equation:

Vda ~~+WRt
IdajW f3Vgc

Considering equation 3.11 in more detail, the conclusion arises that, if lol~'Yw

is plotted as a function of /t" ,the interseet with the lcl~rw-axis (p~" = 0)
equals the series resistance multiplicated hy the channel width.

From the ahove, it is clear that the series resistance can easily he de
termined with the help of the Id - Vga charaeteristics in the triode region.
However) one should he aware of the fact that the result is an approxima
tion because of the assumptions which were made in the derivation of eq.
3.11. Of these assumptions, the fact that the mobility was assumed to be
constant, is the most important one.

llf the series resistance is determined using ihis method one should check afterwards
whether or not this 38sumption is valid.
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3.5 Parasitic capacitances

An extra advantage of the LDD transistor is the fact that it has smaller de
pletion capacitances than the conventional device. This is explained by two
properties of the LDD device. First, because of the lightly doped n- regions
the LDD device has larger depletion widths than the conventional device,
resulting in smaller depletion capacitances. Secondly, due to the fact that
the LDD device is less susceptible to punchthrough than the conventional
device, it does not need substrate implants which are as high as those of the
conventional device, again resulting in smaller depletion capacitances.

Besides smaller depletion capacitances, the overlap capacitances of the
LDD device are also smaller than those of the conventional device. This is
caused by the fact that the gate-drain and gate-source overlaps of an LDD
device are smaller than those of a conventional device and by the fact that
the LDD device contains lightly-doped source/drain regions.
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Chapter 4

Optimization of the
n-channel device

4.1 Introduction

In order to be useful in a CMOS process, both n- and p-channel transistors
have to satisfy a number of constraints. The threshold voltage, for example,
has to lie within a certain range to enable designers of IC's to design their
circuits in such a way that the transistors in these circuits are turned on
when they should drive current and are turned ofT when they should not.
Besides this, the punchthrough current should not exceed a certain limit.
This is important, for instance, if the power of the circuit is supplied by a
battery.

Another very important constraint is the fact that the lifetime1 of the
transistors should at least equal a given period in order to make it possible
to tel1 how long one can rely upon the behaviour of an IC. In addition to
this, series resistance and junction capacitance should not exceed a certain
limit to guarantee a sufficiently high switching speed.

This chapter deals with the procedure which was fol1owed to optimize
n-channel MOS transistors with a gate length of O.5J.'m. The entire opti
mization process was performed by simulation. An important restriction,
however, is the fact that lifetime cannot be simulated. In order to overcome
this problem, the correlation between the lifetime on one hand and the elec
tric field strength and the generation rate of electron-hole pairs on the other
hand was used [28], [29]. The correlation mentioned above is displayed by

lThe lifetime of a trnnsistor is defined as the time required for the drain current in the
linear region to shift by a certain amount.
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the following formuia [18]:

(4.1)

Here T denotes the lifetime, I.ub denotes the substrate current and C is
a constant. Since I.ub is linearly dependent upon the generation rate the
correlation between generation rate and lifetime should be evident2 •

The constraints mentioned in this thesis where taken from the MEGA
process [28), [29J. They are summarized as follows:

1. The peak lateral electric field strength should not exceed the value of
2 x lQ5[VIcmJ

2. The maximum generation rate should not exceed the value of 1 x
1027 [cm-3sec- 1 ]

3. The punchthrough current should not exceed the value of 0.1 [pAlJ.Lml

4. The threshold voltage should be as close as possible to 0.9V
1

5. The body factor for low VSB, 10, should not exceed the value of O.5[V'1

The two constraints with respect to the lateral electric field and the
generation rate should, according to experimental results performed with
existing transistors, result in a lifetime of 30 years. This is valid as long as the
peak lateral electric field occurs underneath the gate-electrode. Otherwise,
the correlation between lifetime, lateral electric field and generation rate is
no longer valid.

In theory, only one of the two constraints with respect to the lifetime
would have to he regarded because the relationship between lateral elec
tric field and generation rate is known, as will he shown in a later section.
However, the hehaviour of the generation rate as a function of the depth in
the device is not fuUy understood. Therefore, using only either the lateral
electric field, either the generation rate could lead to mistakes. This too will
be demonstrated lateron.

The program DDF [30J was used to obtain 2-dimensional doping profiles
for the device simulations. The program SUPCRE [22J was used to convert
these doping profiles so they could be used together with the two-dimensional
device simulator CURRY 132J.

CURRYsuppiies standard models for the mobility of electrans and holes.
Unfortunately, neither of these account for mobility degradation due to ef
rects which occur in the channel region of a MOS transistor.

2Equation 4.1 is valid if the degradation occurs underneath the gate-electrode
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Therefore, a surface mobility model has been developed by v.d. Wiel e.a.
126J. The latter model has been used for the simulations with CURRY. The
parameters for this model, unfortunately, have yet only been determined for
n-channel devices. Therefore, this model was not used for the simulations
of p-channel MOS transistors.

It is very weIl possible that, as channel length is scaled down to 0.5J,tm,
a supply voltage of 5V ± 10% can no longer be maintained.3 If so, the
supply voltage will have to be scaled down to the new standard of 3.3V. In
order to find out whether or not a supply voltage of 5V can be maintained
and to find out which of the two supply voltages mentioned above is best
suited for a 0.5J,tm process, simulations were performed which are discussed
in the following sections. During these simulations two n-channel devices
were optimized simuitaneousIy. One able to operate at a supply voltage of
3.3V and the other ror a supply voltage of 5V.

4.2 Suppression of the lateral electric field strength

To start with, those characteristics of the n-channel device which remain
unchanged throughout the simulations are given:

• n-channel

• n+-poly gate

• O.SJ,tm gate length

• O.15J,tm spacer Iength

• 125 A gate-oxide thickness

• 100cm p-substrate

• retrograde p-well, B, dose = 2 X 1012/ cm2, 200keV

• n-(LDD) implant, P, dose = 4 X lOl3/cm2

• anneal, 125 min., 925 oe
• n+ S/D implant, dose = 3 X 1015/cm2

, As, 50keV

• anneal, 35 min., 900 oe
3The 10% value reren to a safety margin in the applied voltages.
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Except for the retrograde p-well dose, the gate- oxide thickness and
the gate- and spacer length, the above characteristics were determined by
Biermans (29), who performed simulations in order to optimize MOSFET's
with a gate length of 0.71lm whieh were intended to be used in the MEGA
process.

Keeping these characteristics fixed still leaves enough freedom to op
timize the O.Spm deviees while preventing the optimization proeess from
becoming too complicated.

The choice of the characteristics given ahove will now he explained.
The spacer length should he ehosen sueh that the As drain/souree implanta
tions do not penetrate into the region underneith the gate during the anneal
steps, because otherwise the behaviour typical to an LDD transistor would
he lost. On the other hand, this implantation should reaeh as far as possihle
into the direetion of the gate to minimize the souree/drain series resistance.
Ta satisfy both constraints, a spacer length of 0.15pm bas shown to he a
fair tradeoff.

The implant doses of the Phosphorous LDD implant were chosen such
that the peak lateral electric field strength is situated underneatb the gate
electrode. This is the case if the n--dose is fairly high. Experiments have
shown that in this case the lifetime is as good as if the peak electrie field
strength is situated elsewhere. An important advantage of situating the
peak lateral electric field strength underneath the gate electrode is the fact
that in this case it is possible to use it as a tooi to predict the lifetime of a
transistor by simulation [29].

The rest of the characteristics were chosen such that the hehaviour of the
transistor was fairly close to the constraints given in the previous section.

This section describes the suppression of the lateral electric field strength
by choosing tbe optimum implant energy of the n- LDD dose. Increasing
this implant energy results in a larger junction depth, smoother junetions
and a smaller doping concentration in the n- LDD-region. All these effects
decrease tbe lateral electric field strength at the drain junction.

However, increasing the junction depth makes the device more suscep
tible to punchthrough, while a decrease in doping concentration of the n
LDD- region leads 10 an increase in drain/souree series resistance. It will
therefore be evident that an optimum implant energy for the n- LDD dose
has to be chosen, related to a maximum allowable lateral electric field
strength. For a device lifetime of 30 years this maximum allowable field
strength equals 2 x 1Q5V / cm [29J.

It is this lateral field from which electrans can gain enough energy to
cause hot·eleetron effects [3], [4J, [6], [10], [14], [16], [19], [20], [211. Therefore,
the electric field at the depth of maximum current density will be considered
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here.
Figure 4.1 shows the dependence of the maximum lateral electric field

strength on the implant energy of the LDD dose for both 3.3V and 5V
devices. The conditions for which the corresponding simulations were done
were as follows:

• APT dose = 8 X 1011/cm2,B, 125 keV for both devices

• ~Vt dose = 2.1 X 1012/cm2,B, 15keV for both devices

• Vd8 = 2VU8 for both devices with Vd. = 3.6Y for the 3.3V device and
Vd• = 5.5Y for the 5V device

The APT and ~Vi implant doses were chosen such that the threshold
voltage and the punchthrough current were reasonably close to their implied
constraints. Figure 4.1 a. indicates that, for the 3.3V device, an implant
energy of 60keV would result in a maximum lateral electric field slightly
smaller than the maximum allowable value of 2 x lQsy / cm. As explained
before, it is desirabIe to take the implant energy as small as possible so one
would be inclined to choose the value of 60keV. Care must be taken, however,
because of the fact that the maximum generation rate is also influenced by
the implant energy of the LDD dose. This will be considered in the next
section.

As for the 5V device, figure 4.1 b. clearly shows that, without further
measures, an implant energy exceeding 140keV by far would be necessary to
suppress the electric field to values below 2 x 106y / cm. This would lead to
a much too large junction depth, resulting in uncontrollable short-channel
effects. Therefore, before choosing an implant energy for the LDD dose of
the 5V device, it is preferabIe to take a further look at its behaviour, as will
he done in the next sections.

4.3 Suppression of the maximum generation rate

As indicated in the previous section, an optimum implant energy for the
LDD dose has to be determined. Doing this, the maximum generation rate
underneath the gate electrode bas to he taken into account, for the obvious
reason that the larger the generation rate, the more hot carriers will exist. As
an upper limit the value of 1 X 1027[cm-3sec- 1j is chosen for this maximum
generation rate [29].

Figure 4.2 shows the simulated maximum generation rate as a function
of the implant energy of the LDD dose for both 3.3V- and 5V devices. The
conditions for which these simulations were done are equal to those of the
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simulations described in the ·previous section. Figure 4.2 a. shows that,for .
the 3.3V device, an implant energy of about 70keV has to be taken in order
to satisfy the constraints with respect to maximum generation rate. Figure
4.2 b., however, shows that for the 5V device:

1. Tbe generation rate always exceeds 1 x l021Icm-3sec-l]

2. The generation rate reaches a minimum for an implant energy of the
LDD dose of about 100keV

Here the generation rate refers to the maximum generation rate in the entire
region underneath the gate-electrode. These results do not encourage the
faith in a 5V device being able to satisfy the constraints with respect to life
time and short-channel effects. There still remain a number of possibilities
however to infiuence the behaviour of the device which are to be investigated
in the following sections. For now, it is most sensible to choose the implant
energy of the LDD dose for the 5V device at tbe minimum generation rate.

Summarizing the above, for the implant energy of the LDD dose the
value of 70keV is chosen for the 3.3V device, while the value of 100keV is
chosen for the 5V device4 •

4.4 Suppression of punchthrough current

This section deals with the suppression of the punchthrough current for the
3.3V and the 5V device. As an allowable maximum for this current the value
of O.lpA/pm was taken 129]. In order to obtain an impression of the values
of tbe punchthrough current for these devices, this current was simulated as
a function of the APT-implant dose. The conditions for these simulations
were:

• 6Ve dose = 2.1 x 1012/cm2, 15keV for both devices

• Irnplant energy of the n- dose = 70keV Cor the 3.3V device

• Implant energy of the n- dose = lOOkeV for tbe 5V device

• V, =V. = VB = oV Cor both devices

·Besides the fact that, for the 5V device, the generation rate reaehes a minimum for an
LDD dose implant energy of lOOkeV, there is another reason why this energy should not
be given a higher value. The LDD implant, namely, is done "self-aligned", which means
that the gate is used as a m:u;k for the souree- and drain implants. Ir the implant energy
of the phosporous LDD dose is taken too high, phosphorous will penetrate through the
gate, resulting in a ehannel implant of donors, which of course will lead to a threshold
voltage being too low.
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• Vd = 3.63V for the 3.3V device

• Vd = 5.5V for the 5V device

Figure 4.3 shows the result for the 3.3V device. This figure indicates
that, in order to meet the constraint with respect to the maximum allowable
value, an APT-implant dose of about 5 x 1012 / cm2 would be necessary. One
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Figure 4.3: Punchthrough current 48 4 funetion of the APT d08e
for the 9.9V device

should keep in mind, however, that depletion capacitance and body effect
increase with increasing APT dose. Therefore, this dose should be kept at
a minimum. The most effective way to suppress punchthrough current is to
implant a sufficiently high Boron dose at the depth where the punchthrough
current density is highest. Figure 4.4 shows the punchthrough current den
sity in a cross section of the 3.3V device. This figure demonstrates that
almost all punchthrough current flows at the surface. Therefore, it can be
expected that the punchthrough current of the 3.3V device is more suscep
tible to changes in the Llyt dose than it is to changes in the APT dose.
In order to investigate this, the punchthrough current was determined as a
function of Llyt dose, whereas the APT dose was increased to the value of
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Figure 4.4: Punchthrough current density for the 3.3V device

3 X 10121cm2
• The result is displayed in figure 4.5, which eonfirms the ex.

peetation of, in the range of interest, the punchthrough eurrent being more
suscepible to changes in the LlVt-implant dose than to changes in the APT
implant dose. Ir a value of 2.9 X 10121cm2 is taken for the LlV, dose, the
constraint of punchtrough current being less than 1 pAlJ.lm is met.

Ir the punchthrough current of the 5V device is simulated as a function of
APT dose, under the circumstances stated in the beginning of this section,
a very large APT dose (over 1013Icm2!) appears to be necessary to meet
the constraint, unless further measures are taken. As weU as for the 3.3V
device, it is usefull here to look at the punchthrough current density in the
device. This is shown in figure 4.6. In contrast with the 3.3V device, where
the punchthrough current runs almost entirely at the surface, here a part of
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Figure 4.5: Punchtrough current as a function of the ~Vt dose
fOT the 9.9V device

it runs at the surface, while a considerable part runs further downward in
the bulk. Therefore, concerning the 5V device, it is interesting to increase
the ~V,-implantdose somewhat and observe the punchthrough current as a
function of APT dose once more. Figure 4.7 shows the result corresponding
with a AV,-implant dose of 3 x 1012/ cm2

• This figure also shows that, in
this situation, an APT-implant dose of 3.3 x 1012/cm2 is suflicient to meet
the constraint imposed upon the maximum punchthrough current.

H the values of the ~Vt- and APT-implant doses which were determined
in thissection are introduced, electric field strength and generation rate will
be affected5 , 50 they have to be evaluated again.

The results are summarized as follows:

6Poissons Iaw, v 2 y, = =;. indicates that. as the substrate dope is increased (which it
is if the AV1- and APT-implant doses are increased), the lateral field increases and, as a
result, the generation rate is expected to increase too.
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3.3V Device

• Implant energy of the n- dose = 70keV

• APT dose = 3 X 10121cm2

• .6.Vi dose = 2.9 X 10121cm2

• Punchthrough current ~ 6 x 10- 14AIp.m

• Maximum lateral electric field ~ 2 x 1Q5V Icm

• Maximum generation rate ~ 1 X 1027[cm-3sec- 1]

45



V, =V, =Vs = OV;VJ , = 5.50V
ll.V, - dose =3)( 1012/"m2

LVD implant·ener9Y = toO/u V
Date: 1987-08-04

\
\
\
\
\
\
\
\
\
\
\

\ ,
""-

.......-
........ "' ......... -----. --_.---

2.1

E
1.9..::

"'(

::! 1.7
I

8 1.5x

r 1.3
"....
~ 1.1
"
~

g- 0.9
<>..
~

~ 0.7
u
c:

ce 0.5

0.3

0.1
25 30 35 40 45 50 55 60 65 70 75

APT - dose rx I0l1cm -21

Figure 4.7: Punchthrough current as a function of the APT dose
for the sv deV1'ce (tlYc dose increased to 3 X 1012/cm2)

5V Device

• lmplant energy of the n- dose = lOOkeV

• APT dose = 3.3 X 1012 /cm2

• ilV, dose =3.0 X 1012/cm2

• Punchthrough current ~ 8.6 X 10-14AIJJm

• Maximum lateral electric field ~ 2.3 X 105V / cm

• Maximum generation rate ~ 5 X 1027 Icm-3sec-1J

From the above the conclusion can be drawn that the 3.3V device still
satisfies the imposed constraints with respect to the electric field, genera
tion rate and punchthrough current. The 5V device, however, has a lateral
electric field and a generation rate which are too high. In a later section
possibilities to solve these problems will be discussed. First the threshold
voltage will he payed attention to. This is the subject of the next section.
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4.5 Threshold voltage

The value for the threshold voltage of the n-channel devices is set to O.9V
[29] This value was defined for the MEGA process and is expected to he
used for future digital circuits where a low power consumption is necessary
(memories, for instanee). The threshold voltage of the 3.3V and 5V devices
was set to this value by adjusting the .1.Vt dose.

In order to obtain the threshold voltage of tbe devices, the conductanee
(triode) method was used [17]. This method uses the ld - Vg6 characteristics
with Vd" fixed at a low value (Vd" = O.lV is chosen here). In this way. the
transistor is forced to operate in the triode region where the drain current
is given by equation 2.12:

(4.2)

An example of such a characteristic is given by figure 4.8.

Yo· 0.1 V

Figure 4.8: lil - VII" characteristic of a MOS transistor in the trioáe region

Because of the fact tbat Vil" is smaIl, the term with Vi" in equation 4.2
can he dropped, leading to:

(4.3)

Equation 4.3 represents a straight line which intercepts the Vg" axis at Vg6 ==
Vtll, as shown in figure 4.8. In this way, the threshold voltage can easily he
ohtained by extrapolation. The method described above is by far the most
common one used for devices with short channel Iength (which are dealt
with in this thesis), because the small drain voltage minimizes the channel
shortening effect. Figure 4.9 shows the threshold voltage as a function of the
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öyt dose for the 3.3V- and the 5V device. From this figure the öV; doses
were derived which are necessary to meet the condition of the threshold
voltage being 0.9V. The result is a ÖV, dose of 3.3 X 1012/cm2 for the 3.3V
device and a ÖV, dose of 3.5 x 1012 for the 5V device.

Simulations with the program CURRY showed that, after the threshold
voltage adjustments, the main current path was situated at the surface for
both the 3.3V- and 5V devices. Once more, the lateral electric field, the
generation rate and the punchthrough current were checked, resulting in
the following data:

3.3V Device

• Maximum lateral electric field ~ 2 X 1Q5VIcm

• Maximum generation rate underneath the gate electrode
~ 1.1 X 1027 [cm- 3 sec- 1]

• Punchthrough current ~ 1.1 X 10- 14AjJ.Lrn

The data given above show that indeed it is possible to have the 3.3V
device satisfy the constraints related to a device lifetime of 30 years. The
5V device, however, appeared to suffer from an electric field being too high
and a generation rate exceeding its maximum allowable value by far. There
fore, one is inclined to expect that, in order to meet the constraint of the
transistors having a lifetime of 30 years, the supply voltage will have to be
scaled down to 3.3V.

In the next section, possible measures which might give relief to the
imperfections of the 5V device will be discussed and a definite conclusioD
will be drawn concerning which supply voltage is to be used for devices with
a gate length of 0.5 p.m.

Reconsidering the simulation results eoncerning the punchthrough eur
rent and the threshold voltage, it has to be admitted that the sequence in
which the optimization of these two characteristics was performed had bet
ter been interchanged. If the threshold voltage would have been optimized
first, it would have become evident that the initial öV, implant was too low.
By increasing this öVc implant in order to increase the threshold voltage
the punchthrough current would have been greatly reduced simultaneously.

4.6 Choice of the supply voltage

In the previous seetion it was mentioned that the 5V device suffers from a too
high electrie field and generation rate, which would lead to the conclusion
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that a supply voltage of 5V can no longer be maintained if the gate length
is reduced to 0.5}lm.

However, there still remain a few measures which, in theory, might give
relief to the disadvantages given above. These measures will be treated here
so, finally, asolid conclusion about whicb supply voltage is to be used can
be drawn.

From tbe previous section it is obvious that the generation rate should be
decreased by a considerable amount. Recalling equation 2.30, which refers
to the ionization coefiicient Ckn for electrons, an indication about how this
could be achieved in theory, is obtained:

(4.4)

Equation 4.4 suggests that On would decrease exponentially with decreasing
lateral electric field. So if a slight decrease in lateral electric field could be
achieved, the possibility exists tbat the generation rate decreases sufficiently
as a result of the decrease of the ionization coefficient Ckn .

4.6.1 Variation of the gate-oxide thickness

According to Biermans' thesis [20], it should be possible in theory to decrease
the peak electric field strength by increasing the oxide thickness tO%' This
was indicated by equation 2.27:

(4.5)

The reason why tbis means of decreasing tbe lateral electric field was not
mentioned before in this chapter, is the fact that increasing the oxide thick·
ness results in a few serious drawbacks:

• Controllability of the behaviour of the transistor by means of the gate
voltage will decrease

• Current-drive capacity will decrease

Despite these disadvantages, the impact of increasing oxide thickness on
peak electric field and generation rate was investigated. The result is given
by figure 4.10.

In contradiction to equation 4.5, the lateral electric field strength in
creases with increasing gate oxide thickness, whereas the generation rate
shows a slight decrease. It is dear that increasing the oxide thickness is of
no use because of the fol1owing reasons:
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Figure 4.10: Peak electric field and generation rate vs. gate oxide thickness
o Maximum gene,ation ,ate underneath the gate electrode

o Lateral e1ectric field strength

1. The peak electric field strength increases to values which are unallow.
able

2. The deerease of generation rate with increasing oxide thickness is far
too low, so reducing it to allowable values is impossible by an inerease
of the gat~oxide thickness alone

3. Controllability of the behaviour of the transistor by means of the gate
voltage will decrease

4. Current-drive capacity will decrease

The explanation for the fact that the simulation results given by figure
4.10 do not correspond with equation 4.5 probably must be sought in the
conditions for which this equation was derived. One of these conditions is:
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the souree"" .and drain junctions are square in shape and perfectly con
ducting (no souree- drain series resistance). Because of the fact that the
devices investigated in this thesis are of the LDD-type, neither of these
conditions is fuUy satisfied for the following reasons:

• The LDD source/drain junctions are not at all square in shape (see
figure 3.1)

• Because of the LDD n- region the source/drain junctions are not at
all perfectly conducting

A possible explanation for the fact that an increase in the electric field
can occor simultaneously with a decrease in generation rate is as follows:
the relationship between generation rate G and lateral electric field EIJ is
given by

-Bn
G =anJn = Jn X Anexp(--) (4.6)

Eli
Where Jn is the electron current density.

Equation 4.6 shows that an increase in electric field strength leads to an
increase of Anexp( -tB) and, as aresult, one is inclined to expect an increase
of generation rate G.YHowever, the bias conditions for which the simulations
with respect to electric field and generation rate were done were such that the
gate voltage was only slightly higher than the threshold voltage. As aresuit,
the drain current was onIy modest. Increasing the gate oxide thickness
under the same bias conditions leads to an increase in threshold voltage
and, related to this, astrong decrease of drain current. If the decrease
of the drain current density is larger than the increase of Anexp( -t") in
equation 4.6 it is possible for the generation rate to decrease with incr:asing
electric field strength.

From the above, the conclusion is drawn that alteration of the oxide
thickness toz is of no use if the aim is to decrease the electric field and
generation rate.

4.6.2 Decrease of the n- dose

Another way to decrease the lateral electric field is by decreasing the phos
phorous n- LDD dose. This, however, has two major disadvantages:

1. The source/drain series resistance will increase

2. A decrease in the n- LDD dose results in a shift of the peak electric
field from underneath the gate electrode towards the drain, which
makes Hot Carrier Effects very hard to control [28]

For these reasons, no further attention has been paid to the measure men
tioned above.
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4.6.3 Influence of the drive-in step on the n- source/drain
regions

Until now, a drive-in step of 125 min., 925 oe was used for the n- source/drain
junctions. Increasing this drive-in step will result in smoother junctions.
Therefore, the generation rate is expected to decrease with increasing drive
in step on the n- source/drain regions. However, increasing this drive-in
step will lead to a smaller effective channel length Lel! and therefore the
punchthrough current is expeeted to increase and the threshold voltage is
expeeted to decrease.

Figure 4.11 shows the maximum generation rate underneath the gate
electrode as a funetion of the drive-in step on the n- source/drain regions.
This figure shows that a drive-in step langer than 4 hours would be necessary

_ 30

I 5V deviu.... 27.8 V,. =2.75Vi V,," =5.5V....
I Datt:: 1987·11.01E 25.6.....
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a..
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Figure 4.11: Maximum generation rate underneath the gate electrode
as a lunetion ol the drive-in step on the n- 8ource/drain regions

to make shure that the generation rate does not exceed its limit of 1 x
1027 [cm-3sec- 1 j. Figure 4.12, however, shows that applying such a value
for the drive-in step would lead to unacceptable values of punchthrough
current and threshold voltage. Indeed this could be solved by the application
of higher APT- and AVt-implants but the faet that this does not lead to
a useful device was proven by simulations with CURRY. Using a drive-in
step of 4 hours (which is not even long enough to sufficiently suppress the
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generation ratel, an APT-implant of 4 x lO12 jcm2 and a .6Vt-implant of
4.5 X 1012/ cm2 would be neeessary to suppress the punehthrough eurrent to
values below lpAjIlm and to obtain a threshold voltage of approximately
O.84V. The body factor for low VSB, "'10, corresponding to these implants
however, has a value of approximately O.7V!) whieh is unallowable. The
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Figure 4.12: Threshold voltage and punchthrough current as a lunction ol
the drive-in step on the n- souree/drain regions

conclusion can therefore be drawn that inereasing the drive-in step on the
n- souree/drain regions will not solve the problems observed for the 5V
device.

The results of the simulations diseussed in this chapter lead to the eon
clusion that, as the gate length is reduced to O.51lm, a supply voltage of 5V
can no longer be applied because of inevitable reliability problems.
Summarizing
A new, sealed down, supply voltage is needed for the devices treated in this
thesis. The value of this supply voltage is set to 3.3V, whieh is expeeted to
he the future standard for VLSI.
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4.7 Series resistanc~ of the 3.3V device

In order to obtain a value for the source/drain series resistance of the 3.3V
device, the method described in section 3.4.1 was used. The gain factor
/3, which is used to determine the I Vei/w vs. ~ characteristic, was de-

ei. w V,t

termined with the help of the parameter extraction program MOSPAR6,

13l}. MOSPAR gave a value of 4.443410-1V-1cm-1} for ~. Figure 4.13

shows the corresponding IV'w vs. * characteristic. From this fig-
J. W V,t

ure, the series resistance is determined by extrapolation. This results in
Rmie!W !::! O.110cmJ.
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Figure 4.13: Determination of Beries resistanee

As mentioned before, if this method is used to determine the series resis
tance, it is necessary to check afterwards whether the assumption 80« {3Rm iu

is valid or not.
This check was performed with the help of measurement-results. The

measurements refer to MOS transistors which were very similar to the op
timized 3.3V n-channel device (the differences between the measured and
the simulated transistors will be given in a later section).

GThe para.meter extraction program MOSPAR uses measured or simu!ated transistor
characteristics to determine pa.rameters for the simu!ation mode! for MOS transistors
called "MOST mode! 7". which is described in the "Purp!e Book" 1271.
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The program MOSPAR was applied to these transistors in order to de
termine the (J vs. fJ characteristic. The result is given by figure 4.14.
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Figure 4.14: 6 vs. fJ characteristic referring to measured devices

According to equation 3.4, the interseet of this characteristic with the
6-axis equals (Jo. Therefore, 00 can be determined by extrapolation. For the
measured transistors, the following holds:

• (Jo ~ O.09[V-l]

• fJRurie. ~ 0.56[V-IJ

SO {JR'P. ~ 0.16 and the assumption 00« f3Rmie• is valid. Because of the
fier.".

similarity between the measured and simulated transistors, the conclusion
can be drawn that, {or the 'Simulated 3.3V device, the assumption (Jo «
fJR.eriu is also valid and the value of R.erie, given above is a fairly realistic
one.

4.8 Body factor of the 3.3V device

As explained in chapter two, the body factor, "(, is used to describe the
substrate sensitivity of a MOS transistor. It is of considerable interest,
because it gives the sensibility of the threshold voltage with respect to the
substrate bias. In order to be abIe to use an n-channel MOS transistor
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without its source being eonneeted to ground, the body factor should be
low enough to keep the threshold voltage within a usabie range. In this
thesis, the maximum allowable value for the body factor corresponding with
low source-to-substrate bias, 10, is set to o.5vL

As explained in chapter two, the body factor is determined with the
help of the Vi" versus VVSB + 2c1>F characteristic (2c1>F is set to O.6V). When
applied to the 3.3V device, this method resulted in:
10 ~ O.7[V!]; I ~ 0.445[V!] . Compared to the eonstraint given above, 10
is too high.

In order to demonstrate how the body factor can be decreased, its ex
pression is recalled here:

,= 2f,qNa (4.7)
C;z

As shown by equation 4.7, an effective way to deerease the body factor is
to deerease the substrate doping, N,/. This is realized by decreasing the
APT-implant dose. The reader perhaps would be inclined to think that this
would result in a punchthrough eurrent being too high. It was mentioned
in a previous section, however, that the punchthrough current of the 3.3V
device mainly runs at the surface. Therefore, it is merely determined by the
~Vt-implantdose instead of the APT-implant dose.

In order to obtain an impression about what value of APT-implant dose
could be used, linear sealing rules [1], [7J, [241, were applied to the char
acteristies of LDD transistors with a gate length of O.7J,lm, as used for the
MEGA-process [29]. Sealing down from a gate length of O.7J,lm to a gate
length of O.5pm, results in a sealing factor K. = J.

For the devices with a 0.7IJm gate length, an APT-implant of 8 x 1011

was used. [29].
Deing the sealing rule:

1
APTL=0.5~m = - X APTL=0.7p.m (4.8)

K.

the value ofthe APT-implant dose ofthe 3.3V device equals 1.1 xI012[cm- 2j.
Once more, the Vi" versus VVSB + 2c1>F characteristic was used to deter

mine the body factor with the device having the APT-implant dose fiven
above. See figure 4.15. This resulted in 10 ~ O.5[v!J and I ~ O.09[V 2], so
the constraint concerning 10 was satisfied.

A check upon electric field strength, maximum generation rate under
neath the gate electrode and punchthrough eurrent confirmed the expecta
tion of punchthrough current being but slightly inftuenced by the change

7Increasing the oxide capacitance Co> would indeed he more efl'ective. However, to do
this, the oxide thickne33 would have to he decreased, which would cause several important
disadvantages.
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Figure 4.15: Determination of the body factor of the 9.9V device

in APT-implant dose, while the electric field strength and generation rate
were not perceptibly changed. The value of punchthrough current became
1.7 x lO-14[A/Jlm] so the constraints implied on the 3.3V device were still
satisfied.

4.9 Junction capacitance

Under normal bias conditions, the drain-bulk junction is a reverse biased
junction. Thererore, it exhibita a voltage-dependent capacitance. To obtain
this capacitance, note that the capacitance per unit area is defined as:

c= BQ
av (4.9)

where BQ is the incremental change in charge due to an incremental change
in voltage BV.

In order to obtain an idea about the quantities which define the junc
tion capacitance, an expression for this capacitance is derived. H the drain
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junction is approximated by a step junction, the fol1owing holds:

(4.10)

Where Q is the charge present in the depletion layer and D is the depletion
layer width.

Applying Poissons law to the electric field across the junction, using the
relation Eli = -~, the voltage across the depletion layer, Vnp , is given by:

Resulting in:

(4.11)

(4.12)

Therefore
c = aQ = aQ/aD = fOCe (4.13)

avnp aV/aD D
This states that the junction capacitance is equivalent to that of a par

allel plate capacitor separated by a distance D in a dielectric medium of
silicon. This gives reason to expect the depletion capacitance to decrease
with increasing voltage across the depletion layer. Substituting equation
4.11 into equation 4.13 the depletion capacitance can be written as follows:

(4.14)

4.9.1 Determination ofthe depletion capacitances using CURRY

The device simulator CURRY provides a subroutine called TOTAL which
can be used to nurnerical1y integrate a nurnber of quantities. This subroutine
was used to calculate the derivative of the net carrier concentration on one
side of the drain junction with respect to the voltage across this junction:

a(n - p)/av (4.15)

As CD = ~, the depletion layer capacitance per unit width sirnply follows
by rnultiplying equation 4.15 with the elernentary charge, q, resulting in:

a(n - p)
CD =q av [F/cm] (4.16)

The depletion capacitance will reach a minimum value when the voltage
across the drain junction is maximal, wheras it wiII reach its largest value
when the voltage across this junction is minima!.
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The results, obtained from simulations with CURRY are shown in fig
ure 4.16 which gives the drain-bulk depletion capacitance per square Jlm
as a function of the drain-bulk bias (the drain junction length was approx
imated by 0.8 IJm). The largest part of the depletion charge appeared not
to be situated in the channel region but in the substrate, underneath the
source/drain junctions sa the largest part of the junction capacitance was
also situated there. The values of the depletion capacitance which are pre
sented here were used as parameters for circuit simulations. The results of
these circuit simulations will be discussed in a later chapter.
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Figure 4.16: Drain junction depletion capacitance

4.10 Gate-Iength variation

Process spreading is inherent to an IC fabrication process. Therefore, all
device dimensions will vary within a certain range. For the devices observed
in this thesis, the variation of the channel length and therefore also the
variation of the gate length is the most important spreading effect. There
fore, simulations were done to obtain its influence on punchthrough current,
threshold voltage and generation rate.

Figure 4.17 shows that, in order not to have the punchthrough current
exceed the maximum allowable value of O.lpA/IJm, the gate length should
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not he less than 0.45Jlm. Figure 4.18 shows the dependence of the threshold
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Figure 4.17: Punchthrough current as a function of the gate length

voltage on the gate length variation. It is dear that gate lengths smaller
than O.SJ,tm should be avoided as much as possible. An indication: if the
gate length varies between 0.42Jlm and O.52I-lm, the threshold voltage varies
between O.7V and O.9V.

Figure 4.19 shows the dependenee of the maximum generation rate un
derneath the gate electrode as a function of the gate length. Since the
lifetime of a MOS transistor is proportional to G;;s, it will be obvious that
gate lengths smaller than O.SI-lm should be avoided as much as possible.

Finally, simulations were done in order to obtain the gate length which
is necessary for the optimized device if it is to operate at a supply volt
age of 5V while the maximum generation rate does not exceed the limit
of 1 x 1027!cm-3sec-1j. The reason why this information is relevant is the
fol1owing:
it has been shown in this thesis that the supply voltage of an IC contain
ing MOS transistors with a gate length ofO.5j.Lm has to be reduced to 3.3V.
Many electronic circuits however use a supply voltage of SV. Therefore, if the
IC's mentioned above are used in such a circuit, on chip voltage converters
are necessary. These voltage converters will contain MOS transistors which
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Figure 4.18: Threshold voltage as a function of the qate length

have to be able to operate at a supply voltage of 5V. These transistors can
be manufactured using the same process as the one used for the optimized
O.5pm transistors if their gate length is properly adjusted. In that case the
lifetime of the transistors operating at a supply voltage of 5V will be equal
to the lifetime of the transistors operating at a supply voltage of 3.3V while
the fabrication of the IC which contains them is kept as simple as possible.

Figure 4.20 shows the results of the simulations. This figure indicates
that a gate length of 2J-lm is necessary to realize the goal mentioned above.

4.11 Characteristics ofthe eventual n-channel MOS
FET

The process parameters of the idealized O.Spm n-channel device are sum
marized as follows:

• n-channel

• n+ poly gate

• 0.5pm gate length
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• 12SÁ gate-oxide thickness

• 100cm p--substrate

• retrograde weIl implant, 2 x 1012[cm-2] B, 200keV

• APT implant, 1.1 X 1012[cm-2J B, 125keV

• AVi-implant, 3.3 X 1012[cm-2] B, 15keV

• n- LDD-implant,4 X 1013[cm-2) P, 10keV

• SourcejDrain-implant,3 X 1015[cm-2) As, SOkeV

A 3D-plot of the doping profile, which was obtained with the process
simulation program DDF, is shown in figure 4.21. The characteristics of the
device are:

• Maximum lateral electric field strength: 2.1 X 106 [Vj cm]

• Maximum generation rate underneath the gate electrode: 1X 1027 [cm -3sec-1]

• Punchthrough current: 1.7 x 1O-14[AjJLm]
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• Threshold voltage: 0.815V

• Source/Drain series resistance: O.l[Ocm]

1 1

• Body factor io ~ 0.5[V 2]; i ~ 0.09[V2]

4.12 Comparison between simulations and mea
surements

'Shortly after the simulations mentioned in this chapter were finished, de
vices became available which were quite similar to the optimized n-channel
device described in this chapter. The differences between the real devices
and the simulated device are summarized in table 4.1. Figure 4.22 shows
the comparison between the measured and the simulation results for a sub
threshold characteristic (figure 4.22 a.) and an Id - Vg~ characteristic (figure
4.22 b.). These characteristics show that the matching between measure
ments and simulations is good. A comparison between measurements and
simulations concerning numerical values of transistor characteristics is given
by table 4.2. The difference in series resistance is probably caused by the
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Table 4.1: Differences between measured and simulated devices

measured simulated
retro implant 4 X 1012 j cm2, 200keV 2 x 10U j cm', 200keV
6.V, implant 2.0 x 1012 jcm2,BF2,40keV 3.3 x 1012 jcm2 , B, 15keV
APT implant 6 X 1011 jcm2, B 1.1 X 1012 jcm2, B, 125keV

n- LDD implant 4 X 1013 j cm2 , P,60keV 4 x 1013j cm2 , P,70keV
drive-in step 35 min, 950 oe 125 min, 925 oe

SourcejDrain implant 3 x 1015/ cm2, As, 40keV 3 x 1015 jcm2,As,50keV

Table 4.2: Comparison between measurements and simulations

measured simulated
Rm ie8 [Ocmj 0.15 0.10

V'h[V] 0.7 0.9

"1[v~1 0.1 0.09
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Cact that the simulations do not account for contact resistances. Further
more, the fact that the threshold voltage of the simulated device is higher
than the threshold voltage of the measured device) is probably caused by the
fact that the simulated device contains a much higher ~Ve implant than the
measured device. Figure 4.22 b. also shows that the simulated device Buf·
fers more {rom the body-effect than the measured device does. This can be
explained by the fact that the simulated device has a larger retrograde·weB
implant than the measured device, resulting in a larger body factor 10.

During the comparison between measurements and simulations, it be
came dear that care should be taken in using the mobility model described
in this chapter. Ta use this mobility model, namely, the transistor is di·
vided in several regions. One of these regions, called the CHANNEL region,
contains the channel. In this region, the mobility is assumed to be highly
dependent on the transversal electric field. Large simulation errors can oe·
cur if this CHANNEL region contains (parts of) the n- LDD regions. This
is due to the {act that applying the CHANNEL region mobility model to
the n- LDD regions results in a simulated mobility being far too high in
these regions, which again leads to the simulated currents being too high.
Therefore, one should make sure that the defined CHANNEL region does
not contain any parts of the n- regions.
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Chapter 5

Circuit simulation

5.1 Switching speed

In order to obtain an idea about the switching speed of MOS transistors
with a gate length of O.SJ.'m, circuit simulations were performed using the
program PHILPAC [12].

A convenient way to test the switching speed of transistors is to deter
mine the oscillation frequency and port delay of a ringoscillator. In this case,
a 21-stage ringoscillator was used consisting of CMOS inverters as shown in
figure 5.1. These inverters again were considered to be realized using the n-

.....------r- - - - - ---.....-- Vdd

...... Vss

- - --------'

m
out

Figure 5.1: The El-stage ringosciiIator used for circuit simulations

and p-channel MOST's to which the measurements mentioned in the previ-
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ous chapter refer l . The junction capacitances were modelled by diodes, as
shown in figure 5.1. The parameters which were used for the simulations
are summarized in tables 5.1 and 5.2.

Table 5.1: Parameters for the MOS transistor model

n-channel MOST p-channel MOST
VTO [V] 0.7 0.8

COX [Fm-2] 2.8 X 10-3 2.8 X 10-3

K [V~] 0.1 0.7
BO[AV-2] 1,48 X 10-4 5.4 X 10-5

THETAA [V-IJ 0.56 0.39
THETAC [V-IJ 0.22 0.13

Table 5.2: Parameters for the diode model

n-channel MOST p-channel MOST
Cl/F/ 9.1 X 10 ·10 X W 4.55 X 10 'lU X W
VD!Vj 0.8 0.8

P 0.45 0.25

Here BO is the gain factor, THETAA is the gate-bias-controlled transverse
field mobility reduction factor, THETAC is the lateral-field mobility reduc
tion factor referring to velocity saturation, CJ is the zero-bias depletion
capacitance, VD is the diffusion voltage and P is the junction grading co
efficient. For the n-channel transistors, Cl was determined using the sim
ulation results with respect to the junction capacitance mentioned in the
previous chapter.

Figure 5.2 shows the oscillation frequency of the ringoscillator as a func
tion of the Bupply voltage Vdd for different ratios between the width of the
p- and n-channel transistors. As expected, this figure shows that a decrease
of the supply voltage leads to a decrease in the oscillation frequency and
thus to a decrease in the switching speed of the transistors.

lIt is pointed out here that not the optimized n-channel device was used for the circuit
simulations
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Figure 5.2: Oscillation frequency as a function of the 8upply voltage for
Cl lU-stage ringoscillator. Wn = 4Jlm.

In order to obtain an idea about the decrease in the switching speed the
port delay, Td, was calculated for the case of Wp = 8Jlm; Wn = 4Jlm. The
result is as follows:

• Vdd = 5V : Td = 11.4psec.

• Vdd = 3.3V : Td = 14.3psec.

Considering the product of the junction capacitance and series resistance
of the n-channel device, which approximates lpsec, the conclusion can be
drawn that less than 10% of the port delay is cauaed by the n-channel
transistor.

The conclusion can be drawn that the increase in port delay resulting
from decreasing the supply voltage from 5V to 3.3V is only modest. In fact,
the value of the port delay referring to a supply voltage of 5V given above
is not even realistic. As shown in the previous chapter, a much heavier
APT implant-dose would be necessary if a supply voltage of 5V is to be
used. This would result in larger junction capacitances and consequently in
a larger port delay. Therefore, in reality the difference in port delay between
devices designed for a supply voltage of 3.3V and those designed for a supply
voltage of 5V will he even smaller than suggested by the port delays given
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above. Thu8 the performance of MOS transistors with a gate length of
O.5pm, operating at a supply voltage of 3.3V, is only slightly inferior to the
performance of MOST's operating at a supply voltage of 5V. Once more,
the introduction of 3.3V as a future standard supply voltage is encouraged.
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Chapter 6

Conclusions and suggestions

This thesis dealt with n-channel MOST's with a gate length of 0.5J.Lm.
In order to suppress hot-carrier effects the Lightly Doped Drain (LDD)

structure was introduced.
Device simulations have shown that, as the gate length is reduced to

O.5J.Lm, a supply voltage of 5V would result in a much too short lifetime
for the MOS transistors. Therefore, the conclusion is drawn that for MOS
transistors with a gate length of 0.5J.Lm, the supply voltage will have ta be
reduced. It has been shown that a value of 3.3V would be very suitable as
a future standard supply voltage.

An n-channel LDD MOS transistor optimized for a supply voltage of
3.3V has been presented in this thesis.

Circuit simulations have shown that for MOS transistors with a gate
length of O.SlJm, the decrease in switching speed due to a decrease of supply
voltage from 5V to 3.3V is only modest. Therefore, the value of 3.3V is
recommended as a future standard supply voltage.

Variation of the channellength due to process spread should he restricted
to 10% in order to have the threshold voltage and the punchthrough current
meeting their constraints.

IC the gate length of the optimized device is increased to 2J.Lm it can
operate at a supply voltage of SV while the lifetime is not inferior to the
lifetime of the 0.51Lm devices operating at a supply voltage of 3.3V.

In order to complete the research the following activities are suggested:

• Optimization of p-channel MOS transistors with a gate length of O,Sllm
by simulation

• Perform circuit simulations with the optimized n- and p-channel tran
sistors

• Manufacture the optimized devices
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• Verify the simulations by measurements. Here special attention should
be payed to the lifetime of the transistors.

During the work which is described in this thesis it became dear that for
future IC design it will become very important to obtain a better knowledge
and understanding of hot-carrier effects. This should make it possible to
predict lifetime faster and more accurate by simulation.
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List of Symbols

Symbol Description Unit
L Channellength ~m

W Chl1nnel width ~m

to:r Oxide thickness nm

Xj Junction depth ~m

D Depletion width em
n Electron concentration em-3

p Hole concentratioJl cm-3

ni Intrinsic carrier concentration cm- 3

N.. Acceptor doping concentration em-3

N.l Donor doping concentrl1tion cm-3

q Elementary charge G
qQ Charge present at the gate electrode Gjem:l

qo:r Built-in positive charge within the oxide Glem2

qinu Inversion layer charge Gjem2

q.I~J>1 Depletion layer charge Gjem2

0 Space charge density G/em-3

4>m. Contact potential between gate and semiconduetor V
4>n Fermi potential for holes V

4>" Fermi potential for electrons V

4>1 Distance of the fermi-Ievel EF in the semiconductor
material with respect to the intrinsic level Ei eV

E Permittivity Flem
eO% Dieleetric permittivity of Si02 Flem
€".. Dielectric permittivity of Si Fjem
GD Depletion capacitance Flem
Go:r Oxide capacitance Flem2

'If Electrostatic potential V
V. Souree voltage (=reference) V
V.I. Drain-to-source voltage V
VII-' Gate-to-source voltage V
VB ..; Bulk-to-source voltage V
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Symbol Description Unit

Vth Threshold voltage V
VQ2; Voltage auoss the gate insulator V
VFD Flatband voltage V
V,,~..t Saturation voltage V

1,1. Drain-to-source current A
Jn Electron current density A/cm2

1,1..,t Saturation current A
I. ub Substrate current A
E2; Transversal electric field component V/cm
EJI Latenl electric field component V/cm
Ec Electric field, cllaracterizing velocity saturation V/cm

K.
"

r Lateral field spreading factor
G Generation rate of eleetron-hole-pairs cm- 3 sec- l

v Electron velocity cm/sec
V".t Saturation velocity of electrons cm/sec
Ctn lonization coefficient cm- l

P.n Mobility for electrons cm2 /Vs
P.o Low field mobility cm2 /Vs

(J Mobility reduction factor V-l

f3 Gain factor {l-lV-l

R~ Souree series resistance {lcm

Rel Drain series resistance {lcm
Rt Total Bource-drain series resistance {lcm
k Boltzmann constant J/K
1 Body factor vj

).D DIBL
T Temperature K

gm 1Tansconductance S
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