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ABSTRACT

MOSFETs are used extensively in very large scale integration (VLSI)
Technology specially in various digital circuits such as microprocessor.
semiconductor memories etc. Since the birth of Integrated Circuits (IC)
fabrications the need for the reduction of device dimensions is driven by the
requirecment that IC of high complexity can be fabricated. The purpose of micro
miniaturization of the MOSFET is not only to increase the packing density but
also to improve the circuit performance at the samc time. The fundamental issue
of downsizing the MOS transistor is to preserve the long channcl characteristics
after mimaturization. But as the dimension of the¢ MOSFET is reduced,
departure from the long channel behavior occurs duc to various undesirable

short channel effects.

The threshold voltage Vi, for fully depleted MOSFETs with effective channcl
lengths down to submicrometer range has been investigated. In this thesis. a
simple quasi-two-dimensiénal model is used. taking into account the effect of
gate oxide thickness, source/drain junction depth and channel doping. to
describe the accelerated Vi, roll-off and drain voltage dependence. The
proposed model retains accuracy because it docs not assume apriori charge
partitioning or constant surface potential. Also it is simple in functional form

and hence computationally efficient.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Threshold voltage is a significant parameter for technology development and MOS
device modelling. An accurate prediction of the threshold voltage is needed to
determine circuit noise njargins, speed, and required node voltages. In this chapter.
surface properties of silicon for MOSFETS, review of recent works on MOSFET

threshold voltage, objectives of this work and summery of this thesis are presented.

1.2 Energy-Band Diagram For the Ideal Case

The concept of the energy-band diagram is drawn along a singlc vertical axis only. In
the case of pn junction, it was drawn as a function of distance x. In the case of a
MOS structure, the energy band also changes as a function of distance. but the

dircction x 1s now defined to be from the gate into the silicon, therefore. in order to

P



maintain the similarity with the way band diagrams were drawn before, the MOS

transistor should be turned on its side, as in Fig. 1-1.
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Fig. 1.1 Energy-band diagrams for gate region of a MOS transistor (idcal case).

In ideal case, and with no voltage applied, the energy bands would be perfectly flat.
Hence this condition is called flatland. In the case of p-type bulk. a negative bias will
attract mobile holes to the surface, making the material cffectively more heavily
doped p type. This is the accumulation condition as shown in Fig. 1.2a. When bias is
changed to positive, the mobile holes are repelled from the surface, forming a
depletion Jayer near the surface as in Fig. 1.2b. As the positive bias is increased. a
N
point is reached when the oxide-semiconductor interface becomes intrinsic ( Iip¥Ei).

Beyond that point, a special condition is reached when the surface potential. the

amount of bending, reaches:



\ -/

—(&, at surface — E, at bulk)
¢y = q = 2¢_[ (1.1)

where ¢ is the Fermi potential. In the inversion condition Fig. 1.2c. is of particular
intcrest because a layer of charge is now formed that can be used for conduction in a
MOS transistor. The gate voltage that brings about this condition is called the

threshold voltage.
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[Fig. 1.2 Band bending in p-bulk silicon: (a) accumulation (b) depletion

(c) inversion



In the case of an n-type bulk, the same sequence of cvents take place, but with the
polarity of voltages reversed. With positive gate voltage, majority carriers
accumulate at the surface making the silicon more n type. With ncgative gate
voltage, a depletion layer is exposed as electrons are pushed back from the surface.
Thcﬁ at inversion, the depletion reaches a maximum width and any further increase

in gate bias are balanced by the inversion -layer charge comprised of mobile holes.
1.3 Calculation of Threshold Voltage Vy

Inversion is achieved when the surface potential, i.c., surface and band bending,
reaches

0. =2¢; (1.2)
However, it is more practical to work with the threshold voltage Vi, the pate voltage
that is necessary to bring about this condition. An expression for V¢ will now be
derived. An applied gate voltage Vg becomes the sum of voltage drops across the
oxide and across the silicon:

Vi = Vox + ¢, (1.3)
where Vox is the voltage across the gate oxide, and ¢, is the surface potential,
equivalents to the voltage drop across the depletion layer. The goal is to express Vox
in terms of ¢, which can then be simply set to 2¢;. By definition

Vox = Eox tox “ 4)



where E 1s the electric field across the oxide thickness t,x. However. the continuity
of the displacement vector across the oxide-scmiconductor interface requires that
E‘“Eux = Esi E (1.5
Furthermore, Gauss's theorem states that the ficld into silicon surface is related to the

amount of charge in the silicon by

-Q,
Ei=—"" ' 1.6
" g.E, (1.6)
where Q; is the charge density in the silicon. In depletion Qs is simply the depletion-
layer charge. But in inversion it also includes the inversion-laycr charge. From Egns.

(1.4), (1.5), and (1.6) we obtain

- _Qstox . % (1-7)

Vﬂ.\' = C

£,

ox e

0

where the gate capacitor per unit area is defined as

Cn = (1‘8)

Therefore Eqn. (1.3) can be written as follows:

-9

o

Va 4, | (1.9)

In depletion Q, equals the depletion-layer charge Qp

Qi=Qn=-qNp Xg=- /26,6,9N 0, (1.10)



The last equality in Eqn. (1.10) comes from the fact that the depletion - layer width

which is given by:

f2£.£ ¢
X — sTofs (l’ll)
‘ gN,

Eqn. (1.9) now reduces to

- J26.£,N 8,
Vo =—f” =T gq Z) (1.12)

o [

At inversion condition, ¢, =2¢, , thus the threshold voltage for a long n-channel

device is

_ ng\ngqNA(zgjj)
C

o

Vin +2¢, | (1.13)

1.4 Nonideal Effects

There are several nonidéal effects that perturb the ideal case .The cffects on V1 of the
nonzero ¢,, and nonzero Qr will be presented here, and an expression for effects on
Vr will be presented. In a MOS structure, work function is equivalent to the energy
required to reach the oxide conduction band. The aluminum (metal) work function
¢, and silicon work function ¢, are not equal; thus when aluminum- oxide and an
oxide-semiconductor system are brought together as in Fig.1.3 the work function

difference will not be zero.

¢.\4s = ¢M - ¢'.s' =0 (1.14)
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Fig. 1.3 The aluminum-SiO; and Si0; -silicon system.
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This results in a built-in charge as the Fermi levels on both sides of the oxide attempt

to line up in Fig. 1.4, as they should tn an equilibrium system.

Fig 1.5 shows that an external voltage of an amount Vi3 would need to be applied to
bring the MOS system to the flatband condition. Vpp is called the flatband voltage.
Once Vyp is determined, by principle of superposition, all the previously developed

expressions can still be utilized.

T ) —
ol AL 4 n-type silicon

! I
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.E'

L J
Etectron energy
—

Fig. 1.5 Application of V g to bring about flatband condition for n-type-silicon,

The next most important nonideal perturbation of the MOS system is the presence of
ionizes positive charge at the oxide-semiconductor interface. This is brought about
by the oxidation process itself and is the result of dangling silicon bonds remaining

after oxidation. It resides just slightly into the oxide side of the oxide-silicon

[ 99



interface and is relatively independent of oxide thickness, doping type, or doping
concentration. An external voltage needs to be applied in addition to nonzero ¢_, to
restore flatband condition. An expression for Vg that includes the effect of the
diffecrent work functions in the gate and in the silicon as well as the influence of

oxide charge can be written as follows:

_ _ Oss
= Prs C (1.15)

1]

where (., 1s the surface charge density.

1.3 Review of recent works on MOSFET threshold voltage

The Metal-Oxide Semiconductor Field Effect Transistor (MOSFET) has been the
major device for integrated circuits over the past two decades.-With technology
advancement and the high scalability of the device structure. Silicon MOSFET based
on very large scale integration (VLSI) circuits has resulted in miniaturization of
MOSFET device. Recent works on threshold voltage have thus concentrated on

short-channel devices.

The threshold voltage of MOSFETs, which has always been the major concem of
device scaling is closely related to device structure parameters (c.g., oxide thickness,
junction depth, gate length, etc.) and terminal voltagcs. The increasing complexity of

modern MOS device structure requires clear understanding on the behavior of

s,



threshold voltage, and many efforts have been devoted to the investigation of this

clectrical parameter.

Conventional long-channel theories were first challenged by the introduction of
channel implantation in modern MOS devices [1]. Another challenge comes from the
existence of source/drain diffusion islands. To physically interpret the short-channel
effect, the roles of source/d.réin islands were first emphasized in the simplified Yau’s
charge-sharing scheme {2] for the threshold-voltage model with uniform substrate
doping profile. The charge-sharing scheme had been improved by many authors
(e.g., [3] and {4]), and the channel-length dependence of threshold voltage can be
simulated with acceptable deviation. This scheme hclps us to understand the
behavior of short-channel MOSFET devices, however it’s mathematical treatment
with addition of artificial charge partition is too approximate to reveal any further
physical insight of devi;es. As device dimensions fall into submicrometer range, the
charge-sharing scheme fails to overcome these drawbacks.

Besides the charge-sharing scheme, another strategy to attack the above problem is
to directly solve the two-dimensional Poisson’s equation analytically [5]-{13].
Recently, a simplified threshold-voltage model for surface-channel MOSFETSs with
nonuiform substrate doping profile has been proposed by Lin and Wu [13], which is
based on solving the depletion-approximate two-dimensional Poisson’§ equation
using the Green function technique. The effects due to short channel, depletion-width

broadening (increase of substrate depletion width with two-dimensional effects), and

10
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charge screening (insensitivity of threshold voltagc to substratc bias for short-

channel devices) can be described by this model.

In the last few years, two-dimensional Poisson’s equation in the depletion region
reveal an expression for the threshold voltage that is exponentially dependent on
effective channel length & agrees better with experimental results than do the

charge-sharing models.

In the range of submicrometer channel length, the charge-sharing model assumptions —-..

of constant surface potential and no divergence of electric field lines in the gate
oxide are invalid for high drain and substrate biases. Therefore, the charge-sharing
model is unable to model the drain induced barrier lowering (DILB) or the body
effects [14]. On the other hand when deriving the analytical solutions for the two-
dimensional Poisson’s equation in the depletion region,r various approximations have
been made for boundary conditions. Consequently, model parameters lack physical

meanings.
1.4 Objective of this work

In a long-channel MOSFET, the drain, source and substrate voltages produce
negligible influence on the potential distribution in the channel region. The threshold
voltage is independent of the device parameters and the operating conditions in this

casc. However, the depletion region formed by the source and drain is comparable to

11



the channel length for short - channel devices. Influence of the drain, source and
substrate voltages become significant in comparison to the gate voltage and as a
result, the mathematical expressions developed for long-channel devices become
invalid for such devices. Different ‘Charge-sharing’ modcls developed in recent
years fdr short-channel devices are based on certain assumptions. These assumptions
result in considerable error for devices with very small channel lengths and at large
drain and gate bias voltages. The main objective of this work is to develop an exact

analytical model for determining the threshold voltage of short-channei MOSFETs.

1.5 Summary of the thesis

Several models have been developed recently to determine the threshold voltage of
MOSFETs. Different approaches are used by different authors to consider the short-
channel effects. In this thesis, two-dimensional Poisson’s equation is solved for
MOSFET operating in the subthreshold region to determine the potential distribution
inside the MOSFET analytically. The analytical model is used not only to calculate

the threshold voltage but also to explain several short-channel effects.

The two-dimensional Poisson’s equation is solved by using a quasi-two-dimensional
approach for solving surface potential in the MOSFET. The energy-band diagram for
the ideal case, calculation of threshold voltage, nonideal effects on MOSFET is
discussed in chapter 1. In chapter 2 small geometry cffects arc discussed, such'as.
short-channel effect, effects of drain voltage on threshold voltage, narrow-width

cffect & small geometry effects.

12



The analytical model developed in chapter 3 is used to determinc the threshold
voltage of a MOSFET for different operating conditions and also for different
cffective channel lengths. The results are given in chapter 4. Scveral short-channcl

effects are also described in this chapter using the model in chapter 3.

Chapter 5 contains the concluding remarks along with recommendations for further

work on this topic.

13



GHAPTER 2

SMALL GEOMETRY FFFECTS

2.1 Introduction

As MOS devices are scaled down to near and submicrometer dimensions, geometry
effects resulting from this scaling can produce variations in device performance.
Such variations can have a severe impact on circuit design and performance and
therefore must be predictable. Geometry effects include the variations in the
threshold voltage and sub-threshold current as a function of short, narrow, and small
device dimensions. An accurate prediction of the threshold voltage is necded to
determine circuit noise margins, speed, and required node voltages. An accurate
prediction of the subthreshold current is needed to detcrmine off-state power
dissipation and memory refresh times. Other important effects that occur, as devices
become smaller are velocity saturation, hot clectron injection, and enhanced device

performance as devices shrink.

14



2.2 Short-Channel Effect

A MOS device is considered short when the channel length is of the same order of
magnitude as the source and drain junction depletion depths. Modulation of the
threshold voltage for short-channel devices has been observed experimentally but is
“not predicted by the classical threshold voltage expression. This modulation results
in a reduction of the threshold voltage as thé channel lengths becomes small and is

one of several of the short- channel effects.

Before discussing the various models describing the short-channe!l effect, it is
relevant to review the classical threshold voltage derivation. The classical threshold
voltage expression is derived by assuming that both the length and width of the
devices arc large. Thus we may assume that the clectric field normal to the gate
clectrode is much greater than the electric field parallcl with the channel. Hence a
onc - dimensional treatment of the problem is sufficient. It is important to note that
this analysis implies that the built-in potentials produced by both the source- and
drain-depletion regions can be neglected. This is not a valid assumption for short-

channel devices.

15



The threshold voltage expression for a large-geometry MOSFET can be obtained
from the charge conservation law in the region bounded by the gate electrode and the

semiconductor bulk. The sum of this charge is
Qe +Qr-(Qn+Qp)=0 2.0

Whcre :
QG = charge on polysilicon electrode
Qr = fixed charge in SiO2
Qn =inversion-layer charge due to free carriers induced in channel region
Q n = Bounded charge per unit area due to the ionized impurity

concentration in the depletion region

The definition of the threshold voltage implies Q, = 0. Expressing Eqn. (2.1) in

terms of voltages for an n-channel MOSFET gives

Os \
o= V;,." s T 22
+ @ + 0. (2.2)

Where

V rp = flatband voltage, including effects of fixed surface charge, distributed charge
in oxide, and difference in work functions
¢. = Surface potential

C, = oxide capacitance per unit area

16



At turn-on, the surface potential locks at approximately 2¢,. Therefore, the

threshold voltage for a large -geometry MOSFET is given by

=V +2¢f +%5- (2.3)
Where
Qp =qNaW¢

q = electric charge
N = effective doping concentration

W= channel-depletion depth

Eqn. (2.3) is valid as long as the channel length is long compared to the source and
drain junction depletion depths and the width is wide compared to the depth of the
gate-induced depletion region. Fig. 2.1 illustrates the cross scction of a large
gecometry MOSFET. The .depth of the source and drain -depletion regions Wy and
Wi, can be obtained from Poisson’s equation using the abrupt junction

approximation,

This is a good assumption since both source and drain regions are doped much
higher than the substrate. The depletion approximation can be applicd under gate in
the substrate to obtain the channel depletion depth We. The concept of charge

sharing both provides physical insight into the development of the threshold voltage



Thick oxide

/7//////////// -

Fig. 2.1 Cross section of large geometry MOSFET.

expression and predicts trends correctly. From Egn. (2.3) the total amount of charge
under the gate determines in part the threshold voltage. If the channel length L is
much greater than cither the source- or drain -depletion regions, the charge sharing
which occurs from these regions can be neglected. Using this assumption and Fig. 2-

1, the total amount of charge induced by the gate voltage is approximatcly given by

Qnr =g NAWCWL (2.4)
or

Q= q NAWCWL/WL = gNAW¢ (2.5)

18



where Qpy is the total bound charge, and W is the width of the device .

EHence Eqn. (2.3) can be coﬁsidered a very good approximation for the threshold
voltagc. in large devices. If the length is reduced to a distance comparable to Wy and
Whp, part of the charge, which is induced under the gate, is also contained in the
source or drain regions (Fig. 2.2). In other words, charge sharing is occurring in both
the source- and drain-depletion regions with the gate region. This implics that a
reclangular region can no longer approximate the tot'al clfective charge induced
under the gate. Hence the amount of the charge -reflected to the gate clectrode can be
expected to be reduced. Since Qg reflects this charge reduction as L decreases, the

threshold voltage given by Eqn. (2.3) will also decrease.

A two-dimensional model, which demonstrates the short-channel effect and also

allows a close-form solution of the threshold voltage, is shown in Fig. 2.3

Though simple, this model provides physical insight into the charge -sharing
concept. The a}ea outlined by BCEM represents the rectangular region containing
the total charge induced under gate for a long-channcl device with the substrate
grounded. As the channel length is reduced. the effects of the source- and drain-
depletion regions cannot be neglected. For the case when both source and drain are

grounded and the surface is strongly inverted, the potential along ABCD is zero.

19
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Fig. 2.3 Approximate short-channel model.
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Hence, the potential of MBO is zero. The maximum potential from F to M is
approximately equal to the maximum potential from F to O. This is true since at
inversion the built-in potential Vy; is to a rough approximation equal to 2¢,. Thus

we may assume Ws = We. This implies that the charge contained in the square
FMBQ is equally supported by both source and gate. In other words, half the charge
can be considered to be supported by the source. Assuming Vy = 0, the same
analysis can be applied to the drain region. Hence the total charge enclosed can be
approximated by the trapezoidal region BCGF. This simple model becomes more
accurate with an applied back-gate bias since the marximum potential at FM and FO
correspond to Vg + Vpr and Vyg + 2 @, respectively at inversion. By
substrating the triangular regions donated by FBM and CEG from the rectangular

region MBCE, the total volume compromising the modified bulk charge term is

Qur = gqNA(WLW¢) -2W (T ) (2.6)

using Eqn. (1-21), the threshold voltage is

Vi=Vip+2 ¢, + qNa ( WLWe - WW% )ICoWL (2.7)
Or
O . W
Vi=Vip +2 ¢, +-% (1- -5 2.8
i B ¢, C, ( I ) (2.8)

21



with

1
W(_j — { g.\'gu (VRG + 2¢j )r
qN,

where 2¢, is the surface potential at the onsct of strong inversion, and ¢, is the

dielectric constant of the semiconductor.

2.3 Effects of drain voltage on threshold voltage

The model used to describe the MOSFET shown in Fig. 2.4 assumcs the drain is

shorted to the source.

Sioz - - L _I

\l; :1/

+ f 8: // +
" W | s7r, "
LU
[ ’ :" A\ WC
|/I 13 \
20 o
=3 e S

p substrote

Fig. 2-4 short -channel model with curved source-drain junctions.
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This configuration is of course not true in any realistic device structure. Therefore,
we must modify the short-channel threshold voltage expression to include the drain
voltage Vp. The most immediate cffect of the drain voltage is the increase in the
extent of the drain-depletion region into the channcl. The extension of the depletion

region into the channel can be approximated by the abrupt diode depletion depth as

\/213_.-5,,(1"}11 + Vi) (2.9a)
4N,

where Vi is the back-gate bias, and Vyy is the built-in potential.

For zero back gate, the extent of the drain-depletion region is from 0.3 to 0.8 wm for
most typical devices. If a drain voltage of 5 V is applied, the expresston to calculate

the cxtension of the depletion region is modified to be

\/25,.5‘-0/{# + Vi +Vp) (2.9b)
qN

for a drain voltage of 5V, the depletion region can expand to greater than 2 zgm. This

increase is not negligible and must be accounted for in our threshold voltage

expression.
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2.4 Narrow - width effect

A MOSFET is considered narrow if the width of the device is of the same order of
magnitude as the depth of the channel-depletion region. In practice, for a channel -
deplction depth of 0.5 gm, device widths of 5 zm or less affect the clectrical behavior

of the device.

'l. W— /—Poly Si

T r- —/
We !
{
W1tH | ! _\Acmol
Ideol depletion
depletion boundary
i boundory

Fig. 2-5 Width crosses section.

The polysilicon gate overlaps the nonrecessed thick oxide on both sides of the thin
gate oxide. The narrow-width effect is characterized by an increase in the threshold
voltage as the width W is reduced. As W is reduced. the volume of charge in the gate
region is reduced, whereas in the thick oxide region the volume of charge remains
constant. This fixed amount of charge becomes increasingly significant as W is

reduced and contributes to an increased threshold voltage.
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2.5 Small-geométry effects

A small-geometry MOSFET is defined as a device with a channel length of the same
order of magnitude as the junction-depletion depth and the channel width is of the
same order of magnitude as the channel-depletion depth. For such small devices,

neither just the short-channel nor the narrow-width expression is sufficient to predict

the threshold voltage accurately. An expression that includes both of these cffects .

plus the coupling of these effects is required.
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CHAPTER 3

MATHMATICAL ANALYSIS FOR
POTENTIAL DISTRIBUTION IN MOSFETS

3.1 Introduction

The characteristics of a MOSFET can be studied by obtaining the potential
distribution within the device. In case of long-channel MOSFET, the cffccts of the
source and the drain on the channel region are negligible and clectric ficld lincs
originating from the gate are assumed to have no components in the lateral direction.
Solutions of the Poisson’s equation give the potential function in such devices. But
in case of short-channel devices, the source and the drain junctions contribute to -the
potential function in the channel region and a two-dimensional analysis of Poisson’s

cquation becomes necessary. The boundary conditions imposed by the source/drain

26
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Junctions are considered in addition to the gate and substrate voltage. When a short
channel device is analysed the model fails to predict the accelerated Vyyy reduction at
very short-channel length. The technique of using a quasi-two-dimensional approach,
thc accelerated Vi reduction observed in the very short-channel range can be
accurately predicted. The technique is used in this chaptcr to {ind the analytical

expression for the potential and threshold voltage expression.

3.2 Mathematical modelling of surface potential

By applying Gauss’s law to a rectangular box (Gaussian box) of height Xy, and
length Ay in the channel depletton region (Fig. 3.1) and neglecting mobile carrier

charge, the following equation can be derived [15]

X, dE, Vs =Veg =V, ()
Lo e = N gp X s (3.1)

£ + £,
R T] dy OX 7—;}}(

where:
X4ep = the depletion layer thickness
Es(y) = the lateral surface electric ﬁeld

Vi(y) = the channel potential at the Si-8i0; interface

Vas = the gate-source voltage.
Vs = the {latband voltage.
Ng“[; = channel doplng
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Tox = the gate-oxide thickness
€51 = Permittivity of Si

€ox = Permittivity of Si0;

X, = ' ’25.\'1 (@, —Vis)
dep T
N

V s = the substrate bias
¢, = 2¢, the surface potential at the threshold of surface inversion

7 = fitting parameter

The first term on the left hand side of Eqn. 3.1 is equal to the net clectric flux
entering the Guassian box along the y direction. The second term represents the
clectric fux entering the top surface of the Guassian box. There is no cleetric flux
passing through the bottom of the Guassain box. The right hand sidc represents the

total charge inside the guassian box.

The solution to Egn. 3.1 under the boundary conditions of Vg (0) = Vi, and Vg (L) =

Vg + Vi, ( the substrate potential is taken as ground) is

sinh(y /1) sinh[{L - v)/{]
sL) sinh(L /1) +(Vy _Vd,) sinh(L /1)

Vi(¥)=Va +(Vh +Vops - (3.2)

where,

Va, =V s - Ve + @, represents the long-channcl surface potential. and
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Vi = Vin+qNsunXaepTox/ £,y + @, represents the long-channel threshold voltage

Vi = the built -in potential between the sourcc-substratc and drain-substrate
junctions
[ = the characteristic length, defined as

] = S.\‘r' T;J,\'X dep (33 )
\ £

Note that X gcp is assumed to be constant when solving Eqn. (3.1). In reality, X 4¢p iS
a function of the drain voltage and the channcl length. Keeping in mind that the
cffects of the variation of the lateral ficld in the dcpletion layer under the channel are
incorporated through the fitting parameter 77, one may treat the term X 4cp/n in Eqn.
(3.3) as an average of the depletion layer thickness along the channel. Although n
(hence Egn. 3.1) may also be a function of the drain voltage. This quasi-two-
dimensional approximation simplifics the solution of Eqn. 3.1, yct rctains accuracy.
Thercfore, 77 is trcated as a constant for a given technology in the following

discussion unlcss otherwise specified.
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3.3 Determination of Minimum Surface Potential

The channel potential has a minimum at y ¢ which can be found by solving the

equation dV(y)/dy =0. Location y; and minimum potential Vs can be obtained

numerically by solving

Vimin = Vs (y()) (3.43)
dv,
d_yl y=y0 = 0 (3.4b)

The solution of Eqn. 3.4a for yy is given by:

vo=L tog ( (Vo ~Vus) exp (Lft)—(m,+Vn.\-—V.,.,.)J 59)

2 (Vru + VDS _V.s-.r.) - (Vm - V\.r) cXp (_L / I)

When L >>/ the above expression can be approximated as follows:

| L ! Vhr’ - Vr[ + Vns‘ J
y =———Iog[——" : ' (3.6)
22 Vi =V

L

Substituting Eqn. 3.5 for y = yo in Eqn 3.2, we get the minimum potential Vpyiq

which is given by:

2V (cosh(L/1)-1)
Vo ey, e 1 +2V, (~cosh (L/1)+1)(2V,, + V,,5) 6.7)
h sish (L/1) | + 2(V,, + ¥, )eosh (L1~ (¥, + V) =V
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2.4 Determination of Threshold Voltage

The threshold voltage, Vy, is defined as the gate voltage at which Vimin = 2¢,..This

equation can be solved analytically for Vg and hence for Vgs . The result is given by

Vie =Vio — VY where
b - bt -4ac
AVy =2¢, + (3.8)
2a
where

a= 2[cosh (L/)- 1]-sinh® (L/)
b= 2[-cosh (L/} +1](2Vy; + V) + 45 sinh? (L/1)

o= 2V4i ( Vii + Vs ) cosh (L) - (Vai +V ps 2 - Vi -4 sinh 2 (L/D)

From Egn. 3.8 we conclude that the dependence of AVry on Vps has a functional
form of AVps+ BY Vps. To first order, A and B are depend.enl only on the device
pararﬁeters. In the above analysis, we ignored voitage drop z;cross the heavily doped
drain region. This assumption is valid as long as Vps is small. For large drain

voltage, the voltage drop in the drain region should be subtracted from Vy,+Vps.
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GHAPTER 4

RESULTS BASED ON ANALYTICAL
SOLUTION

4.1 Introduction

The characteristics of a MOSFET is determined by its physical parameters like
channel length, oxide width, substrate doping, source/drain doping, junction
depth, junction curvature ctc. The operating conditions like drain-source voltage,
substrate biasing etc. alse produce considerable influcnce on device
characteristics, especially in case of short-channel devices. The dependency of
the potential distribution in a MOSFET on device configuration and operating
conditions causes the device characteristics like surfacc potential, depletion
width, channel conductivity etc. to vary from onc transistor to another. This
causcs the threshold voltage of a MOSFET to depend on device parameters and
operating conditions. The mathematiéal model developed in the previous chapter
is used herc to determine the threshold voltage along with other characteristics of
a MOSFET. The effects of channcl length and the drain voltage on these

characteristics are particularly studied.
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4.2 Results and discussion

4.2.1 The surface potential

The surface potential along the channel length is given by Eqn 3.2. The first term
in (3.2) represents the effect of the depletion layer charge on the surface potential.
The contribution of the gate, substrate, source and drain voltages are given by the
successive terms, the effect of the source voltage is found to be maximum at the

sinh (L-Y)/1
sinh L//

source end (y = 0) due to the presence of the factor . Similarly,

the cffect of drain voltage is distributed along the channel length by the factor

sinh (y/1)
sinh (L/1)

The numeric value of these two hyperbolic factors decay almost
exponentially along the direction away from the respective source or drain end.
The conscquence is the barrier-lowering effect as described in section 3.2, for

shorter channel lengths, the hyperbolic terms decreascs in a slower ratc and the

‘edge effects’ become more prominent,

Fig 4.]a shows the surface potential along the channel for different channel
lcngths. The device parameters are : Tox=100A, Ngm;=5[310"’cm"‘, N*=10"cm"

and n=1. In contrast to the constant channel potential assumcd by the charéc&\

_\-\I L
sharing model, the new model predicts large variations in potential along the

channel for devices with short-channel lengths even when the drain voltage is
—_
tow. The channe! potential has a minimum at y, which is given by@.S). L /

,\‘
Y
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Fig. 4.1a Calculated surface potential along channel for different channel lenghts.
The device parameters are : T | =100 A°, Ny=5E16 cm 3 N*=1E20 em 3.
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Fig. 4.1b Calculated surface potential along channel for different channe! lengths.
The device parameters are: T, =100 A%, Ny=1E16 cm %, N*=1E20 cm .
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Fig. 4.1c Calculated surface potential along channel for different channel lengths.
The device parameters are:T_ =100 A%, Ny=5E15 cm %, N*=1E20 cm
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Fig. 4.1d Calculated surface potential along channel for different channel lengths.
The device parameters are: T°x=1 00 Ao, Np=1E15 c¢m '3, N*=1E20 cm 7.
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Figs. 4.1(a) to 4.1(d) show the variation of surface potential with the channel
length for different Vs and substrate dopings. Large variations in channel
potential are observed for high level of source to drain voltage. It is also observed
' that the effective channel length decreases with reducing the substrate doping.
The minimum value of channel potential will increase, i.e., the potential barrier
for electron flow from source to drain will decrease, with decreasing channel

length and increasing drain voltage.

The location of barrier peak yo as a function of channel length is shown in Figs.
4.2(a)-(c) for different Vps, the substrate doping as the parameter. The barrier
peak y, decreases with the increase of Vpg. However, these variation is small for
high channel doping. It is also observed that the change in barrier height Ay, due

to change in Vpg is small for higher substrate doping.

Fig. 4.3 shows the variation of y, with Vps for various substrate doping. This
figure shows that the barrier peak y, decreases with reducing the channel doping
for the same value of Vps, that indicates the reduction of barrier height for low

substrate doping i

Figs. 4.2 and 4.3 can show that the location of barrier peak yp is approximately
equal to L/2 when the drain to source voltage Vps is small. In general, when Vps

is not small, yo will no longer equal to L./2.

™
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4.2.2 Threshold Voltage

Fig. 4.4 shows the threshold voltage versus drain voltage with different channel
length for Tox =50 A. The figure shows that V,, decreases as Vps increases. The
shorter the channel length, the more severe the decrease of V. An accurate
prediction by this model is that, when L.y decreases, Vy, is no longer linearly
dependent on Vps as was predicted by common drain induced barrier lowering
(DIBL) models [14]. This non-linearly dependency of Vps for every -short
channel devices is predicted by Eqn. (3.9). Accolrding to (3.9), the relation

between Vi, & Vpgs is linear at large values of Vps.

Fig. 4.5 and 4.6 shows the same variation of threshold voltage with Vps for
different channel length for the oxide thickness of Tox =100A and Ty =400A
respectively. For the short channel device, the decrease in threshold voltage is
greater for the thick oxide. The above results implies that the two dimensional

field distribution is more enhanced for the devices with thicker oxide.

Fig 4.7 shows the variation of Vy, with Vpg for different source concentration for
the channel length of 0.3 um. Higher source concentration reduces the threshold
voltages. However the nature of Vy, variation with Vpg is same as observed in

Figs. 4.4 to 4.6.
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Figs. 4.8 and 4.9 show the shift of threshold voltage with the channel length for
different oxide thickness for Vps =0.005 V and 1 volt respectively. Large
variations are observed for small channel lengths and thicker oxide layers. The
shift in threshold voltage is independent of larger channel lenghts for thinner
oxide thickness. The change in threshold voltage is almost independent for the

devicé of large channel length with small oxide thickness.

The accelerated AV, roll-off will set in at small channel lengths than in bulk due
to small characteristic length “/”. Large changes in AV, is observed for high Vps
values if we compare Figs 4.8 and 4.9. These ﬁgdres show that for very short

channel-length devices a linear relation between Vy, and 1/Ly, is not observed.

Fig. 4.10 shows the drain induced barrier lowering (DIBL) versus effective
channel length Ly for different oxide thickness, where DIBL is defined as the
difference between shift in threshold voltage at Vps=0.005 V and Vps=1.0V.
From the figure, it is clear that by reducing the oxide thickness it is possible to
make the MOS device small.

Fig. 4.11 shows the minimum effective length L.y versus oxide thickness,
considering (DIBL=200 mV/V). From the figure it is observed that a linear
relationship between oxide thickness and minimum effective length is

established. This linear relation will help to design the MOSFET devices.
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3.3 Summary

The mathematical model developed in chapter three is used here to determine the
threshold voltage and other characteristics of the MOS device which are related
to the threshold voltage. The approach of the analysis and the computational
method is also described. Emphasis is given on the effect of device length since
miniaturization of the MOSFET has been the general trend of development in
VLSI technology. The effect of the operating drain voltage also becomes
significant for short channel devices and these effects are also studied. Careful
selection of channel doping and oxide thickness for deep submicometer FD

MOSFET is important for good device parameters.

50

A



A
[ \ Vg =0.005 V
L L
10° b .\\
: \ hN
107! _ \\ \ATox“‘OOA
2 - CA
% \ “A
E/ \ O\A‘A
F 02 ‘.\\TOX-—*IOOA -,
«] : \ \.\
Ty =50 A”
b - AN
107 £
| SN
.- e
s "
10-4.1., M PSP
0.0 0.5 1.0 1.5

Fig. 4.8 Threshold voltage shift versus effective channel lengths at Vps=0.005V

for different oxide thicknesses.

51




10!
Y

e A V=10V

100 L \:\ N

g S ‘\\
_ \.\ ar Q=4oo A°
— | 0-1 - \ .\ A\‘\
2 : NI Sl
AN S Tox=100A% T4,
— | \ .\
S0 10tk N,
<] C n \o\
[ mTox =50 A
. Na "
]O—3 = : \ \o
[ \.\ \.
L NH_.___‘./
10-4:1,....l...;-l.....l-;
' 0.0 0.5 1.0 1.5
L (b

Fig. 4.9 Threshold voltage shift versus effective channel tengths at V|,c=1.0V

for different. oxide thicknesses.

52

Caw N



it 3 A
— e —Typ= 50A°
\\ — ¢ — Ty~ I00A"
1 . — 8T, =1004°
10F \ AN k
W
™, ‘\\ A T
1°k \l '\ \‘\
2 \. ™. e
T NN N
—+ N~ ry
B 10 N .
\ \\n\l
et ™~
10} N, ~
N
N
10'f e

o0 02 04 06 08 1.0 1.2 1.4 1.6
Betve Lengh L o (M)

Fig. 4.10 Drain Induced barrier iowering (DIBL) versus effective

channel length L.
0.8
0.7F DIBL=200 eV
w 0F
]
-
¥ ol
-
4
0.3} / :
0.2 & L A ' 1 A L A 1
0 100 200 300 400

Oxide Thidmes T,y (A%

Fig. 4.11 Minimum effective Jength L g versus oxide thickness Tox.

53



GCHAPTER 3

CONCLUSIONS

5.1 Conclusions

In this work an analysis is presented to determine the threshold voltage of
MOSFETs. The difference between characteristics of the long channel and the short
channel MOSFETs are described by studying the effects of lateral clectric field on
short channel devices. Charge sharing models, which are used to analyze short
channc! MOSFETs are shown to be accurate only within a certain limits. In order to
obtain an accurate expression for threshold voltage, a quasi two-dimensional

Poisson’s equation analysis is performed.

The assumptions of constant surface potential in charge sharing models arc shown

to be invalid by calculating the surface potential profile. The MOSFET
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characteristics are found to be change drastically for short channel devices in
comparison to those of the long channel devices. Influcnce of the drain voltage on
the potential distribution becomes significant for short channet MOSFETSs. The
effects of drain voltage on the surface potential profile and threshold voltage are
presentéd. The dependency of the threshold voltage on the device Iength. oxide

thickness, channel doping are also shown.

The dependence of the threshold voltage of short channel MOSFETs on the
channel length and drain to source voltage is predicted theoretically and is found to
be in good agreement with published experimental data [21,22]. The results shows
that successful scaling of MOS device feature size requires thinner oxide and
higher levels of channel doping in order to minimized the short channel effects.
The model is simple and helps give a better understanding of the physical

mechanism involved in reducing the channel lengths.

5.2 Suggestions for future work

The mathematical model developed in this thesis describes the fully depleted
MOSFET characteristics. By calculﬁting the appropriatc boundary conditions
imposed by the inversion layer charges, it may be possible in future to develop
similar model for partially depleted MOSFETs and silicon on Insulator, (SOI)

MOSFETs. Finding the effect of inversion layer charges on the potential
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distribution may also result in the development of subthreshold current and

subthreshold swing of short channel MOSFET.
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APPENDIX A

A.1 Determination of Surface Potential

Equation 3.1 can be written as,

£, X by dE Tor
S ey = — L —_ . /’ L A.I
7E ox Tox dy + V=V ip V.S'y) gN g ‘d.-,n Eon
or,
2 4E T
ox
[ — V7V iV astaN g dep .
dy £ ox

T
= Vas—V st aN qupX ey —2X 4 s+¢ s]

oy

= VeV 44,
=-Vg

The parameters ‘I and Vg, is defined in Chapter 3.

The solution of the above equation can be written as,

4

z 2
V) =Ce’ +Ce™t + Vg A2

Applying boundary conditions to Eqn. A.2,

Aty =0, Vpi=C +C; +Vg,,
A3
Aty=L, Vi +Vps = Cy e“' +Cy e + vy,

We get, C,=Vp;-C, & C;=Vpg-C;
I'rom Eqn. A.3,

(Visi+ Vps -VsL )= (Vhi- C2 ) e + Cy e

I 1

T_, 1
—Vy e 2C, (e'—e ')

= Ve ' - 2C, sinh (L/1)
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[
Vi (e' -V )itV g
Weget  C2="osinh (L/1) and

Vhi+ Vs =Cy e Y + (Vi -Cpye

L L
T i 1
2C (e’ —e ') W
= 2

= 2c,sinh(§) +V e !

1

V,(1—e K Y4V o=V

Then we get C,= 7
2sinh(7)

Putting the values of C; and C; in Eqn. A.2 we get,

) r L i
_ T ! 1y —
V= __1_[:_ (V pV q(l—e 7)+V e +':Vm(e D=V s :le +Vy A4
25inh(—l-)

Rearranging equation A.4 we get the potentail distribution function in the
following form which is given in Eqn. 3.2.

sinh(y/) |y Sinhl(L - /1)
Bi Sl

s =V HVy+V S“)sinh(L/l) " sinh(L/)
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A2. Determination of Barrier peak y,

Differentiating Eqn. 3.2 and applying Eqn. 3.4b we get,

Vs = (V”f+V“S_V'w') .lcosh(y/f) ( nV ) . 1 cos[Lmy] =0 ‘.
dy sinh(L/1) I nL/l 1 or ]

or

L -
(V¥ psVg)cosh(y /1) =V ,—V ) cos|

¥ ¥ L-y IL-y
[ e 4o T
e
vV m+Vn.s‘_V.w,) ) = (Vm"'V.w_)

I ¥ I/

e’’’ [((V,+Vds V)=V, Ve ) 7] =e_ ' [V, VWV )+ WV e !

L
e= (VM_V‘W‘)GI _(be+ViJ.v_V.\'f,)
(V”i+Vns_fo) - (Vm_...VSL)e-LH

Therefore, the barrier peak is found to be y, which is given by,

Vo= Llogp[ (Vhs_V.w)eL”_(Vm""Vm_V.sf)”]
2 (Vhr'+VnS_VSl) - (VM—VSI)G- '
For L >>1/
R VsV e
VitV by~ V.w)
W(y-172) _ Vbi"V.w,
V wit v DS~ V.w.

or c

2(| H

VV

= lo kTN
By,

Vbr VSI+VDS ]

hJ
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APPENDIX B

ce
Solid knes: Model Vds=1 5V
Symbols Data
e 06t Dewce A (Vbs=-15V)
] ]
> 04t
x Dewce B (Vbs=-1 5V)
g Dewvce A (Vba=0V)
£ 02
Dewce B (Vbs=0V)
0 4 * 4 +
0 05 1 15 2

Gats Length (um)

Fig. 13.1 Mcasured characteristics of threshold Voltage vs channcl length at
Vps=1.5. V and different body bias conditions, for the devices with different
pocket process conditions (Ref. 21).

10 ,
S Dewce C L=15yr
5 08| oo
5 —
";3 06 Saidbres Moddl =005V
2 Sbos Data - vhsov
o 04
- R .
¢ 02 R
= ~ Devce A L=tur
00 '

1 2 3 4 5
Channel Width (um)

o

Fig. B.2 Lxpcriment threshold voltage data of a conventianal 0.35um
technology. The Vpg=0.1 V, tox=7.8 nm and Ngm=3.8117 cm™ (Ref. 22).
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