
 Eindhoven University of Technology

MASTER

2D and 3D capacitance calculations for MOS VLSI

Quint, J.H.M.M.

Award date:
1986

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/ca065007-f633-4a6e-9d13-86e710074fe6


20 and 30 Capacitance
Calculations for MOS VLSI

by J.H.M.M. Quint

EEA/340/05/1986

Verslag van een afstudeerwerk verricht
bij Philips Nat. Lab.
Coach: Prof.dr.F.M.Klaassen

De afdeling der Elektrotechniek
van de Technische Hogeschool Eind
hoven aanvaardt geen verantwoorde
lijkheid voor de inhoud van stage
en afstudeerverslagen.



yOORWOORD

Ter afsluiting van de studie elektrotechniek aan de

Technische Hogeschool te Eindhoven heb ik een

afstudeeronderzoek verricht van juni '85 tot en met mei '86

op het Natuurkundig Laboratorium van Philips te Eindhoven

onder begeleiding van Prof. Dr. F. M. Klaassen. Voor U ligt

het verslag van dit afstudeeronderzoek. Het verslag handelt

over 20 en 3D capaciteitsberekeningen voor Mos VLSI verricht

met het simulatie programma Tripos.

In de eerste plaats wil ik Prof. Dr. F. M. Klaassen hartelijk

danken voar zijn begeleiding en voor het mogelijk maken van

dit afstudeeronderzoek op het Natuurkundig Laboratorium.

Verder wil ik Ing. R. Petterson danken voor de nuttige

adviezen betreffende computer faciliteiten en programma's.

Hans Quint, mei 1986



CONTENTS

Contents

Abstract

HI Introduction

H2 Tripos

2.1 Introduction

2.2 Physical equations

2.3 Finite-difference approximation

2.4 Calculation of capacitances

H3 Capacitance between a line and an infinite
plate substrate

3.1 Introduction

3.2 Formula approximations

3.3 Results

3.4 The dependence of substrate dope and
applied voltages on the line

H4 Three lines above an infinite plate

I

1

3

3

3

6

8

10

10

11

16

30

36

4.1 Introduction 36

4.2 Effects on field and free-carrier density
by adding adjacent lines 38

4.3 Influence of altering dimensions 47
4.3.1 Varying the interspacing 47
4.3.2 Varying the width of the right line 57
4.3.3 Varying the dist~nce between the bulk

and the lines 65

H5 Two lines with different distances to a bulk

5.1 Introduction

5.2 Results

70

70

71

I



H6 3-D Simulations 86

6.1 Introduction 86

6.2 Capacitance between an infinite plate and
a finite plate 88

6.3 Two crossing lines (with and without bulk) 92

H7 Gate drain capacitance of a short-channel mosfet 96

7.1 Introduction

7.2 Capacitances in a mosfet

7.3 Gate drain capacitance of a mosfet

7.4 Gate drain capacitance of a LDD mosfet

7.5 Spacer reproducibility measurement by
the gate drain capacitance

H8 Conclusions and suggestions

References

Appendix 1

96

96

104

116

122

126

130

133



ABSTRACT

With the simulation program Tripos, which solves Poisson's
equation in 1, 2 or 3 dimensions, 20 and 3D spreading
capacitances are calculated of several structures. Consider
ing a line of infinite length above an infinite plate made
of a conducting or semi-conducting material, the capacitance
between the line and the plate cannot be approximated by the
parallel-plate formula, if the width of the line is not much
larger than the distance between the line and the plate, and
the thickness of the line cannot be neglected. A two dimen
sional approach is needed due to electric field components
in the direction of the width of the line, due to a non uni
form charge distribution along the surface of the line and
because of contributions of the side walls and top surface
of the line. If we consider for example a line with width 1
um. and thickness 1.1 um. the ratio between the real
capacitance and the parallel-plate capacitance is about 2.9
when the distance H between the line and the plate is 0.6 um.
If H is 2 um. the ratio even is about 5;35.

If the length of the line isn't much larger compared to the
distance between the plate and the line also the third di
mension needs to be taken into account due to electrJc field
components in the direction of the length of the line and
contributions of the front- and back wall of the line. With
length 1 um. and an unchanged width and thickness of ~he line
the ratio between the real capacitance and the parallel-plate
capacitance becomes now 9.2 CH=O.6 um.) and 24.5 for H =2um.

In comparison with analytical formulas published in the lit
erature, the 2D results showed relative good agreement, the
3D however didn't.

Adding line(s) parallel or perpendicular to the above line
and the plate diminishes the capacitance between this line
and the plate due to the shielding effect of the added
lineCs). In addition interline capacitances arise which are
partly shielded by the plate. Also the capacitance be
tween the added lineCs) and the plate is partly shielded by
adjacent lines. The magnitude of the shielding is determined
by the distance of the 1 i nes or plates wh i ch cause the
shielding to the considered capacitance.

In the weak inversion region the gate drain capacitance of a
mosfet (with Vo=VS) is strongly dependent on the gate voltage
due to arising inversion charge which extends the overlap of
the drain by the gate, and is weak dependent on the gate
voltage in the accumulation region due to accumulation charge
that narrows the gate drain overlap. In the linear region
the gate drain capacitance becomes constant because a channel
is formed so the overlap of the drain by the gate is constant.
Increasing the drain voltage (VD1VS) leads to a back gate
field near the drain as the drain voltage is higher than the
applied gate voltage. Due to this, accumulation charge arises
near the dra in in the weak- i nvers i on reg i on instead of i n
version charge leading to a weaker dependence q.n the gate
voltage and a lower gate drain capacitance. In the accumu
lation region (with VDIVS) the gate drain capacitance is
larger compared to the case with VD=VS because of the two
dimensional potential dependence leading to a higher voltage
near the drain thus lower charges. Using Loo's in a mosfet
increases the threshold voltage and leads to a smaller ini
tial overlap of the drain by the gate. The gate drain
capacitance will therefor be diminished.



Hl INTRODUCTION

The dimensions of elements used in VLSI become smaller and

smaller. To design VLSI devices it is important to know the

precise characteristics of small geometry elements. In the

design of memory elements the capacitances between bit

and/or .word lines, the capacitances of the lines to the bulk

and capacitances of the mosfet's used as memory elements be

come very important since theY effect the transient behaviour

of the memory dev ices. Severa 1 aspects that need not to be

considered using large geometry elements can no longer be

neglected in small geometry devices. Therefor 20 and 3D cal

culations become necessary.

In this report several capacitances are calculated with the

simulation program Tripos. Tripos solves Poisson's equation

in 1, 2 or 3 dimensions. Results obtained with Tripos are

compared to results publ i shed in the 1 i terature ( as far as

possible), Therefor we first describe the program Tripos

(H2). Next results are presented of an infinite line above a

silicon plate (H3), Since the line has an infinite length

the s i mu 1at ion s have bee n don e i n two d i mens ions. The 1 i n e

is simulated as a rectangular line. Of course in reality a

line is not rectangular but in Tripos it is not possible to

give elements arb i trary boundar i es because the meshes used

in Tripos are rectangular (HZ). In chapter 4 the consequences

of adding two lines adjacent to the line above the bulk are

discussed. Chapter 5 shows the results of adding a line with

infinite length between this line and the plate. Capacitances

between two crossing lines in the presence of a plate and

without the plate are discussed in chapter 6. In this chapter

also the capacitance between a line of finite length and

plClte is considered. Finally the gate drain capacitance of

short-channel mosfet's with and without LDD junctions is

discussed in chapter 7.

1



At first instance an attempt was made to calculate the

capacitances with the simulation program Semmy. Semmy solves

Poisson's equation in two dimensions for arbitrary bounda

ries. The results of Semmy showed however that no charge

neutrality occurred in a specified problem. Therefor the re

sults of Semmy are not to be trusted. Some remarks about

Semmy are made in appendix 1. Finally also some remarks are

made about Tripos.

2



H2 TRIPOS (1)

2.1 Introduction

Tripos is a numerical device simulation package, which uses

the finite-difference method for- analysis of the off-state

condition in 1, 2 or- 3 dimensions. It has facilities for-

selection of global or- r-egional use of the Boltzmann, de

pletion or floating-r-egion algor-ithms. In addition, facili

ties ar-e available for- the calculation of peak fields,

ionisation integr-als, br-eakdown voltage, fr-ee-car-r-ier con

centr-ation and field energies.

We have made use of Tripos for calculation of capacitances

in sever-al str-uctur-es. In this chapter, we shall only dis-

cuss the facilities of Tripos needed for- these calculations.

First we discuss the physical equations used in Tr-ipos. Sec

ondly we look at the finite-difference appr-oximation. Finally

we describe in what manner it is possible to calculate

capacitances with Tr-ipos.

2.2 Physical equations

The off-state of a semi-conductor- is descr-ibed by Poisson's

equation:

-div grad 1f = (q Ie) ( p - n + 0 )

wher-e l' is the electr-ostatic potential

q is the electronic charge

£, is the dielectric constant

n i s the electron density

(2.1)
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p is the hole density

D is the net doping density

The electron and hole density are given via the Boltzmann

approximation as

where

n = ni exp ( q ("p - 4n ) / k T)

p = nL ex p ( q (~- 1f ) / k T )

n i is the intrinsic electron concentration

epn is the electron quasi-fermi level

4>P is the hole quasi-fermi level

k is Boltzmann's constant

T is the absolute temperature

( 2 .2 )

( 2 .3)

In the off-state. the current equations are ignored. hence,

the electron and hole quasi-fermi levels are assumed to be

constant throughout each isolated region of the devices. The

expressions (2.1), (2.2) and (2.3) lead to a non-linear

second-order differential equation in 1.p (2), The Boltzmann

algorithm is based on those three equations.

When the difference between the electrostatic potential and

the quasi-fermi level (under reverse bias) becomes much

greater than the thermal voltage kT/q the free-carrier con

centrations defined by the equations (2.2) and (2.3) become

neglible in comparison to the background doping density D and

can be neglected in the solution of Poisson's equation.

However when the electrostatic potential approaches the

quasi-fermi level, the free-carrier concentrations will have

much effect on Poisson's equation. These concentrations will

limit futher rise of the potential in order to maintain

space-charge neutral i ty. Therefor the electrostat i c poten

tial is bounded approximately by:



and

where

= ~p - Vb'.

the built-in voltage is given by:

(2.4)

(2.5)

(2.6)

The separation of, the depletion and charge neutral regions

via the use of the equations (2.4) to (2.6) is known as the

depletion approximation. This leads to a much simpler lin

ear, second-order differential equation bounded by the (mov

ing) edges of the depletion region.

A solution of Poisson's equation based on the depletion ap

proximation is much faster (and thus cheaper) than solving

Poisson's equation based on the Boltzmann equations. The de

pletion approximation is valid for a large number of

off-state device problems. Therefor the possibility of a re

gional choice of use of Boltzmann- or depletion approximation

gives a powerfull means of flexible and efficient simulation

of complex structures.



2.3 Finite difference approximation

The structures that can be simulated by Tripos can exist of

conducting material, semi-conducting materials and

dielectric materials. Upon a structure, a non-uniform rec

~angular mesh is superimposed. The density of mesh points is

increased at critical regions of the structure, for example,

if the doping profile or potential varies rapidly with posi

tion. The rectangular box surrounding a mesh point for a

typical 3D problem is showl1 in fi.gure.2.1.

••

1·s
figure 2.1 7-point molecule for finite-difference cel

Further it is assumed that physical parameters (such as dop

ing, dielectric constant, free-carrier concentrations, etc.)

remain constant within each box. In addition, The boundary

between different regions lies along planes mid-way between

mesh points. This means that all mesh-points are allocated

unambiguously to a given region.
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In the finite-difference approximation, Poisson's equation,

based upon the six nearest neighbours surrounding the 3D box,

is discretised as follows:

(2.7)

where

A6 = 4.£0.C.6 / (q (~0+E6)(Z6-Z0)(Z6-Z5» (2.8)

AS = 4.£0.£5 / (q (£0+ES)(ZO-Z5)(Z6-ZS» (2.9)

A4 = 4.f: 0 • f.4 / (q (£0+£4)(V4-VO)(V4-V3» (2.10)

A3 = 4.[0.e.3 / (q (~0+£3)(VO-V3)(V4-V3» (2.11)

A2 = 4.t 0 . £2 / (q (~0+E2)(X2-XO)(X2-X1» (2.12)

Al = 4. £0 •£.1 / (q (£n+E1)(XO-Xl)(X2-X1» (2.13)

AD = A1 + A2 = A3 + A4 + AS + A6 (2.14)

x, V, Z refer to the coord i nates, and the i nd ices refer to

the appropriate points in figure 2.1. The potential of each

mesh-point is described by the surrounding mesh-points.

Therefor for each mesh-point a similar equation like (2.2)

can be written leading to a range of similar equations. For

the depletion approximati~n the system of equations is linear

iN 1f since the terms in nand p are neglected. For the

Boltzmann approximation, however, the terms are exponential

in ~ and require linearisation during the solution procedure.

In principle the solution process' works as follows. For the

first iteration a trial solution for the potentials in each

mesh-point is used. Then for each internal mesh-point the

potential is calculated, based on the discretised form of

Poisson's equation. From the calculated residuals, the mesh



potentials will be updated and the procedure starts again.

When the residuals become smaller than a certain prescribed

value, the iteration process will be stopped.

2.4 Calculation of capacitances

Supp~se, we have two structures, A and B, of arbitrary shape,

made of a conducting material or semi-conducting material,

placed in a dielectricum (figure 2.2).

figure 2.2

The capac i tance between structure A and structure B can be

defined as:

(2.15)

The definition of the capacitance between structure A and

structure B:

(2.16)

For passive elements, these capacitances will be equal:

(2.17)

8



Tripos has a subroutine QT, in which the total charge of a

reg i on can be calculated. For th is purpose, the charge den

sity of a certain mesh-point is multiplied by the surface of

a mesh in a 2D simulation. In a 3D simulation the charge

density of a mesh-point is multiplied by the volume of a

surrounding box (figure 2.1), By summing all resulting con

tributions from mesh-points belonging to a certain region,

the total charge in that region can be obtained.

After having calculated the charge distribution of a certain

problem with Tripos, a second simulation can be made with the

applied potentials slightly changed. Using the subroutine QT,

the change of charge in a certain region can be obtained and

with t'his, capacitances can be calculated. Of course, the

capacitance

(2.18)

is an approx~mation of the real capacitance, because instead

of the limit oft;V to zero, a small value of~V is taken.

Summing the total charges of all regions should lead to

zero, because the component of the electric field perpendic

ular to the boundaries of a specified problem in Tripos is

zero ( Gauss' law). This condition was fulfilled for all

simulations described in this report.



H3 CAPACITANCE BETWEEN A LINE AND AN INFINITE PLATE SUBSTRATE

3.1 introduction

In this chapter we shall look at capacitances between a line

made of a conducting material (aluminium) with width W = 1

um and thickness T = 1.1 um, and an infinite plate sillcon

with a boron implant of 1.5e15/~m3 and a thickness of 800 um.

The distance H between the line and the substrate will be

varied (figure 3.1)_

v/ = 1).l.m
I I

T- I1.1,..um

3p= J5'EI5'/cm
800,.um

figure 3.1

"The capacitances will be calculated with Tripos in 2 dimen-

sions.

In the past, the parallel-plate formula was widely used as

an approximation of these capacitances. This formula is given

by:

where W i s the width of the parallel plates

H is the distance between the two plates

£0 is the permitivity of vacuum

g is the relative permitivity of silicon oxide
ox

(3.1)

10



Ruehli and B~ennan (3) showed that this app~oximation can

lead to seve~e e~~o~s when dimensions sh~ink. Using the

pa~allel-plate fo~mula to calculate this capacitance assumes

that the capac i tance between the line and the subst~ate is

dete~mined by the capacitanc.e betweeri- the lowe~ su~face of

the line and the subst~ate (figu~e 3. 2A).

BJ ~Q liT T

figu~e 3.2

The cont~ibutions f~om the side-walls and the uppe~ su~face

of the line cannot longe~ be neglected with sh~inking dimen

sions. So, the model of figu~e 3.2A needs to be ~eplaced by

the model of figu~e 3.2B.

Fi~st we look at th~ee fo~mula app~oximations of the

capacitances which we~e published by seve~al autho~s. Then

we shall compa~e the ~esults obtained by T~ipos with these

~esults. Finally we shall discuss the dependence of the

capacitance on the applied voltages and the used subst~ate

dope.

3.2. Fo~mula app~oximations

In the lite~atu~e some ~esults of calculating capacitances

between a line and a subst~ate we~e published (3, 4, 5, 6,

7), Based on these ~esults, one fo~mula app~oximation was



empi ... ically de ... ived while the capacitance calculated using

the two othe ... fo ... mulas we ... e compa ... ed with these ... esults.

These calculations we ... e based upon two methods.

In the fi ... st method. the conducto ... su ... faces we ... e divided

into small suba ea's. The voltage Vi.j p ... oduced ove ... suba ... ea

Aj by the cha ge d i st ... i but i on qi. on suba ... ea Ai. is p ... OPO"'-

tional to q~ whence Vy = kq qi The total potential ove ...

Aj is given by summing all the ... esults of all suba ... ea!s

V·J

n
= Z v·'. "I.., " (3.2)

C3.3)

In a fi ... st app ... oximation (8). the cha ... ge density was assumed

to be constant ove ... each suba ... ea (stai ... case app"'oximation>.

A second app ... oach uses a piece-wise linea ... app ... oximation of

the cha ... ge density (9). In this method. dielect ... ic i~te ... faces

we ... e int ... oduced. A thi ... d method uses an integ ... al equation

(IE) fo ... the cha ... ge density, using G... een's function tech

niques involving infinite dielect ... ic ... egions (10). He ... e.

fo ... mula (3.2) is ... eplaced by :

K
!C~ ) =Z:(GCrJ, , ...·)qC ...')ds
'f )(;, )l

Sk

whe ... e +C~) is the potential at point ~

q is the cha ... ge density on the conducto ... su ... faces Sk

... ' is the vecto ... f ... om the o ... igin to the sou ... ce point

G is the app ... op ... iate G... een's function

The second method is to solve Laplace's equation nume ... ically

by means of finite-diffe ... ence methods (4). Using T... ipos means

in fact an extension to this method by using Poisson's

equation.

The fi ... st fo ... mula app ... oximation was given by Elmas ... y C5>.

Elm as ... y di s tin g u i shes the capac ita n c e between a lin e and a

plate silicon in th ... ee pa ... allel capacitances Cfigu ... e 3.3).

/1.



C3 I_ I
C2-

T_C1 _

C1 is the conventional parallel-plate capacitance. C2 is the

capacitance associated with the two side-walls and

capacitance C3 is associated with the top-side of the con

ductor. Elmasry considers the three capacitances as three

independent capacitances in parallel~ neglecting the inter

action between the equipotentials. For capacitance C1 the 10

relation applies:

C3 .4).

For calculating C2~ the side-wall conductor is partitioned

into wires of thickness dx and a distance x from the silicon

bulk. This leads to

x.:.H+T

C2 = 2f f~/i07t / x. d x = 2 £0 EOlCI n CI +T / H )
;t.: f(

In the same manner, capacitance C3 is derived

C3 • 5 )

C3 = 2 £. E.oJCTIn C1+W/ 2 CT +H )}/H C3 • 6 )

For the total capacitance between line and substrate follows:

C Cl = 1+2H / W InCl+T / H )+ 2T/W In Cl+W/2CH+T ) ) C3 • 7 )

IJ



Elmasry concludes that this empirical formula leads to errors

of less then lOY. comparing with calculations based on the IE

(see above).

A second formula was proposed by Sakurai and Tamaru (6). This

empirical formula was based upon the subarea method in which

the charge density on a subarea was supposed to be constant

(8). This formula reads:

/ /
lJ.I.U )

C =£.fol. I • I 5 W H . + 2. 80 (T H ) (3.8)

The relative error should remain within 6X for 0.3 < W/H <

30 and 0.3 < T/H < 30. The first term of this formula could

be considered as the contributions from lower and upper sur

faces of the line, while the second term represents ~he side

wall contributions.

Greeneich (7) proposed a third formula approximation.

Greeneich expresses the capacitance between a line (or gate

electrode) and a semiconductor surface in two components. The

first component is the geometrical capacitance Co~ directly

beneath the 1 i ne and the second component represents the

fringing capacitance Cf. C~ is the parallel-plate formula:

( 3 • 9 )

The formulation of Cf is derived by transforming a rectangu

lar line and bulk (figure 3.4) by means of

Schwartz-Cr i stoffel transformat i on and us i ng a logar i thm i c

pot en t i a 1 t ran sf 0 r mat ion to cal cuI ate flu x . C.f con t a ins

three components (figure 3.'(): 1. C" representing the con

tribution bounded by the flux lines +1 and ~l' 2. C1 , the

con t rib uti 0 n b 0 un d e d by the flu xli n e s ~J. and ~J and 3. the

con t rib uti 0 n b 0 un d e d b y the flu xli n e s ~3 and ~..,.



figur"e' 3.4

These components wer"e calculated as follows:

C, =(f.oE.l>X/rt}(2- In (4)- In ( 1- 2 exp(-2&»)

wher"e e = 1+ TtW /2H

Ct = ';;''J'ln (a)

(3.10)

(3.11)

+ 2 K
2

-1 wit h K = 1 + T/H

C:l =

wher"e u is der"lved fr"om

£0£." In (u/a)
7t'

(3.12)

ltW/2H=R( a - 1 ) I( R1_1 ) a 111 + 1n ( ( a'lt R+1 ) / ( a '11. R- 1 ) ) 

( a + 1 ) /2 a 9~ 1 n ( ( R+ 1 ) / ( R-1 ) )

with R = ((u-1)!(u+1»

For" the total capacitance follows:

in which

Cf = Eo. E-.':y and y = 2 ( C, + C j, + CJ )

(3.13)

(3.14)

IS"



Greeneich compared results obtained with this formula with

results published in (6) and concluded that the relative er

ror of this formula remains within 5X for 1<W/H<100 and

0.1<T/H<10

Finally, Dang and 5higyo (4) published results based on a

numerical analysis of Laplace's equation. The two-dimensional

Laplace equation was numerically solved for the potential

distribution and the normal component of the potential gra

d i ent is then i ntegrated aroun~ the conductor to obta i n the

total charge of the conductor using, the Gauss theorem. The

results were compared with results obtained with the method

based upon the IE and showed good agreement.

For the sake of completeness, Chang (11) introduced-an ana

lytical formula using approximate conformal mapping tech

niques constructed from the 5chwartz-Cristoffel

transformation. In the derivation of this formula, the

thickness of the line was taken much smaller than the width

of the line and the distance between the line and the bulk.

The dimens'ions used here don't apply to this condition. Be

cause of this, we won't consider this formula here.

3.3 Results

The structure of figure 3.1 was implemented in Tripos with

the distance H between the line and the substrate varied. The

values used for H were 0.6 - 1.0 - 1.5 - 2.0 2.57 um.

The structures described in this report, are investigated for

use in memory-elements. A line above substrate will normally

function as a bit- or word-line. So, the voltage of the line

will switch between two specific values. Because of this, we

shall calculate the capacitance between the line and the

substrate using two specific values ( 0 and 1 Volt) applied

/6



on the line. The voltage on the substrate wi 11 be kept at 0

Volt. As explained in the preceding chapter, this leads to a

relative bad approximation of the capacitance between the

line and the substrate, since A V doesn't approach zero. We

shall discuss this further in the next paragraph.

In fi g ur e 3 • 5 , a plot i s g i ve n of the per mit i v i t y wh i c h

identifies the used material input of Tripos. The plot is

drawn in mesh-space. This means that all the meshes are drawn

in the same dimensions although in reality, the meshes have

complete different dimensions. In the rest of this report the

3D plots are always given in mesh-space unless otherwise is

mentioned (The possibility of plotting in real space didn't

function).

800pm

z: e.lu la +. eee

figure 3.5

'1



Figure 3.6 to 3.10 give the results of Tripos, calculated

with H = 0.6 um and using the Boltzmann approximation in the

substrate. The applied voltages were 1 Volt on the line and

o Volt on the substrate.

In figure 3.6A, a 3D plot is given of ~he y-component of the

electric field (EY). Figure 3.6B gives a 10 plot of EY verses

Y along the lines drawn in figure 3.6A. The first line lies

midway the conductor, the second line lies just next to the

conductor in the silicon oxide. The third line lies further

away from the conductor in the silicon oxide.

As can be seen in figure 3.6A, the EY component increases

when moving from the centre of the conductor to the corners

just under the conductor in the silicon oxide between the

conductor and the substrate. This is so, because the charges

wi 11 move away from each other as far as possible!.. so that

the internal electric field in the conductor becomes zero.

So, there will be more charge in the corners of the conductor

than in the rest of the conductor. Field 1 i nes are always

perpendicular with the surface of a conductor. However the

corners are the only points which have a y and x component

of the electric field in the silicon oxide. These components

define the surface charge. So also from this point of view,

we can conclude that the corners of the conductor will con

tain more charge because the resultant electric field is

larger than at any other place along the surface of the con

ductor. Along the top line in the bulk, the EY component in

the centre of the bulk is at maximum and decreases when mov

ing to the sides. This can be eXPlained as follows. Assume

that the conductor contains charge only at the lower surface

of the conductor, so it can be replaced by a line of finite

length (figure 3.6). If the line has a constant charge den

sity, the electric field at the bulk can be calculated by

integrating all contributions from line-pieces ds to a cer

ta i n po i nt in the bulk. When we look at the centre of the

bulk, the contributions from the left part of the line in x

direction will be eliminated by the contributions of the
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right part of the line leading to a maximum EY component

(figure 3.6~) The further we mova away from the centre of the

line, a point ds will contribute less to EY because of in

creasing distance.

ds

figur-e 3.6'

L0 0 kingat a poi n t P, for e xamp I e ( fig u r- e 3 • 6'B ), the con

tr-ibutions of the lineparts laying fur-ther- away will diminish

because of the i ncreas i ng distance, lead i ng to lower- con

tr-ibutions of the EY components. Besides, a EX component will

arise because contributions of the left side are not longer

compensated by contr-ibutions of the right side of the line.

The charge density along the line is not constant as we have

seen, but increases when moving to the corners. From the re-

sults of Tripos can be concluded that th is increase of

charge density is overruled by the increase of distance to

the points of the line so that the EY component in the centre

of the bulk is at maximum. Moving up along the sidewalls

decreases the EY component. This is mainly caused by the in

crease of the distance to the substrate. At the top corner~,

the EY component has changed of sign. This means that at this

point the EY component points at the other direction (up

wards). Along the top wall, the EY component decreases when

moving to ~he centre of the line, because the distance to the

substrate through the silicon oxide along a field line in-

creases.
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Figure 3.7A shows the x component of the electric field.

Along the same lines as with EY, a 10 plot is given in figure

3.7B. The difference of direction of the two EX portions show

the different direction in which they point (+x resp. -x di

rection). Moving up along the side walls, the EX component

first decreases due to the increase of distance to the

substrate. Then EX increases because of the near i ng of the

top corners. The behaviour of EX component between the con

ductor and the bulk has just been explained, discussing the

EY component.

Figure 3.8A gives the total electric field and in figure

3.8B ET verses Y along the same lines as with EY and EX is

given. The magnitude of ET at the corners of the line confirm

the importance of the corners. In correspondence, the cor

ners contain additional charge. This can be seen in- figure

3.9A in which PH ( = p - n) is depicted. In Tripos , charge

in a conductor is described with p. Figure 3.9B shows a 10

plot of PH versus Y along the line just at the border of the

conductor. Figure 3.9C shows PN verses X at the border of the

conductor and in the top line of the bulk. Because of the

maximum EY field in the centre of the bulk, the bulk's de

pletion is at maximum here, while the maximum of the charge

in the conductor doesn't lie precisely opposite this maximum

depletion, but in the corners of the conductor. The dis

tortion in figure 3.9 and C arise by the manner in which PN

(p-n) is calculated in the silicon oxide. We shall discuss

this in appendix 1.

Finally a plot of the potentials (UU) is given in figure

3.10. The 10 UU verses Y characteristics in figure 3.10B are

given on the same lines as with EY.Figure 3.10C gives a con

tour plot of the potentials.

The capacitances were calculated using the depletion approx

imation. The errors compared with solutions obtained with the

Boltzmann approximation remain within 1%. The results ob

tained with Tripos and the results calculated with the for-
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figure 3.7A x-component of the electric field (E~)
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figure 3.9A free-carrier concentration (PN • p-n)
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figure 3.10A Potentials (UU)
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mulas of Sakurai, Elmasry and Greeneich respecti vely are

given in table 3.1 and plotted in figure 3.11.

H (um) Elmasry Sakurai r • e . ~ Green- r • e • ~ Tripos

Sak. eich Gre.

0.6 1.621 1.768 7.6 1.603 2.4 1.643

1.0 1.020 1.385 7.6 1.218 5.4 1.287

1.5 0.699 1.167 9.9 0.996 6.2 1.062

2.0 0.532 1.045 13.0 0.873 5.6 0.925

2.57 0.418 0.955 15.1 0.784 5.5 0.830

table 3.1 Capacitances in picoFarad/em.

Column 4 and 6 of table 3.1 show the relati ve errors of the

for mu 1 a s 0 f Sa k u r a ian d Gr e e n e i c h res p • ve r s l! s Trip a...s . I n

figure 3.11 are also the results of the parallel plate for-

mula given. This figure confirms 'that the parallel plate

formula indeed leads to severe errors. As the distance be

tween 1 i ne and bulk increases, the capac i tance between 1 i ne

and bulk decreases as expected. Besides, it can be seen that

with increasing H the contributions of the side and top walls

decreases also, because the absolute di fference with the

parallel plate formula diminishes. The Elmasry formula leads

also to severe errors. The maximum relative error compared

to Tripos is even 49.6~. Also' the formula of Sakurai and

Tamaru lead to greater errors than the authors claimed. The

maximum error compared with Tripos is 15.l~. This should be

at maximum 6~ according to Sakurai and Tamaru. These dif-

ferences can partly be explained by the dependence of the

capacitances on the used substrate dope and applied voltages

on the line as will be shown in the next paragraph. These

explanations, however cannot explain the total differences.

Most probably the limits given by Sakurai and Tamaru are too

optimistic. The first term of the formula of Sakurai and

Tamaru 1. 15(l.l/H) should describe the contribution of the

lower and top surface of the conductor (paragraph 3.2). Two



figure 3.11 Capacitance between line and bulk versus
H calculated using Tripos, resp. the
parallel-plate formula, the formula of
Elmasry, the formula of Sakurai and
Tamaru and the formula of Greeneich
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remarks can be made about this term. If we for example in

crease the th i ckness T of the Ii ne, the contr i but i on of the

top surface to the capacitance diminishes because the dis

tance of the top surface to the the bulk increases. This ef

fect has not been taken into account by this first term. Next

if we increase the width W of the line, then the situation

between the line and the bulk will more resemble the

parallel-plate situation in the centre of the structure. The

influence of finite width of the line on the electric field

will be diminished. With decreasing width W of the .line the

x-component of the electric field between the line and the

bulk increases so that the parallel-plate formula describes

the behaviour between the line and bulk worse. The factor

1.15 should describe the influence of the presence of the top

surface and the influence of finite width of the lin~ on the

electric field between the line and the bulk. Therefor we

must conclude that this factor 1.15 should be extended to

describe both explained aspects better.

The large errors obtained with the formula of Elmasry can

be explained easily. First the capacitance between the lower

surface of the conductor cannot be described by the

parallel-plate formula for these dimensions as we just ex

plained. Next the neglection of the interaction between the

equipotentials lead to large errors. Finally formula (3.6)

suggests that the capacitance contribution of the top surface

increases with increasing thickness T of the line. Of course

this is not possible.

The formula of Greeneich lead to relatively good results in

comparison with the results obtained with Tripos. Even when

the limits given by Greeneich are exceeded, the relative er

rors of this formula are satisfactory.' Taking the influence

of the used dope implant of the bulk into account (see next

paragraph) will increase the errors a little for small dis

t an c e H b e-t we e n t he 1 i n e an d the b u 1 k but s till the for mu 1 a

leads to satisfactory results.



3.4 The dependence of substrate dope and applied voltages on

the capacitance

When placing a conductor above a bulk of silicon, the bulk

wi 11 react as a mosfet. Increasing the voltage on the con

ductor wi 11 first deplete the bulk. Then an inversion layer

will arise at h i g he rv 0 1tag e s • The bulk dope will determine

the depletion depth in the bulk. In the preceding paragraph,

we calculated the capacitance with the applied voltages 0 and

1 on the line. In figure 3.12, the resulting change in the

charge versJ.fs the depth in the centre of the bulk is de

picted. As can be seen, the maximum change in charge doesn't

lie on the border of bulk, but lies approximately 800 X deep

i nth e b u 1k. This s ug gest s t hat we s h 0 u 1d use a n ~f f e c t i ve

distance between the line and bulk for calculating the

capacitance, instead of the real distance. Depending on the

applied voltage, the effective distance between line and bulk

will change as the bulk is in the accumulation-, depletion-,

sub-threshold or inversion-layer mode. In figure 3.13 the

charge versus the depth in the centre of the bulk has been

plotted with the applied voltage on the conductor as parame

ter. It shows how the depletion charge developes with in

creasing voltage and when Y becomes greater than 3.5 Y., an

i nvers i on layer ar i sese From th i s p lot can be seen, that the

effective distance' between line and bulk alters with applied

voltage. Figure 3.14 shows the capacitance between the line

and bulk versLls voltage. The capacitances have been calcu

lated by increasing the applied voltage 0.01 Y in the second

simulation.

If we increase the dope of the bulk, the depletion depth in

the bulk wi 11 decrease, and the threshold voltage wi 11 in

crease. In figure 3.15 the charge verses depth in the centre

of the bulk is depicted, using dope 1.5e16/cm3 in the bulk.

In this figure, the same x-axis lettering is used as in fig

ure 3.13, to show the difference in depth which is depleted,
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••
figure 3.12 Change of charge versus depth in the

centre of the bulk.
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when a higher dope implant is used. Besides it can be seen

that higher voltages are needed to get an inversion layer.

So the effective distance between line and bulk approaches

the real distance between line and bulk when the bulk dope

is increased. The results of the capacitance calculations

with dope 1.5e16/cm3 are also given in figure 3.14. Also

the capacitances are given when the dope implant is increased

to 1e18/cm3 and when the bulk is replaced by an infinite

plate of a coriducting material. The figure shows, that with

increasing dope, the capacitanc~ approaches more the formula

of Sakurai and Tamaru, and becomes less dependent on the ap

plied voltage. The higher the dope implant gets, the less

thick the depletion depth gets. With decreasing depletion

depth, the relative smaller the effective distance between

1 i n e and b u 1 k a 1 t e r s wit h c han gin g the a p pI i e d -v 01 tag e •

Figure 3.14 shows, that within the given voltage range, the

relative error remains within 6~ for the used dope implant

1.5e16/cm3 and higher. For dope implant 1.5e15/cm3, the rel

ative error remains within 6~ depending on the applied volt

age on the conductor. Replacing the bulk by an infinite

plate of a conducting material, gives capacitance C =
8.310E-6 with H = 2.57e-6. This means that the difference

with the formula of Sakurai and Tamaru sti 11 remains 15.0~

with H = 2.57E-6. This means that the total difference be

tween Tripos and the formulas cannot only be explained by the

used dope implant as said in the the preceding paragraph.

Taking the influence of the used dope implant of the bulk

into account will diminish the relative error of the formula

of Sakurai and Tamaru a little and leads to small increase

of relative error for the formula of Greeneich.

Comparing the capacitance calculations based on a voltage

change of 1 Volt or 0.01 Volt shows that the maximum differ

ence remains within 5~.



H4 THREE LINES ABOVE AN INFINITE PLATE

4.1 Introduction

Figure 4.1 shows the structure on which we now pay attention.
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figure 4.1

Here we consider the situation of three lines E, F and G

(thickness T = 1.1 um and ~"jidth W = 1 um) abo'le an infinite

plate 0 made of a conducting material with thickness 0.6 um~

and the situ~tion of three lines c:bove an infinite plate 8

made of silicon with a boron implant of 1.5e15/cm3 and a

thickness of 800 um. First the influence on the capacitances

between E&F (~~hen 0 present), E&D, F&D, E&F (~,zhen 0 removed),

F&B and E&3 by changing the interspacing S between the lines

will be considered. The cClpacitance between G and the other

elements need not to be considered here because due to the

symmetry they are the s~me as the capacitances between E Clnd

the other elements. Next we look at the consequences of

eliminating the symmetry by varying the width WR of the right

line. Finally i f o i s removed we shall consider the

capacitances between E&F, E&B and F&B varying the distance H
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between the lines and the bulk, using two different inter

spacings between the lines.

The capacitances are derived from charge calculations with

Tripos in 2 dimensions in the depletion mode. In a first

simulation, the voltages applied on the lines are: VE = a
v.; VF = a v.; VG = a V. In a second simulation, the voltage

of line F is changed to 1 V. From these two simulations the

capacitances between DCB)&F and E&F can ;be calculated, con

sidering the change of charge in resp. DCB) and F.

C4.1)

In a third simulation, the applied voltages on E and G are

changed to 1 V. Combining the results of the secon~ and the

third simulation leads to the capacitance between E&DCB),

namely:

C4 • 2 )

As in this problem the mutual relation hold

C4.3 )

the capacitances can also be calculated with

C4.4)

with x, y = E, D, F, B or D. When the right line doesn't have

the same width as the other two, the last method was used to

calculate the capacitance between G&DCB) and F&DCB). The

capacitance calculations based upon a smaller change of

voltage in order to get a better approximation of the

capacitance, as described in the preceding chapter, won't be

considered here.



Sakurai and Tamaru (6) described also an empirical formula

for this situation. This formula gives the total capacitance

CT = Ce, + C~F + Cot,)P = 2C.F + Ct"'JF) of the line in the

middle per unit length:

D 11,2 _1.Yf
CT= C +2( 0.03W/H + 0.83T/H -0.07(T/H)· »(SJH)(4.4)

where formula C is described by formula (3.8), It has been

claimed that the relative error of this formula should remain

within 10% for 0.3< W/H < 10 , 0.5< T/H < 10 and 0.5 < S/H <

10. This formula can be interpreted physically as follows.

The first term C is the single line capacitance. The second

term ar i ses from the contr i but i on of the upper and lower

surface of the line. The third term represents the coupling

effects between the side-walls of the adjacent lines. The

last term is for the reduction of the capacitance to bulk due

to the side-walls. This formula only describes the situation,

in which the width and thickness of the lines are all the

same. In addition the distance of the three lines to the

plate should be the same for all the lines. The line in the

middle shields the left line from the right line. Because of

this, the capacitance between the lines E&G can be neglected

in comparison with the other capacitances.

4.2 Effects on field and free-carrier density by adding ad

jacent lines

As described in chapter 3, the capacitance between a line and

a plane surface is not only given by the lower surface of the

conductor, but also the sidewalls and the top surface con

tribute to the capacitance. By placing twa lines adjacent to

one line, the contributions of t~e sidewalls and top surface

are diminished because the adjacent lines partly shield the

field lines of the top surface and side walls from reaching



bulk. So the capacitance between middle line and the bulk

wi 11 decrease. Also the capacitance between the adjacent

lines and bulk will be lower than the capacitance between one

line and bulk because these lines are shielded from one side

by the middle line. The coupling capacitance between the

lines arises from contributions of the side walls and of ex

tra contributions of the lower- and top walls of the lines.

In addition the left side of the left line contributes a

little on the middle line, just like the right side of the

right line contributes a little on the middle line. The right

side of the middle line however, hardly contributes to the

left line because of the shielding effect of the right line.

The presence of the bulk wi 11 partly shield the field lines

of the lower- and the outside walls of the side lines from

reaching the middle line. So the presence of the balk leads

to a decrease of the inter-line capacitances.

Figure 4.2A illustrates the regIonal and material input of

Tripos in the form of the permitivity with the plate

aluminium at a distance H = 0.6 um, while figure 4.2B shows

the situation with the plate aluminium removed and the bulk

at a distance of 0.6 um of the lines. The interspacing 5 be

tween the lines in figure 4.2 is 5 = 1 um. We shall look at

the output of Tripos with the aluminium plate removed and the

bulk at a distance H = 0.6 um of the lines.

Figure 4.3A shows EY when the applied voltages on the lines

are resp. V = 0 Volt, V = 1 Volt, V = 0 Volt. Figure 4.3B

gives EY versus y along the lines indicated in figure 4.3A.

The first line lies in the centre of the middle conductor.

The second line lies just near the middle conductor in the

silicon oxide. The third line lies just nElxt to the outside

conductor in the s iIi con ox i de between the two conductors.

The fourth line lies in the middle of a outside conductor and

the last line lies just next to the side line in the silicon

oxide on the outside of the structure. A comparison with

figure 3.6 shows that the situation between the middle con-
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figure 4.3A y-component of electric field (EY)
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figure 4.3B EY versus y along the lines indicated in fig. 4.3A

figure 4.4A x-component of the electric field (EX)



ductor and the bulk is hardly changed. In the oxide near the

adjacent top-corners however, the inter-coupling effect of

the two adjacent lines can be seen clearly by the opposite

peaks at the adjacent top corners. E~ between the lines is

reduced because field lines of the upper part of the side

walls cannot longer reach the bulk due to the shielding of

the adjacent lines. The E!f component at the top surface of

the lines arise due to the inter-coupling effect of the top

surfaces of the adjacent lines. Figure 4.4A gives EX with

corresponding 10 plot in figure 4.4B. In comparison with

figure 3.7 shows that the magnitude of EX is increased in the

o x ide bet we en the lin e s due tot h e i n te r - c 0 up lin g e f fee t 0 f

the adjacent lines. In the oxide near the outside walls of

the outside conductors peaks can be seen due to field lines

coming from the bulk. Figure 4.5 gives the total -electric

field ET. The two electric field components lead to maximum

peaks near the lower corners of the middle lines. Of course

in the oxide near the top corners much smaller peaks arise

because the inter-action with the bulk is much lower. In the

oxide near the inner lower corners of the side lines a small

resulting electric field arises because the resulting field

lines here are determined by the middle line and the bulk and

partly eliminate each other. This is so because the surface

potential in the bulk is negative due to the built in voltage

over the bulk-conta~t bulk region, leading to a positive in

duced charge in the side line due to the bulk and a negative

induced charge due to the middle line. The electric field

near the inner top corners of the side lines is determ i ned

by the middle line leading to a higher contribution than in

the lower inner corners of the side' lines because here the

influence of the bulk can be neglected. In the ox i de near

the outer lower corners a peak arises due to the inter-action

wit h the b u I kwh i len ear the 0 ute r top cor n e rs h Cl r d I y any

contribution in electric field can be seen because both the

influence of the bulk and the middle line can be neglected.

The resulting free-carrier distribution PN (figure 4.6) is



I I
At. ~iol~, f ~tOl r I

fx(V/cm) 1: I I
Ir~,I I I '"\.4

I f I \.'\.

).-
I ,I 'e

ISO • I
1

,..

~l)Jtn
)

1.;- .t t.S' 3 JS .y +,T $"

S'i

1



fiqure 4.5
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total electric field (ET)

figure 4.6A free-carrier concentration (PN _ p-n)
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evident because it follows directly out of the total electric

field.

clear.

The correspondence of the figures 4.5 and 4.6 is

Figure 4.6B shows PN versus y along the following

lines: the first line lies on the border of the middle line.

The second line lies on the border of the side line opposite

the middle line. The third line lies on the other boundary

of the side line. Figure 4.6C shows PN versus x along the top

line in the bulk and on the lower boundaries of the lines.

The figures 4.7 to 4.10 give the results of Tripos when the

applied voltages on the three lines are all 1 Volt. Figure

4.7 shows the reduction of EY by the shielding of the adja

cent lines in the reduced peak at the inner corners of the

lines. Comparing with figure 4.3 observe that EY between the

lines is increased due the extra field lines coming f~om the

out sideli n e s • Fig u r e 4.8 s how s t hat bet wee nth e 1 ill e EX i s

reduced (Compare with figure 4.4) because on the lines the

same voltage is applied. The remaining EX portions arise from

field lines going to the bulk. The shielding of these field

lines is clear because the magnitude of EX is clearly greater

at the corners on the outside of the side lines than at the

other corners. The total electric field ET and the

free-carrier concentration PN are respectively given in the

figures 4.9 Clnd 4.10. The 10 plots are given along the same

lines as in figures 4.3 to 4.7.

4.3 Influence of altering dimensions

4.3.1 Varying the interspacing

Increas i ng the i nterspac i ng between the 1 i nes leads to the

following effects. The shielding from an adjacent line is

diminished because more field lines are able to reach the

bulk. So the capacitances between the lines and the bulk will

increase and will more approach the capacitance between one



figure 4.7A y-component' of the electric field (EY)
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figure 4.9 total electric field (ET)

figure 4.10A free-carrier concltration (PN ~ p-n)



J
;

~"- '1{}4m)",
Ill.

't!t"' )i

I I.f 2 1.S" i" ¥.tt 5

figure 4.10B PN versus y along the lines indicated in fig. 4.10A

• II

-10 -7-c -s -u -"

~. I

.,.1' "".0

•

figure 4.10C PN versus x along the lines indicated in fig. 4.10A



line and the bulk. The interline capacitances decrease be-

cause of increasing distance between the lines. The influence

of the upper-, lower-, and outside surfaces will loose im

portance. In tab Ie 4.1 and in figure 4.11 the capac i tance

value obtained with Tripos are given versus interspacing 5.

Tabel 4.1A gives the capacitances with a plate aluminium at

a distance H = 0.6 um to the lines. Tabel 4.18 shows the re-

suIts when the plate aluminium is removed leaving the

substrate at a distance H = 2.57 um of the lines.

& H= o. 6 um §H = 2.57 um

S (um) CdF Cd&" C'F CIF C8f' CII,

1 1.046 1.451 0.594 0.284 0.553 0.731

1.3 1.133 1.497 0.454 0.315 0.588 -0.571

1.7 1.230 1.548 0.337 0.355 0.594 0.467

2.2 1.325 1.599 0.244 0.402 0.621 0.367

2.6 1.388 1.633 0.193 0.438 0.641 0.309

table 4.1 Capacitances in pF/cm.

The differences between the two situations (see figure 4.11)

are clear. The capacitance between the lines and the bulk (

'1sf' & C8S:) issmall e r t han the cap a cit a n c e bet wee ntheli n e s

and the pIa tea 1 umin i um CDr & CD~) be c auset he dis tan c e

between the lines and the bulk ( H = 2.57 um ) is larger than

the distance between the 1 i nes and the plate alumi n i um (H =
0.6 um). In the preceding chapter we have seen that the

contributions related to the top- and side-walls become less

important with increasing distance to a plate. 50 in the case

of H = 2.57 um the contributions of the side-walls of the

lines to the capacitances are smaller than when H = 0.6 um

and a change in interspacing will relatively lead to a

greater change in capacitance when a plate lies nearer to the

capacitance characteristics versus

lines. This explains the difference

and

in slope of the

the

S3
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capacitance characteristics Cal' and CSF ' Of course, CSE is

larger than C~ and Co~ is larger than CD~ because the middle

line is shielded from two sides while the side lines are only

shielded from one side. This also explains the different

slope of resp. C'F verses

= 0.6 um is smaller than

shielding of the bulk on

e.~ and COf' verses

e'F w;th H = 2.57

th is capac i tance

COF' e,~ wit h H

um because the

is in the first

situation larger. With increasing interspacing the influence

of the top-, lower- and outside walls of the lines on the

inter-line capacitances diminishes. When the shielding of the

bulk is less, the influence of increasing the in~er-spacing

leads to a relative larger decrease in the contribution of

the sewall s. This i s why t he s lop e 0 f elf, wit h H = 2. 57 um

is a little steeper than when H = 0.6 um.

From the results of Tripos we calculated the total

capacitance CT in order to compare this with the proposed

formula of Sakurai & Tamaru. In tuble 4.2 and figure 4.12 the

results obtained with Tripos and the formula of Sakurai &

Tamaru are given. Also the re lat i we differences between the

two calculations versus the results obt~ined with Tripos is

given.

B
S (um) H = o• 6 um ~ = 2.57 um

Sakurai Tripos r • e • Sakurai Tripos r . e •

1 2.287 2.234 2.37 Yo 1 . 711 1.745 1. 95 Yo

1.3 2.133 2.040 4.56 Yo 1.487 1 .491 0.40 Yo

1.7 2.023 1.903 6.31 Yo 1.327 1.288 3.00 Yo

2.2 1.949 1. 813 7.50 Yo 1.218 1.135 7.31 .~'.
2.6 1 . 912 1.774 7.78 Yo 1.165 1 .056 10.32 y.

table 4.2 Capacitanes in pF/cm.

Considering at the limits of the formula of Sakurai & Tamaru

given in the preceding paragraph, the relative error of the

formula should lead to errors bigger than 10 y. when H = 2.57
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figure 4.12 Total capacitance CT calculated using Tripos resp.

the formula of Sakurai & Tamaru
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um. Table 4.2 shows however, that only for the point S = 2.6

um the relative error exceeds 10 %. In all other points (also

for H=0.6 urn) the relative error remains within 10 %. This

is quit a remarkable conclusion because the relative error

of the formula for one 1 i ne leaded to much bigger relat i ve

errors (see paragraph 3.3) and this formula is also used in

the descr i pt i on of three 1 i nes above a plate. Considering

the low relative errors in. table 4.2 leads to the conclusion

that the formula of Sakurai and Tamaru describes the total

capacitance better when the total capacitance is more deter

mined by the interline capacitance ( so when a smaller
I

interspacing between the lines is used), Since the formula

of Sakurai and Tamaru for one line above a plate should be

improved (see preceding chapter) and this formula is a part

of the formula of the total capacitance CT. the improvement

of the first formula also leads to an improvement of the

formula of CT.

4.3.2 Varying the width of the right line

When the width of the right Ii ne is increased, the

capacitance between the right line and the middle line is

slightly increased because the top surface of the right line

will have more influence on the middle line. Depending on the

distance between the lines and the bulk also the influence

of the lower surface of the right line will increase. 50 the

capacitance increases more when the plate (silicon or

aluminium) lies further away. At a certain point the increase

of the width of the line will have hardly any influence be

cause the distance of the added line surface lies further

away of the middle line. On~y the capacitance between the

right line and the bulk increases further. The results with

interspacing 5 = 1 um are given in table 4.3 and are depicted

in figure 4.13. Increasing the interspacing reduces the in-

fluence of increasing the width of the right line on the

capacitance between the middle line and the right line. The



capacitances in the situation of interspacing S = 1.3 um and

S = 2.6 are ~esp. given in table 4.4 and 4.5 and figure 4.14

and figure 4.17.

fJJ H = 0.6 um ~H = 2.57 um

WR (um) Cc:lF Cdg Cqp C'F C,g CIF'

1 1.046 1.451 0.594 0.284 0.553 0.731

2 1.038 2.035 0.602 0.275 0.697 0.739

4 1.035 3.190 0.602 0.271 0.968 0.743

8 1.035 5.493 0.605 o .271 1.503 0.744

16 1.035 1.001 0.605 0.271 2.572 0.744

table 4.3 Capacitances in pF/anS = 1 um

H = o .6 um H = 2.57 um

WR Cum) Cd.r: Cdi C5~ C'F CEIS' CtJF

1 1.133 1.497 0.454 0.315 0.571 0.588

2 1.127 2.080 0.460 0.304 0.714 0.592

4 1.124 3.235 0.463 0.304 0.986 0.599

8 1.123 5.538 0.464 0.304 1.520 0.600

16 1.123 1 .014 0.464 0.304 2.589 0.600

table 4.4 Capacitances in pF/"",S = 1.3 um

H = o• 6 um H = 2.57 um

WR Cum) Cd~ CdC( CC;~ C'I: Csg C,~

1 1.388 1.633 0.193 0.438 0.641 0.309

2 1.384 2.216 0.197 0.433 0.783 0.314

4 1.382 3.370 0.199 0.431 1.053 0.316

8 1.382 5.673 0.199 0.431 1.588 0.316

16 1.382 1.028 0.199 0.431 2.657 0.316

table 4.5 Capacitances in PF/""S= 2.57 um

58



figure 4.13A Capacitances versus width WR of the right line.
rnterspacing 5 - 1 urn.
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figure 4.14A capacitances versus width WR of the right line.
Interspacinq S - 1.3 urn.
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figure 4.15A capacitances versus width WR of the right line.
Interspacing S - 2.6 um.
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figure 4.15B Detailed plot of figure 4.15A
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In figure 4.16 the capacitances versus width of the right

line are given with the interspacing as parameter in the case

a plate aluminium is placed at distance 0.6 um of the lines.

The influence of different interspacing on the shielding is

evident.

4.3.3 Varying the distance between the bulk and the lines---------- -

Finally we consider the influence of altering the distance

between the lines and the bulk for two different in·ter

spacings S = 1 um and S = 1.3 um. The results are given in

table 4.6 and depicted in figure 4.17.

S = 1 urn S = 1.3 um

H ( um) C C C C C ..c
0.6 0.980 0.599 1.373 1.066 0.458 1.413

1.0 0.647 0.646 0.999 0.713 0.503 1.034

1.5 0.454 0.684 0.772 0.504 0.541 0.800

2.0 0.352 0.710 0.645 0.392 0.562 0.667

2.57 0.284 0.731 0.553 0.315 0.588 0.571

table 4.6 Capacitances in pF/on .

Decreasing the distance between the lines and the bulk will

inc reaset he cap a cit an c e s C
SF

and Calf. The e f fee t 0 f the

side- and top walls becomes larger with decreasing H and so

the influence of shielding by the adjacent lines becomes more

significant. This explains the increasing slope of the

capacitances characteristic with decreasing H. Decreasing H

will also lead to a greater shielding of the inter-line

capac i tances so that these capac i tClnces decrease. As ex

plained earlier, the shielding of the bulk becomes less im

portant with increasing interspacing because the influence

of the top and lower surfaces become less. In table 4.7

and figure 4.18 the tota I capac i tance CT is shown obta i ned

with the results of Tripos and the formula of Sakurai &

6s



figure 4.16 Capacitance versus width WR of the right line
with the interspacing S as parameter
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figure 4.17 Capacitances versus distance H between the lines
and the bulk for two different interspacings S.
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figure 4.18 Total capacitance CT calculated using Tripos
resp. the formula of Sakurai and Tamaru.
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Tamaru. Together with this the relative errors of the for-

mula of Sakurai & Tamaru verus Tripos are given. Again all

the results remain within 10 ~. So also in this case the

formula of Sakurai and Tamaru lead to relative good approxi

mations of the total capacitances in comparison with Tripos.

5 = 1 um 5 = 1.3 um

H (um) Sakurai Tripos r • e • Sakurai Tripos r • e •

o. 6 2.287 2.178 5.00 ~ 2.133 1.982 7.62 ~

1.0 1.987 1.938 2.53 ~ 1.808 1.718 9.00 ~

1.5 1. 837 1. 823 0.77 ~ 1.639 1.585 3.41 ~

2.0 1.762 1.773 0.62 ~ 1.550 1.526 1. 57 ~

2.57 1 • 711 1.745 1. 95 ~ 1.487 1. 491 0.27 ~

table 4.7 Capacitanes in pF/,m.



H5 TWO LINES WITH DIFFERENT DISTANCES TO A BULK

5.1 Introduction

The structure ~e now consider is depicted in figure 5.1. Two

lines are placed above bulk ( boron implant 1.5e15 and

th i ckness 800 um). The distance H.,. between the top 1 i ne T (

width 1 um and thickness 1.1 um) is HT = 2.57 um while the

distance HL between the lower line L ( width 1 um and thick

ness 0.6 um ) and bulk B is varied. The applied values for

Hare 0.6 - 1.0 - 1.37 um. In addition the distance S between

the vertical centres of the lines is varied.

lfJrn,

Hr=
2..57).I. tY)

800 ).JJfJ
B

figure 5.1

The capacitances are calculated in 2-dimensions using the

depletion approximation. In a first simulation, the applied

voltages on the two lines and the bulk are alia Volt. In the

second simulation the applied voltage on the lower line L is

changed to I Volt. From these two simulations the

capacitances between T&L and B&L can be calculated by:

C6L = 6 QS / ~ VL (5.1)



In the third simulation t.he applied voltage on the top line

T is also changed to 1 volt. Combining the results of this

simulation with the results of the second simulation gives

the capacitance between B&T :

( 5 • 2 )

S".2 Results

The results obtained with Tripos are given in table 5.1 to

5.3 and depicted jn figures 5.2 to 5.4.

11.



SCum)

o
0.20

0.40

0.60

0.65

·0.70

0.75

0.80

0.85

0.90

0.95

1. 00

1. 05

1. 10

1.15

1. 20

1. 25

1. 30

1. 35

1.40

1. 50

1. 75

2.00

2.30

2.70

3.20

3.60

0.808.

0.804

0.805

0.806

0.807

0.808

0.809

0.810

0.811

0.814

0.815

0.817

0.818

0.820

0.821

0.822

o.824"

0.825

0.827

0.829

0.832

0.842

0.852

0.866

0.883

0.905

0.921

1.003

0.999

0.999

1.000

1.001

1.002

1.003

1.004

1.005

1.007

1.008

1.010

1. 012

1.013

1.014

1.015

1.017

1.018

1.020

1.022

1.025

1.034

1.043

1.056

1.072

1.092

1.108

1.366

1.361

1.360

1.362

1.362

1.363

1.365

1.365

1.366

1.368

1.369

1.371

_1.372

1.373

1.374

1.374

1.376

1.378

1.380

1. 382

1.384

1.394

1. 403

1.414

1.429

1. 447

1.462

table 5.1 Capacitance between B&L in pFkm.



5 Cum) HL =1.31MM. HL= l.,A.&ft'I HL=o.6,A4IM

0 1.003'- 0.675 0.486

0.20 0.986 0.667 0.482

0.40 0.946 0.650 0.473

0.60 0.888 0.625 0.459

0.65 0.872 0.617 0.455

0.70 0.855 0.609 0.451

0.75 0.838 0.602 0.456

0.80 ; 0.825 0.593 0.442

0.85 0.802 0.585 0.438

0.90 0.782 0.574 0.432

0.95 0.• 763 0.565 0.426

1. 00 0.743 0.555 0.420

1. 05 0.724 0.545 0.415

1.10 0.705 0.536 0.409

1. 15 0.686 0.526 0.404

1. 20 0.668 0.516 0.398

1. 25 0.651 0.507 0.393

1. 30 0.633 0.498 0.387

1. 35 0.617 0.488 0.381

1.40 0.601 0.479 0.376

1. 50 0.570 0.460 0.364

1. 75 0.501 0.417 0.336

2.00 0.444 0.377 0.308

2.30 0.387 0.335 0.278

2.70 0.326 0.287 0.242

3.20 0.268 0.238 0.233

3.60 0.230 0.207 0.229

table 5.2 Capacitance between T&l in pF/cm.



5 Cum) HL= t.~1.~M. HI.: t,AMM. Ht.= o.6pltI.

0 o. 449. _. 0.478 0.516

0.20 0.445 0.473 0.510

0.40 0.452 0.478 0.514

0.60 0.461 0.486 0.521

0.65 0.464 0.488 0.523
. 0.70 0.467 0.491 0.524

0.75 0.470 0.493 0.526

0.80 0.473 0.495 0.529

0.85 0.476 0.498 0.531

0.90 0.481 0.503 0.536

0.95 0.485 0.506 0.538

1. 00 0.490 0.511 0.543

1. 05 0.493 0.514 j) • 545

1.10 0.497 0.517 0.548

1.15 0.500 0.520 0.550

1. 20 0.504 0.523 0.553

1. 25 0.507 0.526 0.555

1. 30 0.511 0.529 0.558

1. 35 0.514 0.532 0.561

1.40 0.518 0.535 0.564

1. 50 0.525 0.542 0.569

1. 75 0.543 0.558 0.584

2.00 0.560 0.574 0.598

2.30 0.579 0.593 0.616

2.70 0.604 0.616 0.638

3.20 0.631 0.643 0.663

3.60 0.651 0.663 0.681

table 5.3 Capacitance between 8&T in pF {em.
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* Capac i tance between the 'lower line and the bulk.

Figure 5.3 shows the capacitance between the lower line Land

bulk B with more detail than figure 5.2. In this figure five

distinct parts of the characteristics can be distinguished.

In the first part (from left) of the character i st i cs the

capacitance decreases with increasing distance between the

centres of the lines 5. This can be explained as follows.

When the lines are just on top of each other ( 5=0 ) the field

lines ~oming from the top surfa~e of the lower line are for

a great part shielded by the top line in reaching the bulk.

Only some fieldl~nes from the top corners are able to reach

the bulk (see figure 5.5Al. When increasing the distance 5

between the centres of the lines, the field lines from one

top corner are shielded much more effectively by- the top

line. On the other side however, a large part of the top

surfac~ of the lower line comes free so that more field lines

from this side of the top surface are able to reach the bulk.

Thjs is shown in figure 5.5B in which the dashed field lines

represent the vanished field lines.

J2j ~ ·;0
I .>

f

T

figure 5.5

In chapter 3 it was shown that the corners determine most of

the contribution of the top surface of a line to the

capacitance. Therefor at first instance the shielding of the

field lines of the top corner is more important than

free-coming field lines of the other side of the top surface,



leading to a decrease of the capacitance. At a certain point

the increase of the shielding of the field lines coming from

the top corner becomes relativelY less. This can be seen in

the figures 5.5 and 5.6. The region below the dotted lines

in these figures are the regions in which the charge of the

top corner has influence on the equipotential and so on the

field lines to the bulk. Increasing S decreases the region.

The fur t'h e r WoE! m0 vet h e lower lin e a way the sma 1 1 e r the

change of surface of the region becomes. The influence of

free-cpming field lines on the other side of the top surface

oft he lin e i s bee 0 min "g "m0 r e Tinpo r tan t (f i g u reS. 6 ) •

·.0J'. ,
( ..,j--.........1..4

'f
I
I

figure 5.6

This leads to an increase of the capacitance in part 2 of the

characteristics. The minimum of the capacitance character

i st i cs ( the cross i ng from part 1 to part 2 of the charac

teristic ) occurs sooner when the vertical distance (Hl)

between the lower line and bulk increases and thus the dis

tance between the top line T and the lower line L decreases

as can be seen in figure 5.3. With decreasing vertical dis

tan c e bet wee nth e t o.P - and lower lin e the s hie 1din g 0 f the

top corner is much stronger at the same distance S between

the centres of the lines (figure 5.7).

7fJ
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The difference in surface of the region below the dotted

lines is clear. This implies also that with smaller distance

(S) between the centres of the lines the shielding of the top

corner is larger and thus with smaller distance (S) between

the centres of the lines the increase of this shielding be

comes relatively less important so that the free-coming field

lines on the other side of the top surface determine the

capacitance characteristics. The slope of the capacitance

c ha rae t e r i s tic i n par t 2 inc rea s,e s bee a use wit h inc reasin g

distance (S) between the centres of the lines the shielding

of the top corner increases ever less while more field lines

on the other side of the top surface can reach the bulk. The

increase of the slope of the characteristics ends with the

passing of the right side of the lower line with the left side

of the top line T (figure s.8A).

!!J
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figure 5.8
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This is also the crossing ,from part 2 to part 3 of the char

acteristic. The increase of the capacitance is no longer de

termined by free-coming ~op surface of the line because there

was no longer top surface covered by the top line, but the

increase of the capacitance is determined by the other side

of the top surface. First the increase of capac i tance is

small because the right side of the top line shields a great

part of the field lines coming from the top surface of the

lower line (see part 3 of the character i st i cs and figure

5.7A). Then the slope of the characteristic increases because

the shielding by the top line really decreases (figure 5.78

and part 4 of the characteristic). The crossing from part 3

to 4 occurs sooner with decreasing vertical distance HL be

tween the lines for the same reason that the cross i ng from

part 1 to 2 occurred sooner. Finally the slope- of the

capacitance characteristics decreases because the further we

move the lower line L away of the top line, the relatively

smaller the decrease in shielding becomes. Of course, the

main slope of the capacitance characteristic with the small

est vertical distance <increasing HL) between the two lines

is larger because then the sh i eld i ng by the top line is

larger so that a change of the shielding leads to a rela

tively larger influence. The distance S between the centres

of the lines for which the saturation value is reached (the

value of the capacitance as if there is no other line pres

ent) has not been calculated with Tripos. From the calculated

results however a very rough approximation leads to the con

clusion that the saturation value is reached at S ~ 10 HL.

* Capacitance between the top line and bulk.

A detailed plot of this capacitance is shown in figure 5.4.

These capac i tance character i st i c show 4 parts that can be

distinguished. When the two lines are just on top of each

other (f i gure 5. 9A) the lower surface of the top line Tis

shielded by the lower line.

8,



figure 5.9

Only the lower ~o~ners contribute to the capacitance. Moving

the lower line to the right (figure 5.9B) a part of the lower

surface becomes free. The field lines of the lower corner at

the other side and the field lines coming from the sIde wall

however are now partly shielded by the lower line. At first

instance the decrease of the capacitance by the shielding of

the lower corner and the side wall is stronger in magn i tude

than the increase of the capacitance caused by the

free-coming lower surface of the top line. At a certain

point (the crossing of part 1 to 2) the increase of the

shielding of the lower corner and the side wall becomes rel

atively small so that the increase of the free-coming lower

surface of the line determines the increase in capacitance

(part 2>' The slope of the characteristic increases because

the influence of extra shielding of the lower corner and the

side wall decreases. In part 3 of the character i st i c the

slope of the capacitance characteristic increases because the

i nf luence of the left lower corner becomes aga in important.

The explanation of this is shown in figure 5.10.
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figure 5.10

The point at which the left lower corner becomes again im

portant should occur sooner as the lower line L lies further

away from the top line T as shown in figure 5.11.

HL

I S':>
t S"'-I.

f / I
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figure 5.11

The shielding by the lower line however is larger as the

lower 1 i ne approaches the top Ii ne. So a change in the

sh i eld i ng is more not i ceab Ie as the distance between the

vertical centres of the two lines decreases. Because of this

a clear difference in the cross i ng po i nt between part 3 and

4 cannot be discovered in figure 5.5. Finally the increase

in capacitance is determined by the field lines coming of the

side wall. which become able to reach the bulk (figure 5.12

and part 4 of the capacitance characteristic). The decreasing

slope of the characteristic with increasing distance between

the centres of the lines is clear. Also for this capacitance



the distance 5 for wh i ch the capac i tance saturates has not

been calculated. A rough estimation gives 5 ~ 10 VS~ + Xc-I

), in which X is the vert1cal distance between the two lines.

figure 5.12

* Capac i tance between t he two 1 i nes. The change- of the

capacitance between the lines is clear (figure 5.2). First

the capacitance decreases sharply because the overlap de-

creases. Then the decrease d i mi n i shes because there is no

longer any overlap left.

happens.

Figure 5.13 shows what in fact





H6 3-D SIMULATIONS

6.1 Introduction

3-D simulations have been done on the structures shown in

fi gu re 6.. 1. First we consider the situation (figure 6.1A)

in which a aluminium plate F with finite dimensions ( thick

ness 1.1 um, width 1 um and length 1 um) is placed above an
,

infinite plate aluminium P ( th·ickness 0.6 um ).

tance H between the two plates was varied.

The dis-

--

figure 6.1

L
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The results obtained with Tripos are compared with two pro

posed formulas. The first formula was proposed by Sakurai and

Tamaru (6), The secondo-formula is an extension of the 2-D

formula of Greeneich (7) which was discussed in chapter 3.

The capacitance between the two plates is obtained in a

similar way as in the preceding chapters. In the first situ

a~ion the applied voltages on the plates were 0 Volt. In the

second situatl'on the applied voltage on the finite plate F

was changed to 1 Volt. Combining the two results leads to the

capac i'tance

( 6 • 1 )

N~xt we consider the capacitance between two crossing lines

made of aluminium in the presence of an infini'te plate

aluminium and in the situation that the infinite plate is

removed (figure 6.1B). Both crossing lines have an infinite

length and a width of 1 um. The thickness of the top line T

is 1.1 um while the thickness of the lower line l is 0.6 um.

The thickness of the infinite plate P is O.6um. The distance

HLp between plate P and the lower line l was kept at 1 um

while the distance H between the two crossing lines l&T was

varied.

In the situation of the two crossing lines the capacitance

was obtained in a similar way as with the two plates (see

above). Adding the infinite plate aluminium the first situ

ation was done with all the applied voltages 0 Volt. Then the

applied voltage on the lower line L was changed to 1 Volt

wh i ch measure leads to the follow i ng capac i tance between

plate P and the lower line L and to the capacitance between

the top line T and the lower line L :

(6.2)



In the third situation the applied voltage on the top line T

is increased to 1 Volt leading to the capacitance between the

plate P and the top line T.

( 6 • 3 )

6 • 2 Cap a.c ita n c·g bet wee nan i n fin i t g p I ate and a fin i t e pIa t e .

Sakurai and Tamaru (6) proposed a formula for the capacitance

between an infinite - and a finite plate. This formula reads

O.U1 0.128
C=Eo EoIICI.ISLW/H+I.40CL+W)CT/H) +4.12HCT/H) C6.4)

The results obtained with this formula were compared with

published data by Ruelhi (3) based on a 3D integral equation

CI0). From this comparison Sakurai and Tamaru concluded that

the above given formula leads to relative errors within 10~

for O<W/L<I, O.S<W/H<40 and O.4<T/H<10.

As described in chapter 3, Greeneich (7) expresses the

capacitance in two terms. The first term is the

parallel-plate capacitance whi Ie the second term describes

the fringing part of the capacitance. Greeneich suggests that

the fringing part in three dimensions can be obtained by

summing the two dimensional components. So the fringing

capacitance in khe dimensions reads:

+ W ) C6 • 5 )

Also the parallel-plate formula is extended to three dimen-

sions.
r
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In table 6.1 and figure 6.,2 the results obtained with Tripos,

the formula of Sakurai and Tamaru and the formula of

Greeneich are given.

H (um) Tripos Sakurai r • e • % Green- TR/GR

eich r • e • "
0.1 0.985 0.643 34.7 0.686 30.4 1.44

0.3 0.65a 0.371 43.6 0.369 43.9 2.89

0.6 0.528 0.310 41.3 0.263 50.2 2.01

1.0 0.474 0.291 38.6 0.209 55.9 2.28

1.5 0.440 0.287 34.8 0.176 60.0 2.50

2.0 0.416 0.289 30.5 0.157 62.2 2.64

2.5 0.404 0.292 27.7 0.145 64.1 2.79

3.0 0.393 0.296 24.7 0.136 65.5 2.90

4.0 0.388 0 .. 305 21.0 0.123 68.2 ..3.15

table 6.1 Capacitances in fF.

In column 3 and 5 of table 6.1 the relative errors are given

of the formula of Sakurai and Tamaru and the formula of

Greeneich resp. versus Tripos. The last column shows the ra

tio between the results obtained with Tripos and the results

obtained with the formula of Greeneich.

As can be seen, the relative errors of the formula of Sakurai

and Tamaru are much larger than the authors claimed. The used

dimensions however don't lie within the limits given in the

preceding paragraph. Figure 6.2 shows that at a certain point

the capacitance characteristic increases with increasing

distance H between the two plates. Of course this is not

possible. Therefor we must conclude that the formula of

Sakurai and Tamaru doesn't describe the capacitance between

the two plates properly. For the points H = 0.3 - 0.6 - 1.0

- 1.5 the only limit that is exceeded is W/L. W/L is 1 while

the limit given by Sakurai and Tamaru is W/L<1. The calcu

lated relative errors for these points however lie from 30

8~



figure 6.2 Capacitance between an infinite plate
and a finite plate versus distance

- between the plates.
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to 40 ~. This is still much larger as could be expected, based

on the limits given by Sakurai and Tamaru.

The calculated result.s.. with the formula of Greeneich lead

even to much larger errors although the results of the two

dimensional description were relatively good. This is so be

cause the three-dimensional description cannot be considered

as a sum of two two-dimensional contributions as Greeneich

did. This can ~asily be explained as follows. As decribed in

chapter 3 (page 20) the x-component between one 1 i ne and a

plate (in the lO case) was no longer zero because of the fi

nite width of the line ( figure' 6.3).

figure 6.3

In fact an integration along the lower surface of the lower

1 i ne is needed to calculate the electr i c field ina certa i n

point at the top surface of the bulk. By applying now the

third dimension not only an integration is needed in the di

rection of the width of the line but also in the length of

the line, leading to a l dimensional integration ( figure

6.4), Of course this two dimensional procedure cannot be

divided in two undependent one dimensional integrations.

Further it is clear that corners of the side walls of the

plate cannot be described by simply adding the different

contributions of the different side walls. That the three

dimensional capacitance cannot be obtained by considering

this as the sum of separate two-dimensional cross sections

had already been concluded by Cotrell and Buturla (ll).



figu~e.6.4

For c I a r i f i cat i-o n , i n fig u r e 6. 2 a cap a cit a n c e c h a r act e r 

istic was added based on the 20 simulations of chapter 3 by

multiplying the results of this chapter with the length of

the plate. Of course this is a bad approximation because the

contributions of the front - and back wall are neglected.

Besides the two dimensional integral aspect described above

is not taken into account. The differences of this charac

t e r i s tic wit h the 3D res u Its howe v e r, s how the con seq u e n c e s

of taking the third dimension into account.

In figure 6.2 the parallel-plate formula is also given. The

difference between the results of this formula and the

capacitance characteristic obtained with T~ipos in comparison

with the found differences with the 20 simulation (figure

3.11) shows the necessity of the 3D simulation.

6.3 Two crossing lines ( with and without bulk )

Although we generally consider lines of infinite length, a

Tripos simulation requires finite dimensions. At the bounda

ries of each specified problem the electric field component

perpendicular to the boundary is zero in Tripos. When we

choose the outside lines far away of the structure we want

to simulate, the influence of the boundary condition of



Tripos can be reduced. ,(This was always done in the de

scribed simulations in this report). Looking at the 3D sim

ulations with infinite lines leads to capacitances which are

determined by the magnitude of the used problem description.

For example, if we look at a line of infinite length laying

above an infinite plate, an increase in the dimension of the

specified problem in the direction of the length leads to a

larger capacitance. Therefor the capacitance are calculated

versus um length of the lines. The used length of the lines

in the .simulations was 20 um.

The capacitance between two crossing lines ( bulk removed)

is given in table 6.2A while the results when the bulk is

added are given in table 6.28. All results are depicted in

figure 6.5.

H (um) Crt.

0.1

0.3

o. 6

1.0

1.5

2.0

2.5

3.0

4.0

0.0970

0.0777

0.0689

0.0633

0.0590

0.0555

0.0530

0.0507

0.0474

0.1

0.3

0.6

1.0

1.5

2.0

2.5

3.0

4.0

0.1200

0.1204

0.1212

0.1221

0.1234

0.1241

0.1248

0.1254

0.1268

0.0578

0.0388

0.0313

0.0270

0.0239

0.0217

0.0200

0.0187

0.0170

0.0947

0.0893

0.0827

0.0760

0.0694

0.0642

0.0600

0.0563

0.0505

table 6.2 Capacitances in fF/um.

In the first place it is clear that the capacitance SoL be

tween the crossing lines decreases when the bulk is added,

because the bulk shields the lines of the lower surface of

the lower line and part of the side walls in reaching the top

line. The ratio between the interline capacitance and the

parallel-plate capacitance is 36.7 when the distance H be

tween the lines is 1 um and the bulk is removed. Adding the
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figure 6.5 Capacitance between two crossing
lines with and without a plate
aluminium.
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bulk at a distance of 1 urn leads to a ratio of 9.08 between

the inter- 11 ne capacitance and the parallel-plate

capacitance.

Of course the capacitance CpL between the lower line and the

bulk increases with increasing distance H between the

crossing 11nes because the shielding effect of the field

lines coming from the top surface of the lower line by the

top line·dimin·ishes. From the results of chapter 3 it follows

that when the cii stance between the plate and the line (of

i nf in Lt.e length) is 1 um. the capac i tance between the line

and plate per 1 um length is 0.1287 fF/um. Comparing this

with the results_ of table 6.2 shows the shielding effect of

the top line on the capacitance between the lower line and

the plate.

The increase of distance between the top 11ne and ""the bulk

dete rm i nes t he dec rease oft he capac i tance CPT" between the

top li.ne and the bulk. Calculating the capacitance between a

line with infinite length and with a distance of 1.5 um to

the plate from the results of chapter 3 gives C = 0.1062

fF/um. Therefor we can conclude that the lower 11ne leads

to a decrease of the capacitance between:the top line and the

plate with a factor of about 3. The shielding of the top line

by the lower line also decreases with increasing distance H

between the lines. This is in agreement with the two dimen

sional case (see chapter 5).



H7 GATE DRAIN CAPACITANCE OF THE SHORT-CHANNEL MOSFET

7.1 Introduction

In this chapter we look at the capacitance between the gate

and the drain of a short-channel mosfet ( 2, 13, 14, 15) in

the accumulation and sub-threshold mode and in the linear

mode when the appl i ed yol tages. on the dra i n and source are

equal. With Tripos the gate drain capacitance C30 is calcu

lated using the Boltzmann approximation in 2 dimensions. The

capacitance calculation is done in a similar way as in the

preceding chapters. After a first simulation with certain

Yoltages applied on the gate-, drain-, source- and bulk con

tact the drain Yoltage is increased with 0.1 or 0.01 Volt.

Combining the results of the two simulations gives the gate

drain capacitance:

(7.1>

Before we describe the results obtained wit Tripos we discuss

some results published by several authors ( 16, 17, 18, 19,

20, 21>. We shall also look briefly at the gate drain

capacitance in the linear- and saturation mode of the mosfet.

Further we look briefly at narrow-channel effects and other

capacitances in the mosfet.

7.2 Capacitances in a mosfet

Based upon measurements and 2D simulations Iwai et.al. ( 16,

18) described some consequences of decreasing the channel

length on the capac i tance between gate and dra in and the

capac i tance between gate and source. First. we cons i der the



long channel mosfet. We look at the situation that the ap

plied voltages on the mosfet are Vo = 2 V, Vs = 0 V, Vs = -2V

while the gate voltage i~ varied (figure 7.1).

~.
\ orAi,.,
'----

(Ys

Source

'-2V.

8uLJ(

figure 7.1

Below the t h res h 0 1 d vol tag e no c han neli s for me d. CSd and C,5

result only from a sma~l gate overlap and fringing

capacitance as will be explained later. These overlap and

fringing capacitances can be neglected in comparison with the

other capacitances. When the gate voltage is increased the

mosfet enters into the saturation region and a channel is

formed. The source is connected to the channel and thus C,~

starts to increase. The channel voltage at the drain edge is

fixed at the pinch off voltage and is independent of V •

There is no connection between the channel and the drain so

the gate drain capacitance remains constant. When V9 i n-

creases further the device enters the linear region. The

drain is connected to the channel and C9d starts to increase.

The increase in C9" coincides with a corresponding decrease

inC,s sin c e the c ha r g e i nth e c han neli s now s h are d b y the

drain and th~ source. The above described effects are illus

trated in figure 7.2.
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figure·7.2

For a short channel device some aspects become important

which had no influence in the long channel device (figure

7.3),

()

figure 7.3

In the first place the overlap and fringing capacitance are

much more significant. Further the beginning of the increase

of C~, occurs at lower gate voltages because of the threshold

voltage lowering of the short channel effect ( 2, 14). Also

the boundary between the saturation and the linear region is

not clear. Related to this effect is the fact that C9d starts

to increase in the saturation region after a first decrease

o f C9d when V9 bee 0 me s I a r g e r t han the t hres hoI d v 0 I tag e .

The increase of CS~ in the linear region for a short channel

device is smaller due to the velocity saturation effect on

mobility ( 16, IS). Corresponding to this C,s appears to be



1a r g e r. The fir s t dec rea s e 0 f C,d when the gat e vol tag e b e 

comes larger than the threshold voltage can be explained by

considering the gate overlap- and fringing capacitances.

The overlap and fringing capacitances consists of the

out e r f r i n gin g cap a cit a n c e Col' the 0 ve r lap cap a cit a n c e CO"

and the inner fringing capacitance Cil (figure 7.4).

SLiLK

figure 7.4

are almost independent on channel length and bias

Cif howe ve r i s d e pen den ton the b i a s con d i t ion .

When the mosfet is biased in the linear region the drain and

Cof and Cov

conditions.

source are connected by a channel. The charge of the channel

shields the field lines of the inner side of the drain from

reaching the gate and thus the inner fringing capacitance no

longer exists. Instead a capacitance between the channel and

gate arises (figure 7.4B). This capacitance is shared by the

source and the drain. When the device is in the saturation

region, the drain is no longer connected to the channel.

Therefor in this situation a inner fringing capacitance be

tween the gate and drain exists. The channel connected to the

source and the electrons injected in the quasi pinch-off re

gion coming from the source however partly shield field lines

(figure 7.5) leading to a lower inner fringing capacitance

as in the cut off region of the device. This eXPlains why the

gate drain capacitance first decreases when the gate voltage

becomes larger than the threshold voltage.
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When a device comes into strong accumulation the accumulated

charge will also shield field lines coming from the inner

side walls of the drain from reaching the gate lea~ing to a

decrease in the inner fringing capacitance. The quantity of

the accumulated charge determines the magnitude of the inner

fringing capacitance.

A simple formula was derived by Shrivastava and Fitzpatrick

('9) for the overlap capac i tance between gate and dra i n

(source) of a mos device. The shape of the mosfet used in the

derivation of the formula is shown in figure 7.6

d

8L1/1<.

figure 7.6

The formula takes the inner - and outer fringing capacitances

into account. The formula reads:

11:>0



= ~ln( 1+X p /to.. )+c.. (d+A) t u
+2 ~ In(1+(xi/to-. )Sin(TC£.o/2 ~L»

where

A = t ox /2 (( 1-c 0 scO / sin 0( + 1- cos f3 / sinj3 )

and

(7.2)

(7.3)

I • (7.4)

The first term of (7.2) represents the contribution of the

outer fringing component. The second represents the overlap

component and the third term represents the inner fringing

component.

Iwai ( 16. 18> showed that the gate drain capacitance (de

termined by the overlap- and fringing capacitance) was nearly

constant when the dev i ce is in the cut off reg ion. Paulos &

Antoniadis (11) however remarked ( without explanation) that

the overlap capacitance is dependent on the applied voltage.

This dependence was shown by results obtained by measure

ments. The increase of the gate drain capacitance in the

saturation region was confirmed by their measurements. The

difference can be explained by the used drain source voltage

Vd$. I wa ius e d Vd~ = 2 V. and Pau los use d Vd' = 0 V. The ex

planation is given in the next paragraph where the effects

of different applied drain source voltages is illustrated by

results obtained with Tripos.

In this report no investigation is done on narrow channel

effects (:Zl). These effects however can have an important

influence on the capacitance behaviour of the mosfet. When

for example the gate voltage of a small channel mosfet is

increased. the effective channel width is changed (figure

7.7). unless this is not possible due to isolation regions.

10/
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figure'7.7

In fact this effect agrees with the described problems in

chapter 3 and 6 in which a finite plate is placed above a

bulk. The increase of channel width leads to a ince!se in C~s

and C,d be c a use the 0 ve rIa p sur fa ceo f the c han n e 1 by the

gate increases. Corresponding to this the capacitance between

the bulk and the gate decreases. When the dev i ce is in the

linear region the capacitance between bulk and gate is de

termined by the fringing capacitance of the front - and back

wa·ll of the gate. In the 2D case (6) the gate bulk capacitance

is zero because the fringing capacitances are neglected. In

the other regions the bulk gate is determined by the surface

where no channel exists. Taking the third dimension into ac

count also leads to extra electric field components in the

direction of the width of the channel. This important effect

has already been discussed in chapter 6.

The capacitances between drain (source) and bulk are de

pletion capacitances (2,13,15). Because the dope implant of

bulk and drain (source) varies along the boundary between the

bulk and drain ( source), this capacitance cannot easily be

The principal behaviour is however the same ascalculated.

described in the literature in which the depletion

capac i tance of an abrupt or 1 i near graded pn j unct i on is

discussed. When a channel is formed the bulk drain - and bulk

source capacitance increases (lb) since the charge in the

/02



channel is shared by the, source and the drain. The channel

can be considered as an extension of source and drain.

Changing the bulk voltage leads to a change of the depletion

region between the drain (source) and bulk. This leads to a

change in threshold voltage. Because of this it is clear that

the capacitance characteristics are changed when the bulk

voltage is changed.

In the mosfet the gate drain capacitance C9d is not expected

to beequa 1 tot he d r a i n gat e cap a cit a n c e C..,.r his can bee x

plained as follows. Consider the mosfet in the linear region

with the voltages applied on drain and source equal. An in

crease of the drain voltage leads to a change of charge

shar i ng by the dra i n and source. The charge in th--e channel

is now more ascribed to the source than to the drain which

leads to a decrease of drain charge. In addition the total

charge in the channel diminishes since the average voltage

drop across the gate ox i de decreases. Increasing the gate

vol tageat con s tan t Vos howe v e r lea d s to ani ncr e a s e 0 f

charge in the channel. Since the Vdg is unchanged the addi-

tional charge is shared by the source and drain equally. More

channel charge is ascribed to the drain. The magnitude of

change of charge in both situations are not expected to be

the same since the change of charge have different causes.

No calculations were done to prove this.

10]



7.3 Gate drain capacitance of a mosfet

The mosfet we consider is shown in figure 7.8.

O'1~' CU.

LoCM

at. '--'&"_--"r"--'"' 1lJ.4"Mt

figure 7.8

O·"'fltrl

The donor implants are given with positive sign while the

acceptor implants are given with negative sign. The

polysilicon gate has a width of 0.7 and thickness of 0.3 um.

The used implant is 10E20/cm3. The oxide thickness between

gate and substrate is 175 A. The junction depth of drain and

bulk is 0.25 um and the top dope of drain and source is

10E20/cm3. The side walls of the gate are taken as the mask

edges of the source and drain implant. The channel implant

is -2EI7/cm3 with a depth of 0.15 um. Further an anti-punch

through implant is used with top dope -4E16 at a depth of 0.35

um. in the bulk. The oxide spacers next to the gate have a

width of 0.6 um. The length of the drain - and source contact

are 0.9 um. The dimensions of the locos near source and drain

are given in figure 7.8. The background dope is -lEI5/cm3 and

below the locos regions channel stoppers are used with a top

dope -3E16 ~t a depth of 0.15 um. below the lower surface of

the locos. In figure 7.9 a plot is given of the dope implant.

Figure 7.98 and C gives the dope versus the depth in the bulk



along the lines depicted in figure 7.9A. The signs of

acceptor and donor implants in this figures are equal.

First we calculated the threshold voltage with Tripos. This

was done by integrating the free electron concentration in

the middle of the channel for different gate voltages. It has

been shown (22) that when the characteristic of the inte

grated free electron concentration versus the gate voltage

is interpolated to a reference of 2E10/cm2, that the gate

voltage belonging to the intersection of the interpolated

characteristic with this reference line gives a good approx

imation of the threshold voltage. The results obtained with

Tripos are shown in figure 7.10. Characteristic 1 is derived

with the voltages applied on the drain. source and bulk all

a v0 It. The res u I tin g t h res hoI d v0 I tag e i s abo ut VT~

V. In characteristic 2 the drain voltage was changed

= 0.90

to 1

Volt. Because of this the drain bulk junction comes more in

depletion. The depletion region is more extended towards the

source so lower gate voltages are needed to put the channel

region in inversion. Increasing the drain voltage thus leads

to a lower threshold voltage. Now the threshold voltage is

abo ut VTit = O. 78 v.

The gate drain capacitance Cjd was calculated with Tripos in

two situations. In the first situation the voltages applied

on the drain, source and bulk were alIa V. In the second case

the voltage on the drain was 1 V. while the voltages applied

on the source and bulk were kept on 0 V. In both cases the

gate voltage was varied. The results are given in table 7.1

and are shown in figure 7.11.
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figure 7.10 free-electron concentration in
the middle of the channel versus
gate voltage.
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figure 7.11 Gate drain capacitance versus gate
voltage of a short-channel mosfet
with source and bulk voltage VS~VB=O

and a drain voltage vn=l and VO-OV.
----
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v {V. VtA = OV. VcJ. = 1 V.

-9.0 2.52 2.75
-8.0 2.57 2.78
-7.0 2.77 2.82
-6.0 2.90 2.98
-5.0 2.97 3.08
-4.0 3.21 3.19
-3.0 3.34 3.38
-2.0 3.60 3.60
-1.6 3.75 3.71
-1.4 3.81 3.77
-1.2 3.88 3.84
-1.0 3.96 3.91
-0.8 4.04 3.99
-0.7 4.08 4.03
-0.6 4.12 4.06
-0.5 4.16 4.11
-0.4 4.22 4.15
-0.3 4.27 4.19
-0.2 4.35 4.22
-0.1 4.44 4.26

0.0 4.53 4.32
o. 1 4.60 4.37
0.2 4.68 4.43
0.3 4.77 4.48
0.4 4.90 4.51
o. 5 5.06 4.54
0.6 5.25 4.54
0.7 5.70 4.53
0.8 6.20 4.52
0.9 6.70
1.0 6.90

'1.1 7.10
1.2 7.20
1.3 7.22
1.4 7.25
1.5 7.27
1.6 7.29
1.8 7.32
2.0 7.33
2.2 7.35
2.5 7.37
3.0 7.39

table 7.1 Gate drain capacitance in pF/cm.

First we discuss the characteristic with the voltage applied

onth e dr a ; n i seq u a Ito the v0 I tag e 0 f the sou r c e ( Vd = Vs

= OV.)

From the dope implant it can be calculated that the overlap

of the drain by the gate is about 0.1744 um. When the gate

voltage .is -0.7 V. ( calculated with Tripos) no inversion

charge arises in the bulk. Incre~sing the gate voltage leads

partly to a weak inversion region near the drain and source.

The region near the drain (source) is more depleted than the

centre of the bulk. So at this place a lower g~te volt~ge

is needed to form a weak inversion layer than in the rest of

IOj



the bulk. Increasing the ,gate voltage further increases the

region where weak inversion occurs (figure 7.12).

2~.i-----

figure 7.12

In the same manner strong inversion arises first near the

drain and SOUrce. This is shown in figure 7.13. The results

in this figure have been calculated with Tripos and shows the

charge density in the top layer of the bulk versus distance

to the centre of the bulk with the gate voltage as parameter.

As a reference the dope density and twice the dope density

are also given. This figure shows that with increasing gate

voltage the overlap of drain and source by the gate is in

creased. The overlap dependence on the gate voltage explains

the dependence of the gate dra i n capac i tance on the gate

voltage in the sub-threshold region (figure 7.11). In the

linear region the gate drain capacitances becomes nearly

constant. The channel is formed so the overlap of the source

and drain is no longer increased with increasing gate volt

age. The overlap is at maximum namely the half length of the

channel since the channel charge is equally shared by the

Source and drain ( the drain and source voltages are equal).

When the gate voltage becomes lower than -0.7. V. an accumu

lation charge is built up in the bulk just below the gate

oxide. In the centre of the bulk the accumulation is at max

i mum because here we have less i nf luence of the dra i nand

source so that the voltage in the centre of the bulk can be

more influenced by the gate voltage. lower (larger negative)

/10



figure 7.13 charge density versus distance
to the middle of {he bulk with
the gate voltage as parameter.
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gate voltages are needed to arise an accumulation charge near

the drain (source) bulk junctions. Decreasing the the gate

voltage further finally- --leads to an accumulation charge in

the drain and source itself. This decreases the overlap of

drain (source) by the gate (figure 7.14) so that the gate

drain capacitance even diminishes (figure 7.11), 50 in the

whole region of the gate voltage the gate drain capacitance

depends on the applied gate voltage.

I I

figure 7.14

The formula of 5hrivastava and Fitzpatrick doesn't take the

dependence of the gate drain capacitance on the drain voltage

into consideration. We calculated the capacitance for a few

different gate voltages with this formula taking the distance

between the intersection of the charge characteristic with

the 2*dope characteristic and the drain boundary as overlap

Also we used the parallel-plate formula with

(figure 7.13),

was neglected.

For V~ = 1 V. the inner fringing component

this overlap to calculate the capacitance neglecting the in

ner and outer fringing component and the 2D effect of the

finite length of the gate. The results are shown in table 7.2

and figure 7.15.

111.



--,--------_•..~--_._--_._-_ .....

II

1

L.. ;.. ,r

figure 7.15 Gate drain capacitance versus
gate voltage obtained with
Tripos, the parallel-plate
formula and the formula of '
Schrivastava and Fitzpatrick.
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V Ov.(um) C CS'H("' r.e.C'O CThposp.tor. ,pI.

-0.7 o. 1 744 3.44 4.51 10.6 4.08

0.4 0.19 3.75 4.82 1.6 4.90

0.6 0.21 4.14 5.21 0.7 5.25

0.8 0.256 5.05 6.12 4.1 5.88

1.0 0.35 6.91 7.90 17.0 6.90

table 7.2 Gate drain capacitances in pF/cm.

In column 2 the overlap is given and column 5 shows the rel

ative error of the formula of Shrivastava and Fitzpatrick

versus Tripos. Of course the parallel plate formula leads

to great errors because of the aspects we neglected. When the

gate voltage increases however, the overlap of the-- drain by

the gate increases and the parallel plate formula describes

the gate drain capacitance better. This is clearly shown in

figure 7.15. The formula of Schrivastava and Fitzpatrick

describes the gate drain capacitance relatively good for the

gate voltages 0.4 - 0.6 - 0.8 Volt but worse for the gate

voltages 1.0 and -0.7 Volt. We must however not forget that

the overlap taken is rather arbitrary and not very accurate.

In addition the inner fringing component of the capacitance

depends on the gate voltage. The original formula doesn't

take the change of overlap and inner fringing component into

account.

Increasing the drain voltage to 1 V. leads to a different

capaci'tance characteristic (figure 7.11 char 2), In the first

place the depletion region of the drain is extended towards

the source leading to a lower threshold. This was shown in

figure 7.10. In the sub-threshold reg i on the gate dra i n

capacitance however is lower than when the drain voltage is

OV. This can be explained as follows. Since the drain voltage

isn't equal to the source voltage there is a voltage drop

along the bulk. The voltage along the bulk surface just below

the gate oxide is de,termined by the voltage drop along the
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surface due to the difference of voltage in drain and gate

and by the gate voltage. Near the drain the voltage at the

bulk surface will be larger than the gate voltage leading to

an electric field which is changed in direction and now

points to the gate. In the region where the voltage is higher

than the gate vol tage no i nvers i on charge ar i ses. So the

~verlap of the drain has not expended because of arising in

version charge. Instead some accumulation charge arises due

to the electric field. By increasing the gate voltage the

voltage difference in this region with the gate voltage di

minishes leading. to a decrease of accumulation charge in this

region. Because of this the accumulation in the drain region

diminishes leading to a small increase of overlap of the

dra i n by the gate. For a certa in gate vo 1tage the accumu

lation charge disappears in this region. Then a change of

-gate voltage determines the point where the voltage in the

bulk is equal to the gate voltage. The region near the source

is inverted and a change in gate voltage changes the exten

sion of the inversion layer (figure 7.16).

1 I__~·c__

figure 7.16

This inversion layer partly shields the inner fringing

capacitance. Increasing the gate voltage brings the inver-

sion layer nearer the drain so the inner fringing capacitance

is more shielded leading finally to a small decrease in gate

drain capacitance. When the gate voltage becomes lower than

-0.7 V. (entering the accumulation region) the 20 effect of



the potential distributio~ leads to less accumulation charge

near the drain because the resulting potential is higher.
- .-

This explains why the capacitance is larger for lower gate

voltage than when Vd is 1 V.

1.4 Gate drain capacitance of a lPP-Mosfet

The same structure as descr i be·d in the preced i ng paragraph

was used, only the dope profile was changed. The edges of the

gate were used as the mask edges of the lPP implant. The LPP

implant has a top dope of lEl8 and a junction depth of 0.25

um. The edges of the drain and source implant lie 0.25 um.
-away of the gate ( fi gure 7.17). The top dope of these i m-

plants are still 1E20 and the junction depth remain 0.25 um.

In figure 7.18 the dope implant is shown with in figure 7.18B

and C the dope implant versus depth in the bulk is given along

the lines depicted in figure 7.18A.

I 1~ ~ O.
15r

I

$ourtE (187 ~
ofAit'

0.45' ,.uM Sull(

figure 7.17

Adding the LPP structures has two important effects. First

in the processing of such a mosfet the lower top dope leads

to decrease of lateral diffusion. This means that the over-

lap (when no inversion layer exists) is smaller than without

a LDP structure. In th i s structure the over lap of the dra i n

(and source) by the drain is about 0.0755 um. ( calculated
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from the dope implant). The second important aspect is that

the dope gradient between the bulk and drain ( source) in

the channel region is diminished. This leads to a decrease

of thickness of the depletion region in the bulk so higher

gate vol tage are needed to put the channel in i nvers ion. An

increase in threshold voltage is the result. In the same

manner as described in the preceding paragraph the threshold

voltage is caiculated for drain-, source- and bulk voltage

all zero. For comparison the corresponding results for the

structure without LOO's is given by the dashed characteristic

(figure 7.19), The LOD mosfet gives a threshold voltage of

about VTH = 0.93 V. which is clearly higher as in the structure

without LOD.

The gate drain capacitance was calculated with Tripos in the

same cases as in the preceding paragraph and is given in ta

ble 7.3 and figure 7.20.
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figure 7.19 free-electron concentration in
the middle of the channel versus
gate voltage for a mosfet and a
LDD-mosfet.
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figure 7.20 Gate drain capacitance versus
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source and bulk voltages OV.
and drain voltage 0 and 1 y__



v V). V4 = 0 Vd = 1

-9.0 0.49 0.52
-8.0 0.51 0.54
-7.0 0.54 0.58
-6.0 0.57 o•61
-5.0 0.62 0.65
-4.0 0.69 0.74
-3.0 0.83 0.92
-2.0 1.18 1.17
-1.6 1. 36 1. 28
-1.4 1.45 1. 33
-1.2 1. 56 1. 40
-1.0 1. 67 1. 45
-0.8 1. 78 1. 52
-0.7 1. 85 1. 56
-0.6 1. 92 1. 59
-0.5 2.01 1. 63
-0.4 2.10 1. 66
-0.3 2.20 1. 70
-0.2 2.31 1. 74
-0.1 2.44 1. 78

0.0 2.59 1.83
0.1 2.75 1. 88
0.2 2.92 1. 93
0.3 3.11 1. 99
0.4 3.32 2.06
0.5 3.55 2.13
o•6 3.84 2.21
0.7 4.40 2.32
0.8 5.10 2.41
0.9 5.45
1.0 6.18
1.1 6.64
1.2 6.88
1.3 7.01
1.4 7.10
1.5 7.16
1.6 7.19
1.8 7.25
2.0 7.29
2.2 7.31
2.5 7,34
3.0 7.36

table 7.3 Gate drain capacitances in pF/cm.

In figure 7.20 in dashed lines the results of the mosfet

without LOO are also given. The differences are clear. In the

accumulation region the capacitance is smaller than in the

structure without LOO because the overlap is smaller as we

already explained. In the linear region the gate drain

capacitance wi 11 become equal for both structures since the

channel exists and so the overlap of the drain by the gate

becomes equal. Of course the maximum of the gate drain

capacitance is reached sooner Cat lower gate voltages) for

the structure without LOO than with LOO because the threshold

voltage of the first is lower. In the sub-threshold region
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the increase of the gate drain capacitance is larger for the

structure with LOO's than without. The relative change of

over-lap is larger as can be expected because the gate drain

capacitance should become equal in the linear region. Figure

7 • 2 1 s how s t he c h a r g e i n t he top sur face 0 f t he b u 1 k ver s us

distance to the drain. In dashed lines the results of the

mosfet without LOO's are also given. This figure shows

clearly the different dependence of the overlap on the gate

voltage. Finally the mosfet with LOO's doesn't show a de

crease in capacitance for highe~ gate voltage when the drain

voltage is 1 V. This is caused by the fact that the top dope

of the LOO structure is lower as the top dope of the dra in

in the case of no LOO's. A present accumulation charge due

to the back gate field near the drain has more influence on

a region where the dope implant is lower. So in the case of

added LOO's the, change of the gate voltage wi 11 have longer

influence on the overlap of the drain by the gate. This ex

plains why the gate drain capacitance still increases with

gate voltage in this region of gate voltages for the LOO

mosfet and not in the mosfet without LOO

7. Spacer reproducibility measurement by the gate drain

capacitance

Hiergeist et.al.

investigate the

reproducibility.

(22) described a measurement technique to

spacer reproduc i b iii ty in terms of overlap

The method is based upon the dependence of

change of the spacer thickness on the overlap capacitance

between the drain/ source and the gate (figure 7.22).
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figure 7.21 charge density vesus distance
to the middle of the bulk with
the gate voltage as parameter
for a mosfet and a LDD mosfet.
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figure 7.22

Hiergeist uses in this measurement the mosfet in strong ac

cumulation and when the drain voltage is equal to the source

vol~age so that the inner fringing capacitance of drain and

source can be neglected. The principle of the measurement is

shown in figure 7.23.

IJ.....----<
-r~===::t::=~::::;_,

--
figure 7.23

The measured capacitance can be divided in three components,

namely: 1. the overlap capacitance; 2. the outer fringing

capacitance; 3. the capacitance between gate and bulk ( ~b

). By sub t r act i n g the 0 ute r f r i ngin g com pan e n t Cof wh i chi s

taken from the analytical expression of Shrivastava and

Fitzpatrick (formula 7.3) and subtracting the gate bulk

capacitance CSI. leads to the overlap d :

(7.5)
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In the preceding paragraphs however we have seen that the

overlap of the drain ( and source) depends on the applied

gate voltage so a direct. correlation between change in over

lap and spacer thickness cannot be made (figure 7.10). Spe

cific knowledge of a mosfet is needed to use the gate voltage

so that no accumulation charge arises in the drain and source

itself and the bulk is in strong accumulation and thus

shielding the inner fringing capacitance sufficiently.



H8 CONCLUSIONS AND SUGGESTIONS

When the wi dth of ali ne is no longer much larger than the

distance of the line to an infinite plate, and the thickness

of the line can no longer be neglected, the capacitance be

tween the line and the plate can no longer be approximated

by the parallel-plate formula. If the length of the line is

much larger than the other dimensions of the line a two di

mensional capacitance approximation is necessary. Three as

pects cause the failure of the one dimensional approach.

First the finite width of the line leads to an electric field

component in the insulator between the line and the plate in

the direct i on of the wi dth of the line wh i ch can DO longer

be neglected. Next in the corners of the line charge accumu

lates causing a non uniform charge distribution along the

surface of the conductor. Finally the sidewalls and the top

surface of the line contribute to the capacitance between the

line and the plate. If we consider for example a line with

width 1 um. and thickness 1.1 um. above an infinite plate,

the ratio between the real capacitance and the parallel-plate

capacitance is about 2.9 if the distance between the line and

the bulk is 0.6 um. Increasing this distance to 2 um. leads

to a rat i 0 0 f abo ut 5.·35.

Three two-dimensional formula approximations of the

capacitance between the line and a plate have been published

in the literature. The formula of Elmasry proved to be use

less. The formula of Sakurai and Tamaru is simple and leads

to a first order approximation ( within 1SY.). An improvement

of this formula however seems to be possible. The third for

mula of Greeneich leads to relative good r"esults but is too

complicated to estimate the capacitance fast since it uses

an iteration pr"ocess. Using a plate made of a semi conducting

mater"ial with a r"elative low dope implant ( < I.Oel8) an ef

fective distance between the line and the plate should be

used to calculate the capacitance.



Considering a line with finite length above an infinite plate

also the third dimension has to be taken into account. An

extra electric field component arises in the direction of the

length of the line and the contributions of the front- and

backwall of the line can no longer be neglected. The ratio

between the real capacitance and the parallel-plate

capacitance is now 9.2 when the distance between the line and

plate is 0.6 um. and the length of the line is 1 um. while

the width and thickness of the lines are unchanged. With a

distance of 2 um. between the line and the plate the ratio

becomes about 24.5. Comparing this with the ratios obtained

with the 20 simulation and with a 3D estimation obtained by

multiplying these results with the length of the line, it is

c lear that the th i rd d i mens i on must be taken into account.

The suggested 3D formulas proposed by Greeneich and Sakurai

& Tamaru are not sufficient to estimate the capacitances.

Adding two lines lines adjacent to the line above the plate

leads to a decrease of the capacitance between this line and

the plate due to the shielding effect of the adjacent lines.

In addition interline capacitances and capacitances of the

added lines to the plate arise. The interline capacitances

are partly shielded by the plate depending on the distance

between the lines and the plate. Of course the capacitances

between the lines and the plate are partly shielded by the

adjacent lines. The magnitude of the shielding depends on

the inter spacing of the lines. A formula introduced by

Sakurai and Tamaru leads to a relative good agreement with

the results obtained with Tripos.

When a line is placed between the line and the plate parallel

or perpendicular to the above line the capacitance of the

initial line to the bulk is for a relative large part

shielded by the added line. Also the capacitance between the

added line and the bulk is partly shielded because field

lines of the top surface of the line can no longer reach the



bulk. The magnitude of the shielding is determined by the\ "

distances between the lines.

The gate drain capacitance of a short channel mosfet (with

Vel = V5 ) is determined by the overlap of the drain by the

gate. Depending on the applied gate voltage the overlap is

changed leading to a change in capacitance between the gate

and the drain. In the linear region the gate drain

capacitance becomes constant since the channel is formed and

the overlap cannot increase any further. In the weak inver

sion region the overlap is determined by the changing inver

sion charge in the channel region while in the accumulation

region the accumulated charge leads to the dependence of the

overlap of the drain by the gate. Applying a drain voltage

(Vol 1Vs, ) leads to a voltage drop along the channe1 region.

The voltage near the drain can become larger than the gate

voltage leading to a back gate field near the drain. If this

occurs no inversion charge arises near the drain and the

overlap is determined by the resting accumulation charge due

to the back gate field (in the weak-inversion region). This

leads to a weaker dependence on the gate voltage in the

weak-inversion region. In the accumulation region the in

creased drain voltage leads to a lower accumulation charge

near the drain leaving the overlap of the drain by the gate

larger. Th i s leads to a larger gate dra i n capac i tance with

the applied gate voltage.

Using a LDD mosfet has two important effects. First the

lateral diffusion of the drain will be smaller leading to a

smaller initial overlap. Next the depletion thickness of the

drain and "the source in the bulk become smaller leading to a

reduced length dependence of the threshold voltage. So the

gate drain capacitance has another dependence with the gate

voltage and will be smaller in the weak inversion and accu

mulation region with the same applied voltages as with the

mosfet without LDO's.
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The accuracy of the presented results is difficult to esti

mate since they depend on too many factors. First the

discretisation of Poisson's equation leads to errors. Next

the choice of the mesh pattern has influence on the accuracy

of the calculated results. The choice of potential residuals

on which the iteration process will be stopped determine the

relative errors of the calculated potentials and finally it

is not possible to give elements an arbitrary shape in Tripos

since the meshes have to be rectangular. Measurements are

needed to be able to estimate the accuracy of the presented

results. Because we deal with very small capacitances in

the order of fF.) special structures need to be processed to

measure these capac i tances. Apart from measurements it is

interesting to calculate the other capacitances in the mosfet

and to cons i der the mosfet in the saturat i on mode and the

linear mode when the drain and source voltage are unequal. A

further investigation of the charge distribution of the

channe I between the dra i n and source is needed. Further it

is interesting to consider the 3D effects of a mosfet.

Finally an improvement of the discussed formulas discussed

in this report seem to be possible.
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APPENDIX 1

Semmy (23)

Semmy is a simulation program whlch solves Poisson's equation

in two dimensions.

- d i y grad"r = PIE.

where", electrostatic potential

£ dielectric constant

P space charge density

P = q ( p - n + NJ - N, )

where q electric unit charge

p hole density

n electron density

N~ acceptor doping

N.£ donor doping

Boltzmann statistics are assumed for the hole and electron

density:

p = ni e xp (lq I k T) ( ,,, -1f' »

n = ni ex p (lq I k T) ( 'If' - ~n »

where n· intrinsic carrier concentrationI.

k Boltzmann const<:nt

T temperature

~p quasi Fermi level for holes

fn quasi Fermi level for electrons
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In semmy no conducting material can be defined. Contacts can

be defined but they cannot contain charge. Therefor the fol

lowing boundary conditions at contacts apply:

"f ( N- con t act ) = ~n + ( k T / q) C Cn In" )
'0/ C P-contact ) =fp -lkT I q) C Cp / ni )

where Cn value of the donor doping at the N-contact

Cp value of the acceptor doping at the P-contact

An important difference with Tripos is that the region

boundaries lie on mesh lines. This leads to the problem that

a mesh point cannot unambigously described to a repion. On

the other hand it is possible in 5emmy to define mesh lines

of arbitrary shape.

By using Semmy several aspects were observed.

* Charge density at places other than the mesh points are not

correct. This is so because the charge in points other than

mesh points are derived as follows. First the potential is

calculated by linear interpolation of the potential out of

the surrounding mesh points. In reality however there is no

linear voltage drop across a mesh if the dope in the mesh is

not constant. With the interpolated potential the Boltzmann

expressions are used to calculate the charge density. 50 a

potential with an error is put in an exponent leading to very

large errors. Ratios of 1000 are found between charg~ densi

ties in a point laying in a certain mesh compared to the

charge densities in the surrounding mesh points.

* Consider the three following mosfet's. The same dope im

plant is used as described in paragraph 7.3. The first mosfet

has a drain and source contact with no m<:lterial above the

drain and source (figure Ala). In the second mosfet the con-
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tacts are removed (figure Alb) and in the third mosfet (fig

ure Ale) the air above the drain and source is replaced by

silicon oxide. Using a post processing routine based upon

charge integration and Gauss' law was used to calculate the

charge in the region's. If the charges of all the region's

are summed the result should be zero since the boundary con

ditions of a specified problem in Semmy pose that the elec

tr i c field component perpend i cular to the boundar i es of a

spec if i ed prob lem are zero. Wi th Gauss' law it fo 1 lows that

this should lead to charge neutrality. This was checked for

the three specified mosfet's. The charge resulting from the

summation of the charges of all regions were compared with

the lowest charge occurring in one of the regions. Only in

the case of no contacts and oxide above the drain and source

the results were acceptable ( relati ve error of about 3%).

In beth other cases the relative errors were too large (to

50%) • The absolute value of the summation of the charges of

all regions remained in the same order of magnitude. Several

remarks can be made

- A contact cannot be used on a region in which the dope im

plant h~s a gradient perpendicular to the contact. Due to the

gradient electrons (or holes) diffuse away from the cont~ct

leaving a positive ( or negative) charge at the contact. The

boundary condition at contacts however always assumes charge

neutrality at a contact neglecting the above described ef

fect. This leads to errors. In the described mosfet the drain

and source implants are not constant. Therefor a cont~ct

cannot be used here.

The boundary condition proved not always to be met. In

certain cases charge at a contact was observed which should

not be able to arise due to the boundary condition. This also

occurred in regions with a constant dope. So there must be

an error in the program Se~my.
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- Charge integration in Semmy cannot be trusted since charge

are not calculated in double precision but in single preci

sion. This leads to too large errors.

Because of these aspects we didn't proceed wise to calculate

capcitances with Semmy.

Tripos

Some remarks can also be made about Tripos.

* When mesh lines surrounding a boundary of a conductor are

shifted so that the boundary remains on the sarne place (fig

ure A2) , the charge density multiplied with the surface of

a mesh should remain the same representing the surface charge

of the conductor at the mesh. This seems not to be the case.

Care shou ld be taken in the def i nit i on of mesh lines sur

rounding a region boundary of a conductor.

figure A2

* Using the Boltzmann approximation in Tripos , a plot of PN

leaded to distortion (H3L In addition in a certain problem

the following occurred. A certain problem could not be solved

using the Boltzmann approximation due to an overflow in the

algorithm. By removing a meshline which lies fully in the

13'1



oxide however, the problem could be solved with the Boltzmann

approximation. This indicates that in the solution procedure

in the oxide also the Boltzmann expressions are used although

no charge is defined ( by the user) in the oxide. This use

of the Boltzmann expression in the oxide leads also to t·he

distortion in the figures of chapter 3 and 4. The convergence

accuracy of the program has influence on this aspect. A

higher accuracy leads to less distortion.

* Further the following aspect was observed. Of a certain

problem ( a mosfet with different voltages applied on source

and drain) first a run was made with a certain voltage on the

gate. Next a run was made in which the same gate voltage was

reached in steps. The two comparable runs ( with the same

applied voltages) showed strange differences in the resulting

PN values. The potentials however proved to be the same. Of

course some differences could be expected since both runs use

a different start condition (the first takes all potentials

zero whi Ie the second one takes the potentials of the pre

ceding run) but due to the taken convergence accuracy (lE-B)

such small differences in the potentials obtained can be ex

pected that the differences in PN must be small. We found

however that in the successive run the PN value didn't belong

to the potentials obtained. Potentials that clearly should

lead to a nega~ive charge leaded to a positive one. The val

ues for which PN went wrong were however small (lElO). Fur

ther the differences of both runs diminished if the

convergence accuracy was increased to lE-ll but didn't v.. n

ish. In addition the differences obtained in PN based on the

potentials found cannot be explained without further know

ledge of the solution procedure of the program.

* Figure A3a shows a structure ( of chapter 4 ) wh i ch has

symm~try. This was replaced by the structure of figure A3b

making use of the symmetry. The charge of line E with the same

applied voltage proved to be changed. This should not be
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possible due to the symmetry. Therefor symmetry was not used

in this report to avoid errors. Lack of time didn't make it

possible to investigate the observed problem. Care should be
taken using symmetry in Tripos.

I

~~ 0 OJ .0 0

figure A3
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