
 

Compact modelling of the dynamic behaviour of MOSFETs

Citation for published version (APA):
Smedes, T. (1991). Compact modelling of the dynamic behaviour of MOSFETs. [Phd Thesis 1 (Research TU/e /
Graduation TU/e), Electrical Engineering]. Technische Universiteit Eindhoven. https://doi.org/10.6100/IR353264

DOI:
10.6100/IR353264

Document status and date:
Published: 01/01/1991

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

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
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR353264
https://doi.org/10.6100/IR353264
https://research.tue.nl/en/publications/8f254e00-c6ce-469a-a91a-85212d8c641b




COMPACT MODELLING. 
OF 

THE DYNAMIC BEHAVIOUR 
OF 

MOSFETS 

PROEFSCHRIFT 

ter verk:rijging van de graad van doctor aan de 
Thchnische Universiteit Eindhoven, op gezag van 
de Rector Magnificus, prof. dr. J.H. van Lint, voor 
een commissie aangewezen door het College 
van Dekanen in het openbaar te ve:rdedigen op 

dinsdag 18juni 1991 om 16.00 uur 

door 

TAEDE SMEDES 
geboren te Barneveld 

druk: wibro dissertatiedrukkerij, helmond. 



Dit proefschrift is goedgekeurd door de promotoren: 
Prof. dr. F .M. Klaassen 
en 
Prof. dr. H. Wallinga 

CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Smedes, Taede 

Compact modelling of the dynamic behaviour of MOSFETs I 
Taede Smedes. -[S.l. : s.n.]. - IlL 
Proefschrift Eindhoven. - Met lit. opg. - Met samenvatting 
in het Nederlands. 
ISBN 90-9004212-1 
Trefw.: MOS transistoren; ladingsmodellen I MOS transistoren; 
capacitei tsmodellen. 

This work was supported by the Dutch Innovative Research Program (IOP
IC Technology). 



To the three most important people in my life 



List of symbols 

The following is not a complete list of the symbols used in this thesis. Sym
bols which are only used locally, are not listed. In the following the sub
scripts i and j denote one ofthe MOSFET terminals: drain, gate, source or 
bulk. 
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m 
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Gate oxide thickness m 
Gate overlap length m 
Underdiffusion length m 
Channel length modulation m 
Effective spreading length m 
Voltage between terminal i and j V 
Channel potential at position x V 
Threshold voltage V 
Drain source saturation voltage V 
Gate drive V 
Flat band voltage V 
Intrinsic potential of terminal i V 
Large signal potential V 
Small signal potential V 
Electrostatic potential V 
Surface potential V 
Electron quasi fermi potential V 
Hole quasi fermi potential V 
Fermi potential in the bulk V 
Thermal voltage V 
Difference between quasi fermi potentials in channel V 
Electric field in X and y direction vm-1 

Critical field for velocity saturation Vm-1 . 

Elementary charge C 
Semiconductor charge per unit area Cm-2 

iv 
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Inversion charge per unit area 
Bulk charge per unit area 
Charge associated with terminal i 
Time 
Transit time 
Permittivity of semiconductor, oxide 
Electron concentration, hole concentration 
Acceptor concentration, donor concentration 
Electron mobility, hole mobility 
Low field mobility r. 

Electron current density, hole current density 
Current through terminal i 
Series resistance of terminal i 
Terminal i to terminal j admittance parameter 
Transconductance, output conductance 
Oxide capacitance per unit area 
Terminal i to terminal j capacitance 
Fringing .capacitance 
Overlap capacitance 
Bottom component of overlap capacitance 
Sidewall component of overlap capacitance 
Top component of overlap capacitance 
Body effect parameter 
'Ye_ 
Body effect coefficient 
Mobility reduction parameter 
Mobility reduction parameter 
Velocity saturation parameter 
Ideal mobility reduction parameter 
Ideal velocity saturation parameter 
Channel length modulation parameter 
Channel length modulation parameter 
Subthreshold slope 

m2V-ls-t 
Am-1 

A 
n 
s 
s 
Fm-2 

F 
F 
F 
F 
F 
F 
Vl/2 
cm-2v-t/2 

v-t 
Vl/2 
v-t 
v-t 
v-t 

V 

Basic weak inversion charge per unit area Cm-2 

Weak inversion reference voltage V 
Auxiliary function for surface potential equation V112 

Auxiliary functions for charge equations V,-,-
Bessel function of first kind, order v with complex argument z. 
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Chapter 1 

Introduction 

Ever since the first description in the US. patent no. 1,745,175 [1] much effort 
has been spent in the technical improvement of the Metal Oxide Semicon
ductor Field Effect Transistor, shortly MOSFET. After the first fabrication 
of a functional MOSFET [2], many new process schemes have been proposed 
and established to decrease the overall dimensions of the transistor and to 
improve its performance. In 30 years dimensions have been decreased from 
about 50 pm to sub micron dimensions in state of the art technology and 
even down to 70 nm details in laboratory processes [3]. In the same time 
the single transistor fabrication techniques were replaced by integrated tech
niques, opening ways to the realization of very complex circuits on a single 
semiconductor substrate. 

For reasons of complexity and economy computers have been used in 
the design process to predict circuit behaviour before an actual circuit is 
available. This is done by means of so-called circuit simulators such as 
SPICE [4], PHILPAC [5] and PANACEA [6]. Naturally the success ofthese 
predictions depends heavily on the accuracy of the models used to describe 
the (circuit) behaviour of the individual components in the circuit. On the 
other hand mathematical complexity yielding only minor improvement in 
accuracy must be avoided. Generally explicit analytic models are preferred. 

When compared with those of large transistors the characteristics of 
smaller transistors show several deviations. Therefore, parallel to the de
velopment of the device itself, a continuous development can be seen in the 
modelling of the MOSFET. Nowadays a wide variety of different types of 
MOSFET models exist. They all give a more or less accurate description 
of the terminal characteristics of the device. Most of them are at different 
levels of sophistication depending on the physical processes described in fol-
lowing sections. · 

In fact the following approaches can be distinguished: 
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1. Numerical physical modelling: numerical or Monte Carlo methods for 
solving the semiconductor equations on a discrete geometrical mesh. 

2. Analytical physical modelling: analytical methods to solve the semi
conductor equations. The solution is generally applicable to all regions 
of operation. 

3. Compact analytical modelling: piece wise analytical solutions of the 
semiconductor equations valid in a limited range of conditions. Sever;U 
(optimization) parameters, which usually have a physical meaning, are 
necessary. 

4. Empirical modelling: analytical expressions, not (directly) based on 
physics, which are fitted through measurement data by an optimiza
tion process. The parameters of these models usually have no physical 
meaning. 

·5. Table modelling: look-up tables of measured data with inter- and 
extrapolation methods for obtaining the characteristics at any bias 
condition. 

Each of these models has its distinct advantages and disadvantages. 
These will be discussed briefly, hut this section is in no ways meant to 
he exhaustive. 

The most sophisticated type of model arises from the numerical physi
cal approach. In particular with Monte Carlo modelling the relation to real 
physical processes, e.g. scattering of the carriers, may be very close. With 
numerical solution oft he semiconductor equations several physical processes 
occurring on the atomic scale are treated as macroscopic quantities. As an 
example, the whole variety of scatter processes is represented by a field 
and temperature dependent mobility. The advantage of this type of models 
is its close relation to physics and the insight gained by the possibility to 
study processes occurring inside the device. The main disadvantage is its 
(relatively) long computation time, which in most situations, is too long for 
circuit simulation purposes. Therefore the above is mainly used for improv
ing device design. 

The next type (2) can also he closely related to physics, but usually 
yields implicit relations. Therefore iterative procedures are needed within 
the device model to evaluate useful model quantities, e.g. currents and 
charges, for a given set of external variables. This has to be done for each 
iteration in the solution process of the circuit simulator. Therefore these 
models are rather time consuming. The next chapter will discuss a DC 
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model of this type. 

The types (4) and (5) can both be very fast and a.ccura.te, but offer little 
physica.l insight. In addition the results a.re limited to the measured series 
of transistor data. and adaptation for different transistors is difficult. This 
ma.kes them inconvenient for design purposes with a. large variety of tran
sistor dimensions or under modified process conditions. 

The compact models (3) give a. good compromise between the advan
tages and disa.dvanta.ges of most of the other categories. They are based on 
the physica.l processes occurring in the device and yield explicit (relatively 
simple) model equations, however a.t the cost of appropriate approximations. 
This is accomplished by dividing the operation range in several distinguished 
regions. In the case of a. MOSFET this can e.g. be the accumulation, the 
depletion and the inversion mode of operation. 

For each region appropriate assumptions can be ma.de and explicit model 
equations can be derived, which are applicable in that region. The prize to 
be pa.id is that the solutions have to be matched a.t the transition from one 
region to another. This can be done either by choosing the point of transition 
such that a differentiable transition arises naturally, or by a. mathema.tica.l 
smoothing function. This is a. dangerous pitfa.ll and may lead to non-physical 
behaviour. Therefore the number of different modelling regions has to be 
minimized. 

This thesis a.ims at developing a. model of the latter category for the 
dynamic behaviour of a. MOSFET. However, two modelling programs of the 
first category, CURRY [7] and MINIMOS [8] have been used extensively to 
study device behaviour. They will be discussed in more deta.il when appro
priate. 

Until now most of the attention has been paid to the modelling of the 
DC or steady state behaviour of MOSFETs. The description of the AC 
behaviour has received less attention, since the main field of application for 
MOSFETs was in digital circuits. With an increasing interest in analog 
applications the accurate modelling of AC properties has become necessary. 

Although this thesis is ma.inly concerned with various aspects of the 
modelling of the AC behaviour of MOSFETs, an understanding of the DC 
behaviour is essential for this work. Therefore the next chapter gives a. re
view of MOSFET physics and an example of a modern compact DC MOS
FET model. Chapter 3 presents the analysis and modelling of the charges 
in the intrinsic part of the MOS transistor. Subsequently chapter 4 treats 
the modelling of the parasitic elements present in the transistor. In chap-
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ter 5 special attention is paid to the modelling of the dynamic behaviour 
at (very) high frequencies. An approach to an analytical model including 
short channel effects is presented. Chapter 6 presents the methods used for 
measurements and compares the results with the models from the previous 
chapters. Finally the conclusions are presented in chapter 7. 
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Chapter 2 

DC.MOSFET behaviour 

This chapter describes the operation and the modelling of the MOSFET. 
The first section gives a qualitative description of the physical processes tak
ing place in a MOSFET. The next section presents a fundamental analysis 
of the MOSFET DC behaviour. The chapter is concluded by a discussion 
of a compact model for the DC behaviour of the MOS transistor. 

2.1 Physics: qualitative description. 

Essentially the structure of a MOSFET is still the same as described in 
the afore-mentioned patent [1]. However, due to the continuous down scal
ing and technology improvements the structure became more complicated, 
which had of course its effect on the modelling. This will be shown later on. 

This section gives an informal, qualitative description of the main phys
ical processes taking place in the device. This is just to introduce the MOS
FET operation. A more formal discussion will be given in section 2.2. 

First consider the structure as depicted in figure 2.1. The main part is 
formed by a p-type doped silicon region, commonly referred to as the bulk 
or the substrate, contacted via the bulk contact. (With the appropriate 
change of signs for doping and potential the following also holds for devices 
which are fabricated with ann-type doped substrate.) Separated by a very 
thin oxide layer an electrode, the gate, is located on the bulk. It is usually 
made of n-type doped poly-crystalline silicon. 

By applying a voltage V aB between the gate and bulk, the bandstructure 
near the Si- Si02 interface can be changed. Three different situations can 
be distinguished: accumulation, depletion and inversion. They occur in 
this order when VaB is increased from a sufficiently low initial value. The 
bandstructure for the above situations is shown in figure 2.2. 
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Figure 2.1: Cross section of a MOSFET, indicating the coordinate system. 

Due to the band bending in the accumulation situation, holes are at
tracted to the surface, thus forming a thin layer with a positive charge 
Qacc(VaB)· When VaB is increased the curvature becomes less. A distinct 
point is the voltage VFB, at which no band bending occurs: the flat band 
situation. No net charge in the substrate is found. 

Beyond this point the band bending is opposite to the accumulation con
dition. A negative charge is being built-up. In effect this is caused because 
holes are pushed away from the surface, leaving behind a negative (immo
bile) charge. This charge is called the depletion charge Qdepl· 

When VaB is increased still more, the band bending becomes stronger 
and electrons are attracted to the surface. They form a conducting layer 
with a negative (mobile) charge Qinv· The layer is called an inversion layer 
since effectively the silicon has changed from p-type to n-type in this re
gion. The latter layer shields the underlying silicon from the gate potential. 
Therefore the band bending does not expand much deeper into the silicon 
after the inversion layer has been formed. The inversion charge depends 
heavily on the applied voltage. Effectively this charge is isolated from the 
bulk by the depleted region underneath. 

By implanting {heavily) n-type doped regions besides the gate the inver
sion charge can be contacted and a current will flow through the inverted 
area from one contact to the other, if a voltage is applied. The inverted area 
is often called 'the channel' for this reason. The contact areas are called the 
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Figure 2.2: Ba.ndstructure of p-type silicon for accumulation (top), depletion 
(middle) a.nd inversion (bottom). 
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source and the drain. 

Since the inversion charge depends heavily on the gate potential the gate 
can be used to control the current through the channel. Thus an amplify
ing function can be realized. By biasing the structure in the depletion or 
accumulation region a current is prevented to flow between the two channel 
contacts. Hence the transistor can be used as a switch. 

2.2 Fundamental analysis 

For a full, physically correct, model the complete set of relevant semiconduc
tor equations should be solved in 3 dimensions. However, this is generally 
only possible with extensive numerical methods. Therefore the system is 
usually considered in only 2 dimensions. Unless all dimensions are very 
small and of the same order of magnitude this is not a limitation to the 
validity of the theory. 

One way of solving the remaining problem is using numerical techniques 
to solve a discretized version of the equations. With the 2-D system this 
is possible with reasonable computational effort. This method has been 
applied in this thesis for comparing analytical models and studying the 
physical effects within the device. 

The relevant basic semiconductor equations are given below. Good ex
planations about the way to derive them can be found in [2,3,4]. Successively 
the equations are 
Poisson's equation 

the continuity equation for electrons 

an 
qat -V',.. Jn = qR, 

the continuity equation for holes 

ap 
q--V',. .JP= -qR 

at 

and the flux or transport equations for electrons and holes 
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(2.2) 

(2.3) 

(2.4) 
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In the flux equations the first term of the right-hand-side represents trans
port by drift and the second term transport by diffusion. By introducing 
the concept of quasi-fermi-potentials: 

n = ni exp ( q( '1/J k; 4>n)) (2.6) 

p = ~exp ( q(<f>~~ '1/J)) (2.7) 

the equations {2.4) and (2.5) can be rewritten, using the Einstein relation, 
as 

Jn = -qJ..tnnY'r</>n 

Jp = qJ..tppV' r</>p 

(2.8) 

(2.9) 

Generally the above set of equations can only be solved numerically. To 
derive an analytical model it will be necessary to make some assumptions 
and approximations to yield useful expressions. 

· Historically the first attempt to solve this set of partial differential equa
tions for the MOSFET situation is the Pao-Sah double integral method [5). 
It is also the most rigorous analytical method. Assuming that the lateral 
field gradient is smaller than the vertical field gradient the current flow will 
be almost 1 dimensional. In this situation a mathematically complex solu
tion can be found. 

With the assumptions that 

• there is no generation/recombination 

• the lateral field gradient is smaller than vertical field gradient 

• the hole fermi potential is constant 

and the definition of the coordinate system as shown in figure 2.1 the above 
set of equations may be simplified and be rewritten as: 

()2'1/J 
{)y2 = 

Jn = 
J, = 

!1. ( n - p + N;_ - Njj) 
(. 

8</>n 
-qJ..tnn ox 
0 

(2.10) 

(2.11) 

(2.12) 

Defining </>F as the fermi-level in the (neutral) bulk and e = <f>n- </>,we can 
write 

n = n;e<.P-e-ti>P )!ti>T 

p = n;e(t/>p-.P)/ti>T 

Substituting {2.13) and (2.14) in (2.10) this gives 
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(2.15) 

After integration in the y-direction and some rearranging it is possible to 
obtain the electric field 

E __ 81/1 _ -~2qNA F(·'· t: "'F) 
11- 8y - €, '~-''"'''~" 

(2.16) 

where 

F(1ji,~,</JF) = (t.he-V!Nx + 1/1- </JT (2.17) 
1 

+e-(2</>p+t)/cf>x ( t.heV!Icf>x _ 1jleUcf>x _ <PT)) 2 

From Gauss's law furthermore the total charge per unit area in the semi
conductor is given as 

qs;. = -£, ~1/1 L 
Y ==••f'/ace 

(2.18) 

Combining equations (2.16) and (2.18) and defining 

r = J2qNA€• (2.19) 

we finally have 

(2.20) 

From Gauss's law also the relation between the potential and the semicon
ductor charge per unit area is obtained 

(2.21) 

Combining (2.20) and (2.21) an implicit relation for the surface potential 
1/1. is found 

(2.22) 

The mobile charge per unit area is given by integrating the charge density 
in the direction perpendicular to the surface: 

q;. = -q fooo n(y)dy (2.23) 

Changing the integration variable this expression is written as 

1Vt• e.P/<1>'1' 
q;. = -qNAe-(2</>p+f.)/tPT (1jl)d1jl 

o c. 11 
(2.24) 
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Now the DC current in lateral direction can in principle be found from 
the transport equation (2.8). This leads to a complex expression involving 
a double integral which can be evaluated numerically. For our goal this 
expression has to be used in a further analysis to obtain a charge and ca
pacitance model (section 3.5). Since this leads to impractical expressions 
for the charge model this approach is not useful for our purposes. 

The approximation most used in (DC) current modelling is the concept 
of the charge-sheet approach [6]. The basic idea is that the inversion layer 
is infinitesimally thin and therefore the whole potential drop of the voltage 
between the gate and the bulk (Vcs) falls across the gate oxide and the 
depletion region. Therefore a more simple expression can be written for the 
mobile charge. 

In principle the bulk charge per unit area is given by 

qs = -q k00

(NA- p)dy 

r"• (1- e-t/>/4>:r) 
= -qNA Jo t:(t{J) dt{J 

(2.25) 

(2.26) 

An essential point in the charge sheet approximation is the simplification of 
this integral assuming complete depletion over a depth which is dependent 
on the surface potential. Then the bulk charge per unit area may be written 
as [7] 

qs=-r~ (2.27) 

Using the charge neutrality condition the inversion charge per unit area may 
be expressed as 

qi = -qc ~ qs (2.28) 

Now the drain current is found from the flux equation (2.8) as 

w L •. L 8{ 
ID = L JLnqi( t!J.) 8.,, dt{J. 

.Y,.o '~'• 
(2.29) 

The expression for /J;; can be found from (2.22) and is a function only of the 
surface potential. To simplify the analysis somewhat the donor 1 acceptor 
and hole carrier concentrations in the inversion layer are ignored. In this 
case (2.17) simplifies to 

(2.30) 

and 15; can be written as 
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8~ = 1 + "Y2tP~ + 21/1T(VGB- VFB- 1/J.) 
81/J. (VGB- VFB- 1/J.)2 - "Y2tP}( 1/J.- tPT) 

where 

r -y=c_ 

(2.31) 

(2.32) 

If equation (2.31) is substituted in (2.29) two terms can be distinguished: 

(2.33) 

where 

(2.34) 

and 

W f'''•L ("Y 2tP~ + 21/1T(VGB - VFB - 1/J.)j q;, 
Idi/Jv.itm = L J.;.o (VoB- VFB - 1/J.)2- -y2tP}( 1/J.- tPT) d'I/J. (2.35) 

Both integrals can be solved analytically, though the evaluation of the ex
pression for the diffusion current becomes very cumbersome. For a given 
bias condition it is possible to determine the DC drain current by solving 
the implicit relation (2.22) for 1/J. for the source side and the drain side of 
the channel and using the results in (2.29). 

Figure 2.3 compares the obtained lD(VDs) characteristic for the charge 
sheet model discussed above and the full Pao-Sah model (2.24) for the tran
sistor described in table 2.1. Note the minor difference due to the complete 
depletion approximation. 

11 Parameter I Value I Unit I Meaning 11 

1 10 IJm Length of transistor 
w 10 IJm Width of transistor 
toz 20 nm Oxide thickness 

llo 5.o* w-2 m2V-ls-l Mobility 
VFB -0.8 V Flatband voltage 
NA 1023 m-3 Background dope 

Table 2.1: Parameters for transistor of figures 2.3 and 2.4. 

It must be noticed that under the normal operation in strong inversion, 
Idiffu.itm ~ Idr-i/h as illustrated by figure 2.4. Therefore many practical 
models neglect the diffusion current completely. The consequences for the 
charge modelling will be reviewed later. 
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Figure 2.'3: Comparison of 
the Pa.o-Sah model (dashed 
curves) with the charge 
sheet model (fully drawn 
curves). 
Transistor data is given in 
table 2.1. 
Arrows indicate the satura
tion points of the currents. 
VGs = 3,4,5¥. 

Figure 2.4: lllustration of 
the current components of 
the charge sheet model. r 

•: diffusion current. 
<>:drift current. 
Fully drawn curve: total 
current. 
Transistor data is given in 
table 2.1. 
Arrow·· indicates the point 
where the two components 
are equal. 
Vns 5V. 
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Since it is often desirable to avoid iterative procedures within a compact 
model many models use additional approximations to circumvent the im
plicit relations (2.22) for the surface potential at the ends of the channel. As 
mentioned before this is often done by separately modelling distinct regions 
of operation. Some much used boundaries (VT and VnssAT) between these 
regions are indicated by arrows in figures 2.3 and 2.4. However, the models 
discussed so far have completely natural transitions between these regions. 
In addition it must be noticed that so far short channel and narrow width 
effects were not taken into account. Until now, only short channel tran
sistor models using a combination of the above approach and the method 
with separate regions have been published [8]. To accurately describe short 
channel devices it is therefore necessary to use compact analytical models. 
Such a model is discussed in the next section . 

2.3 A compact DC model 

This section describes a compact DC MOSFET model, in which a number 
of short channel effects have been taken into account. It has been published 
for the greater part in [9]. Since several details are needed for the evaluation 
of the charges, the most important features and equations of the model are 
discussed shortly. 

As we have seen (figure 2.4), there is a distinct difference whether the 
device is operating in (strong) inversion or not. From this a natural division 
into two modes of operation, which may be modelled differently, arises. The 
gate voltage which can be associated with this division is called the thresh
old voltage VT . The two regions are called the sub-threshold (depletion, 
accumulation) region and the normal (inversion) region of operation. 

2.3.1 The drain current in strong inversion 

The threshold voltage is defined as the gate voltage for which the band 
bending at the interface has a value of twice the Fermi potential 4>F· From 
an analysis based on potential balance and charge balance in the vertical 
direction [10] we find (for a homogeneously doped substrate): 

(2.36) 

where "' is called the body effect coefficient. It arises from the depletion 
charge and is given by 

1 
"/ = Co:r: V2qE.N A (2.37) 
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VsB denotes the source bulk voltage. For several reasons the bulk usu
ally is not homogeneously doped but contains a. rather complex implanted 
doping profile. Therefore -y is not a. single constant, but it can usually be 
represented, within the region of interest, by two constant values and a. tran
sition region. This is illustrated in (figure 2.5). In addition the threshold 
expression above is a. long-channel expression. For short channel transis
tors effects like drain-induced barrier lowering (DIBL ), static feedback, and 
charge sharing become important. The reader is referred to [2] for a. more 
detailed discussion. Generally all above effects can be expressed in a gener
alized form of (2.36) 

1.50 

1.25 

E 1.00 
> 

r•o.& 
0.75 

0.50 '-----~-~ __ .,____. _ _; 

0.00 0.50 1.00 1.50 2.00 

Figure 2.5: Threshold volt
age ~ function of bulk bias .. L----------------'------J 

If the gate-source bias is raised above the threshold voltage, an inversion 
layer is formed and a current can flow between the source and drain contacts. 
Since the layer is extremely thin this current flow can be considered to be 
one-dimensional, assuming that the device is homogeneous in the third (z) 
direction (width of the transistor)). Then the current density at position x 
in the channel is given by 

. . 

8V(x) 
J(x) = qn(x)v(x) = qn(x)Jt(x)t(x) = -qn(x)Jt(x)a;- (2.38) 

where V(x) denotes the potential in the channel at position x. In fact V(x) 
is related to e as used in the previous section by 

V(x) = {(x)- VsB 

Defining 

VaT= Vas- VT 

the mobile charge qn( x) is given by 

(2.39) 

(2.40) 

16 



qn(x) = -C0111(VaT- 0.5(1 + 6)V(x)) (2.41) 

In this equation 6 arises from a Taylor expansion of the depletion charge 
(Qc~ep~(V(x))) [12,35] and reads 

(2.42) 

Writing 

p.(x) = (2.43) 
Jl.o 

(1 +BA VaT+ Bs( JVss + 2(/)F- y'2(/)F)(1 +BeL IEao(x)l) 

the effects of the normal and transversal (velocity saturation) fields on the 
mobility are taken into account [14]. BA,BB and Be are modelling parame
ters. BA and Bs originate from an approximation of the normal electrical 
field in the channel. Be is related to the critical lateral field for velocity 
saturation by 

1 
Be= LEe (2.44) 

The mobility as a function of the lateral electrical field is shown in figure 2.6. 

Figure 2.6: Mobility as a 
function of the lateral elec
trical field. 
p.0 = 0.05m2V-1s-1 • 

Ec = O.SMVm-1 • 

.. 
>-_,.... 
"e w --:I. 

.r·., 

o:so 

0.40 

0.30 

0.20 

0.10 

0.00 
0 2 4 6 8 10 

E, (MV/m) 

Substituting the charge density (2.41) and the mobility (2.43) expres
sions in the expression for the current density (2.38) we find 

J(x) = (2.45) 

P,oC0111(VaT- 0.5(1 + 6)V(x)) 8~~z) 

Using 
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1£1= av 
8x 

(2.46) 

and the fact that J(x) is constant along the channel in a DC situation we 
find by integrating (2.45) from source to drain 

ID= JLoWC-(VaT 0.5(1 + 6)VDs)VDs 
L(1 + 8AVaT + 8s(JVss + 2</)p- V2(/)P)(1 + 8cVDs) (

2
.4

7
) 

At increasing drain bias additional mechanisms come into play. First 
assume a tonstant mobility, which is a good approximation for long channel 
transistors. Going from source to drain, at sufficiently high drain bias, we 
pass a point where V(x) >Vas- VT. This implies that from this point on 
the inversion condition is no longer met. Therefore the remaining part of 
the device operates in depletion. ·Due to the high field the carriers are swept 
across this area. Usually this region is called the pinch-off region. Any fur
ther increase of VDs is taken by this region. Therefore lDs will saturate to 
a constant value as was already shown in figure 2.3. 

·For short channel transistors other mechanisms occur. The most im
portant one is velocity saturation as shown in figure 2.6. In small· devices 
the lateral electric field may have a value in the order of the critical field. 
Thus there is a VDs value at which the electron velocity- and therefore the 
current- saturates. Usually this effect occurs. before pinch-off. 

Taking this into account, the saturation voltage, VDSSAT can be calcu
lated [15] as 

2VaT [ { . 28cVaT}l/2]-l 
VDSSAT = 1 + 6 1 + 1 + 1 + 6 

(2.48) 

For long channels (8c = 0) this reduces to the classic saturation voltage 

V: _ Vas- VT ( ) 
DSSAT- 1 + 6 2.49 

Figures 2. 7 and 2.8 show measured characteristics together with mod~ 
elled results using the above compact model. Table 2.2 gives several relevant 
device data and optimized parameters. 

2.3.2 The drain current in weak inversion 

So far only strong inversion operation was discussed. If Vas has a value 
'sufficiently' below the threshold voltage, no channel is present. However a 
carrier concentration gradient in the x-direction is possible since carriers are 
emitted over the junctions due to the source and drain biases. Therefore a 
diffusion current can flow from source to·drain (cf. figure (2.4)). Since in 
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• Vsb= 4.50V 
• Vsb= 3.75V 
" Vsb= 3.00V 
V Vsb= 2.25V 
x Vsb= tsOV 
• Vsb= 0.75V 
a Vsb= O.OOV 
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VgsM 

Figure 2.7: ID vs. Vas a.t Vvs = O.lV. 
Markers: measurements. Fully drawn curves: model. 
Transistor data. is given in table 2.2. 

5.0 6.0 

+ Vsb= s.ov 
• Vsb= 2JJV 
a Vsb= O.OV 

'9= s.ov 

'9= 3.5V 

'9= 2JJV 

~+J~~~~~~==~~~r-~~ 
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VdsM 

Figure 2.8: lv vs. Vvs a.t several values of Vas and VsB· 
Markers: measurements. Fully drawn curves: model. 
Transistor data. is given in table 2.2. 
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11 Parameter I Value I Unit 11 

1 I' 'stor 
10 
17.5 

0.98 V 
1.24 mAV-2 

"Yo 0.62 v12 Low-bia.s body factor 

"Y 0.62 v1 2 High-bia.s body factor 
OA 0.19 v-1 p reduction by trans. field 

Os 0.05 v-1 2 J.L reduction by back bia.s 
Oc 0.22 v-1 yelocity saturation parameter 
a 3.6 10-3 channel length modulation 
V. 0.045 V channel length modulation 

mo 0.59 subthreshold slope 

Table 2.2: Geometrical data and optimized parameters for transistor of 
figures 2.7, 2.8 and 2.9. 

this region the carrier concentration is exponentially dependent on Vas 1 

the current will also depend exponentially on Vas. The charge density may 
be wr\~ten a.s [16] 

qr = _ ;c_ kT exp (t/J•- (2</JF +V)) 
2,fiii; q <PT 

(2.50) 

where the surface potential is found from an approxhnation of (2.22) as 

(2.51) 

By integration of the diffusion transport equation the current can be written 
as 

(2.52) 

In this equation qro arises from an expansion of the full expression for the 
mobile charge density qr (2.50) and is given by [16] 

;C_ kT ( F) 
qro = - 2.45..fifi q exp (2.53) 

The parameters m and Vc" originate from the same expansion and can in 
principle be expressed a.s a function of <PF· Usually however they are treated 
a.s modelling parameters. 
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In the transition region from subthreshold to strong inversion, both 
transport mechanisms are important. So an accurate model has to take 
both into account [17]. However, this has only been done for long channel 
transistors and using implicit models as presented in the previous section. 
Therefore a transition region is introduced in which (2.52) and (2.47) are 
merged using an interpolation formula [18,19]. 

Figure 2.9 gives measured characteristics together with modelled results 
using the above approach. The parameters can be found in table 2.2. 

+ Ws= 6.0V 
• Ws= 3.5V 
a \tls = 1.0V 

o.so 0.75 toO 1.25 1.50 1.75 2.00 2.25 2.50 

VgsM 

Figure 2.9: Subthreshold characteristics of transistor from figure 2. 7. 
Markers: measurements. Fully drawn curves: model. 
Transistor data is given in table 2.2. 

2.3.3 Other electrical MOSFET quantities 

Until now, we have focused our attention to the major quantity in DC MOS 
modelling: the drain current. At higher bias voltages also a bulk current 
and even a gate current can be measured. Since these are of minor impor
tance in normal operation they will not be discussed in this section. The 
interested reader is referred to [20,21] ancl [22,23], respectively, for a discus
sion on the modelling of these currents. 

Apart from the current, also the derivatives of the current with respect 
to the terminal potentials are of interest, for (at least) 2 reasons. 

1. mathematical reason: the derivatives are used during the convergence 
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process in a circuit simulator. 

2. physical reason: the general derivative g~ has the dimension of a con
ductance. Therefore this quantity can be considered as the differential 
terminal conductance of the transistor. 

In particular the transconductance, 9m = ~~, and the output conductance, 

9d. :::: g~o , are important parameters in (analog) circuit design. 
D 

Since these are physical quantities, they are continuous. This implies 
that the expressions for current models have to be differentiable with re
spect to all terminal potentials. This is also beneficial for the convergence 
process, since discontinuous derivatives can temporarily drive the solution 
away from convergence. In particular these constraints cause complications 
at the transitions from one current expression to another in compact MOS
FET modelling [24]. Figure 2.10 shows the 9d for the short channel transistor 
described in table 2.2 with continuous transition from linear to saturation 
region. 

Figure 2.10: 9d. vs. VDs for several VGs· 
Markers: measurement. Fully drawn curves: model. 
Transistor data is given in table 2.2. 

22 



Bibliography 

[1] J.E. Lilienfeld, US. patent no. 1, 145,175, 1930. 

[2] W.V. Van Roosbroeck, Bell Systems Technical Journal, Vol. 27, No. 4, 
1950, pp 560-607. 

[3] W. Shockley, Electrons and Holes in Semiconductors, D. Van Nostrand, 
Princeton, 1950. 

[4] P.A. Markowich, The Stationary Semiconductor Device Equations, 
Springer-Verlag, Vienna, 1986. 

[5] H.C. Pao and C.T. Sah, Solid State Electronics, Vol. 9, No. 10, 1966, 
pp 927-37. 

[6] J.R. Brews, Solid State Electronics, Vol. 21, No. 2, 1978, pp 345-55. 

[7] Y.P. Tsividis, Operation and Modelling of the MOS Transistor, 
McGraw-Hill, New York, 1987, pp 468-71. 

[8] P.P. Guebels and F. v.d. Wiele, Technical Digest IEDM, 1981, pp 211-4. 

[9] H.C. de Graaff and F.M. Klaassen, Compact Transistor Modelling for 
Circuit Design, Springer-Verlag, Vienna, 1990. 

[10] reference [7], pp 49-62 and 92-5. 

[11] reference [9], pp 156-70 and 213-16. 

[12] reference [7], pp 123-130. 

[13] reference (9], pp 216-8. 

[14] reference [9], pp 170-3. 

[15] F.M. Klaassen, Compact MOSFET Modelling in Process and Device 
Modelling, North-Holland, Amsterdam, 1986, pp 393-412. 

[16] reference [9], pp 149-155. 

23 



[17] G. Baccarani, M. Rudan and G. Spadini, lEE Journal on Solid-State 
and Electron Devices, Vol. 2, No. 2, 1978, pp 62-8. 

[18] A. Vladirnirescu and S. Liu, Memo ERL MB0/1, University of Califor
nia, Berkeley, 1980. 

[19] G.T. Wright, IEEE Transactions on Electron Devices, Vol. ED-34, 
No. 1987, 4, pp 823-33. 

[20] P.K"'Ko, Ph.D. thesis, University of California, Berkeley, 1982. 

[21] S. Tarn, P.K. Ko, C. Hu and R.S. Muller, IEEE Transactions on Elec
tron Devices, Vol. ED-29, No. 11, 1982, pp 1740-4. 

[22] S. Tarn, P.K. Ko and C. Hu, IEEE Transactions on Electron Devices, 
Vol. ED-31, No. 9, 1984, pp 1116-25. 

[23] C.T. Wang, Solid State Electronics, Vol. 31, No. 2, 1988, pp 229-31. 

[24] F.M. Klaassen and R.M.D. Velghe, Proceedings ESSDERC '89, 
Springer-Verlag, Vienna, 1989, pp 418-22. 

24 



Chapter 3 

Charge Modelling 

3.1 Introduction 

This chapter deals with the modelling of the charges in the intrinsic part 
of the MOSFET. First a general definition of the capacitance concept will 
be presented, followed by an introduction to the modelling of the dynamic 
behaviour of MOSFETs. Then a brief review of previous models will be 
given including a discussion of the reciprocity of the capacitance model. 
This is followed by several sections on the derivation of the new model and 
the resulting charges and capacitances. 

3.2 Definition of interterminal capacitances 

The classical definition of the linear capacitance of a capacitor structure as 
shown in figure 3.1 is given by 

c=Q 
V 

(3.1) 

_!Vhere Q is the charge on the positively charged plate and V is the potential 
of that plate relative to the other plate. This structure is not essential for 
the definition. The same definition can be applied to other geometries. The 
current through the capacitor is defined positive as indicated in the same 
figure and is given by 

ic = cdV 
dt 

(3.2) 

Since in many cases a capacitance may be bias dependent more generally 
this capacitance has to be defined by [1] 

i =. dQ = dQ dV = C dV 
c dt dV dt dt 

(3.3) 
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Figure 3.1: Capacitor struc
ture with definition of signs. 

or 

c= dQ 
dV 

+ 

(3.4) 

which is called an incremental capacitance. This definition, which can be 
successively applied to many situations, e.g. to calculate the depletion ca
pacitance of a reversely biased pn-junction [1]. Here the charge is not con
sidered to be a linear function of the voltage controlling it. Therefore the 
capacitance, found with the above definition, can be a function of the bias 
conditions. All above presented definitions are chosen such that the capaci
tance will be positive. This fits in with the convention used for other passive 
network components. 

In the situation of a MOSFET we have to deal with charges, which are 
in general nonlinear functions of 4 potentials. To describe the resulting 
capacitances the definition (3.4) has to be generalized to 

C·. _ &Q,(Vi, .. , Yj, ... , Vn) 
lJ- &V. 

J 

(3.5) 

where the subscripts denote the terminals controlling the charges. However, 
in order to keep the definition compatible with the previously described 
definitions, these have to be adapted to 

{ 
-~ i :f j 

c,i = ~ . . 
av; z = J 

(3.6) 

When this definition is applied to the situation of figure 3.1 it yields the same 
capacitance as defined by (3.1), irrespective of the choice of the reference 
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terminal. Also we will find that with this definition all MOSFET capaci
tances that are more or less plate capacitances, e.g. the gate-capacitances, 
are positive, which corresponds with physical intuition. 

However, we will also meet negative capacitances. Therefore, and to 
avoid confusion, it is sometimes chosen to call these partial derivatives tran
scapacitances or capacitive coefficients. Although this is probably more 
strict, in the rest of this thesis we will loosely name them capacitances, 
bearing in mind the mathematical definition rather than the conventional 
capacitor structure. 

Note that this kind of definition is in principle not different from the 
definition of the much used quantity 

(3.7) 

which has the dimension of a conductance. Often it is called the transcon
ductance of the MOST, even though there is not a physical electrically 
conducting (DC) path between gate and drain. · 

3.3 Dynamic behaviour of MOSFETs 

Historica1-ly the modelling of the charges in MOSFETs has received less at
tention. In classical MOS models usually 3 capacitances were defined [2] 
for a dynamic model. On the other hand the expression for the threshold 
voltage is derived via a charge balance equation. 

Due to increasing circuit complexity and the growing use of MOSFETs 
in analog circuits, accurate modelling of the dynamic behaviour of the tran
sistor becomes more and more important. Of key importance is an accurate 
description of the various charges in the device and how they depend on the 
externally applied voltages. 

Since these voltages may be time-dependent, in general the charges will 
also be time-dependent. Therefore in principle the complete set of semicon
ductor equations should be taken into account to develop a correct descrip
tion of the dynamic MOSFET behaviour. This is very cumbersome and not 
suitable for a compact model. Hence a dynamic situation is often treated as 
a series of steady-state situations. This approach is called the quasi-static 
approximation. 

It is clear that the above is only allowed for 'sufficiently slow' dynamic 
changes. This is illustrated by figure 3.2 and figure 3.3, which show simula-
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tion results of the dynamic behaviour of a 10 J.Lm device. The simulation has 
been done with the 2-D device simulator CURRY [3]. This numerical pro
gram solves the time-dependent Poisson equation and both transport equa
tions in 2 (geometrical) dimensions. Since the latter is done using the full 
time-dependent equations, this yields in principle a non-quasi-static solu
tion. For a description of the numerical methods used in CURRY the reader 
is referred to [4]. Both figures give the charge distribution in the channel 
at several time intervals, during and after a change in the source potential. 
This has been done by increasing the source voltage from OV to 1 V in r = 10 
ns and in r = 0.1 ns, respectively, while VG= 5V, Vn = 5V and Vs= OV. 

Figure 3.2: Charge distribu
tion in the inversion channel 
ofaMOSFET (L=10J.Lm) af
ter a slow voltage 
change at the source termi
nal. r=10 ns. 
Fully drawn curves: distri
bution at t=O, 2, 4, 6, 8 and 
10 ns. 
• : distribution after 20 ns. 

Figure 3.3: Charge distribu
tion in the inversion channel 
ofaMOSFET (L=10pm) af
ter a fast voltage 
change at the source termi
nal. r=0.1 ns. 
Fully. drawn curves: distri
bution at t=O, 0.02, 0.04, 
0.06, 0.08 and 0.1 ns. 
• : distribution after 2 ns. 
• : distribution after 5 ns. 
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The first figure gives a series of curves which all behave similar and 
which are stable as soon as the source voltage reaches its final value. This 
represents the quasi-static behaviour mentioned above. In contrast, the 
second figure gives a clearly different behaviour. The charge distribution 
changes for a long time after the input voltage has become constant. It 
looks as if the switching behaviour 'propagates' through the device from 
source to drain. This is called the non-quasi-static behaviour. The delay 
before the drain side reaches its stable situation corresponds to the transit 
time. An estimation of the latter for a long channel transistor is given by 

£2 
Tt,. R:: ----u----

14>" DS 

and is in the order of nanoseconds for a 10 JLm device. 

(3.8) 

A non-quasi-static analysis will be postponed until chapter 5, where a 
non-quasi-static small signal model will be presented. This chapter will be 
limited to a quasi-static description of the dynamic MOSFET behaviour, 
which covers a the larger part of the present applications of MOSFETs. 

Figure 3.4 shows the drain and source current as a function of time nor
malized to the switching time for the above discussed transitions. Clearly 
in the case of the fast switching voltage the currents reach stationary values 
only long after the switching time. In the steady state situation nevertheless 
the source and drain current have the same magnitude. Figure 3.5 shows 
that even for the slow switching situation there is a clear difference between 
the transient source and drain currents. This clearly illustrates the different 
roles of the drain and source in the process of changing the charge distribu
tion within the channel. 

Of basic importance for the modelling of the dynamic behaviour of MOS
FETs are (additionally to the DC currents) the electrical charges in the 
device. Analogous to the current modelling, also the charge derivatives are 
important. These take the form of differential capacitances, as defined in 
section 3.2. 

Figure 3.6 gives a sketch of the situation. Three distinct physical charges 
can be pointed out: the channel charge, the bulk (depletion) charge and 
the gate charge. The task is to find expressions relating these charges to 
terminal potentials. However for use in a circuit simulator it is necessary 
to split the channel charge in a source charge and a drain charge, since the 
channel does not exist as a node for the circuit description. (Formally it is 
better to speak of the charges associated with the drain and source, since 
there is no natural geometrical boundary for this partitioning.) 
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Figure 3.4: ID (dashed 
curves) and Is (fully drawn 
curves) vs. time normalized 
to switching time T. 

Curves with • : T = O.lns. 
Other curves: T = lOns. 

Figure 3.5: Comparison of 
ID (dashed curves) and llsl 
(fully drawn curves) for slow 
switch. 
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Figure 3.6: Sketch of the physical charges in a cross section of a MOSFET. 

In a following section {3.5) we will derive a model for the intrinsic part of 
the transistor, which is in principle valid for all regions of operation. It will 
be evaluated to obtain compact formulas for the most important regions. 
This model will serve as a basis for a model of the complete transistor. In 
the next chapter it will be extended to include the extrinsic parts of the 
device. 

3.4 Previous MOSFET capacitance models 

In the classical MOSFET models the dynamic behaviour was described by 
including capacitances in an equivalent circuit for the MOSFET. The first 
model of this category was published in 1971 and is often referred to as the 
'Meyer model' [2]. In the next section this model will be discussed briefly. 
Several MOSFET capacitance models have been proposed to improve sim
ulation results [5,6], but it was not until 1980 that a principally different 
method was proposed [7]. This model was based on a charge analysis and 
is often referred to as the 'Ward model'. It is discussed in section 3.4.3. 

3.4.1 The Meyer model 

This model [2] is completely based on the expression for the gate-charge Qa. 
In principle any expression for the gate charge can be used. However the 
original model did not take into account the body effect. Three capacitances 
are defined as 
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CGs = aQG 
avGs 

(3.9) 

CGD = aQG 
avGD 

(3.10) 

CGB:::: aQG 
avGB 

(3.11) 

However the last was assumed to be zero. All other capacitances were either 
neglected or assumed to be given by the reciprocal relation 

(3.12) 

In the next section we will show that this is incompatible with another very 
important property that a correct model should have, i.e. the conservation 
of charge. If a model is not correctly defined in many cases it will violate 
the law of charge conservation. 

·The model as defined by Meyer suffers from many shortcomings for 
present day transistors. They are summarized below: 

• It suffers from non-conservation of charge. 

• It does not specify all internodal capacitances. 

• The effect of the bulk charge is neglected. 

• It does not take mobility degradation into account. 

• Several other short channel effects are neglected. 

The first 2 problems are the most fundamental. The other problems may 
in principle be solved within the Meyer concept. This was recognized by sev
eral researchers and some more or less empirical equations were presented, 
giving bias-dependent capa.citances [10,11,12,13J. Also a table model for ca
pacitances was proposed [14], but as mentioned in the introductory chapter 
this has several disadvantages. Furthermore it is difficult. to measure all 
capa.citances accurately without special design structures. Therefore these 
models are quite rare. 

3.4.2 Inconsistency of capacitance reciprocity 

As discussed in the previous section the Meyer model, and many others, as
sumed that the capacitances in a MOSFET are reciprocal. It can be proven 
that this assumption is inconsistent with the law of charge conservation. 
This has been shown recently [15]. However the prove uses the assumption 
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that the bulk charge is constant: VaB is constant and QB is not a func
tion of the other terminal voltages. Here it will be demonstrated without 
assumptions with respect to the charges or bias situations. 

Starting with the definition as used in the classical models [2] and using 
the reciprocity principle (3.12) we have: 

Cas= 8Qa = CsG = 8Qs =- 8Qs 
8~s 8~G 8Vas 

(3.13) 

CaD= 8QG = CDG = 8QD =- 8QD 
8VaD 8VDa 8VGD 

(3.14) 

and 

CaB= 8QG = CBG = 8QB =- 8QB 
O~B O~G O~B 

(3.15) 

The law of charge conservation requires that 

Qa+QD+Qs+QB=O (3.16) 

By differentiation of the conservation expression (3.16) with respect to VGs, 
VDs and VGD and using equations (3.13), (3.14) and (3,15) we find respec
tively 

8QD 8QB 
0 --+-- = 8VGs 8VGs 

8Qs + 8QB = 0 
8VGD 8VGD 
8Qn 8Qs 

0 --+-- = 
8VGB 8VGB 

It is easily verified that this may be rewritten as 

CDs+CBs = 0 

Csn +CBD = 0 

CDB+CsB = 0 

Together with (3.12) this leads to 

Cns = -CBs:::: -CsB = CnB:::: CBD = -CsD:::: -Cns 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

This is only possible if all derivatives in (3.17), (3.18) and (3.19) are zero, 
which is in contradiction with experiments and physical intuition. For in
stance, it is clear that the bulk charge is a non-constant function of the 
source voltage (cf. equation (2.27)) and therefore CBs can not be zero. 
Furthermore (3.23) implies that the channel charge must be separated in 
a part Qs(VGs) and a part QD(Van). Since the channel charge in general 
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depends non-linearly on both voltages, this separation is not possible. Thus 
charge conservation and reciprocity are mutually exclusive properties of a 
complete MOSFET charge model. 

The effects of charge non-conservation are usually observed by simulation 
of charge pumping experiments or other switching circuits and appear as an 
unlimited increasing or decreasing terminal voltages [8,9]. In the original 
SPICE implementation the capacitances discussed above were the primary 
model quantities. Charges were calculated by numerical integration. Since 
the capacitances are nonlinear functions of the terminal potentials this leads 
to a numerical error in the calculated charges [16,9]. This appears as charge 
non-conservation in the simulation results, unless the time step in the solu
tion process is taken very small. In fact the time step should be so small 
that the integration error becomes smaller cthan the convergence criterion. 
This often is an impractical constraint. By taking the charge as a primary 
modelling quantity, charge conservation can be forced by applying (3.16). 
When this is done consistently, it automatically leads to non-reciprocal ca
pa.cita.nces as shown above. 

3.4.3 The Ward model 

As mentioned before, for use in a circuit the charge in the channel charge 
has to be split in parts associated with the source and drain terminals. The 
best scheme in a physical sense is the following procedure [16]: 

Calculate the transient currents in the channel due to changes 
in the terminal voltage. For each voltage change find the point 
where :~ = 0. Use this point as the channel separation point 
between source and drain, since this is the boundary point be
tween charging currents of opposite directions. 

However a disadvantage of this method is that the result is not given in an 
explicit form. It can only be implemented in a numerical device simulator. 

In 1980 a new charge model was published (7] which presented a channel 
charge partitioning scheme based on physics. It used a double integration of 
the continuity equation to arrive quite naturally at expressions for the source 
and drain charges. These expressions took the form of the channel charge 
density multiplied by linear 'partitioning' or 'weigthing' functions. The 
resulting capacitances arise naturally as non-reciprocal and appear some
times negative. Unfortunately the derivation was only valid for long channel 
transistors. Nevertheless it was the most elaborate physically based charge 
model. 

Much has been discussed about this method and the resulting 'weight
ing' function [17,18]. In principle other partitioning functions could be used 
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(and have been proposed indeed) [12,19,20]. However the method discussed 
above is the only one which is based on physical principles. It has been 
argued that this method is principally the most accurate thinkable scheme, 
since it minimizes the error introduced by the quasi-static approximation 
[17]. Furthermore , it has been shown [21,22] for long channel transistors 
that this method is equivalent to a second order approximation of the full 
time-dependent (non-quasi-static) small signal description of the MOSFET. 
Sevat has shown [23] that for a long channel transistor a lumped element 
equivalent circuit leads to the same expressions as the Ward method. Thus 
we have an independent verification of the physical validity of this analysis. 
Later on the same approach for charge partitioning has also been used in 
models for the bipolar transistor [24]. 

The main points of criticism were directed to the non-reciprocal nature 
of the resulting capacitances and the prediction of a non-zero drain charge 
in the saturation region [25,9]. We have seen that the irreciprocity is a di
rect consequence of the charge conservation law and the non-linear multiple 
terminal nature of the MOSFET. About the latter point of criticism we 
must consider the following. 

Mathematically the non-zero saturated drain charge arises from the 
weighted integration of the channel charge density. Sometimes it is ar
gued that this is incorrect, since the drain is 'insulated' from the rest of the 
device. Even in a long channel transistor however, where current saturation 
arises from pinch-off, it is still possible for a charging current to flow to the 
channel via the drain. For instance, when the gate voltage is increased, even 
keeping the transistor in saturation, the channel charge may be supplied by 
a change in the drain current. This can be seen as a non-zero CDG and 
therefore, in general, also a non-zero drain charge. The complementary ca
pacitance, however, (CaD) will be zero since a change in the drain voltage 
will not affect the channel and therefore will also not affect the gate charge. 
This is confirmed by measurements (chapter 6) and device simulation, as 
will be shown later on. These effects are even more true for short transis
tors, since pinch-off usually does not occur in these devices. 

Although the above approach solves the problem of charge conserva
tion and a full description of all internodal capacitances is provided, short 
channel effects as velocity saturation are not taken into account. Figure 3.7 
gives the numerically calculated [3] distribution of the inversion charge in 
the channel of a sub micron MOSFET with and without taking into account 
velocity saturation. As expected from the nature of velocity saturation the 
charge distribution is affected most at the drain end of the channeL Clearly 
it is necessary to include the carrier velocity in an accurate charge model 
for shorter transistors. 
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Figure 3.7: Influence of ve
locity saturation on charge 
distribution in the channel. 
Drawn curves: without ve
locity saturation. 
Dashed curves: with veloc
ity saturation. 
Vas= 3V. 
With e: Vns = 5V. 
Without •: Vns = 3V. 
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·Yet another problem is caused when the body effect is included by using 
the full square root expression (2.36). The expressions for the capacitances 
then become much too elaborate for practical use. To circumvent this, 
approximations for the final charge expressions were presented [7]. In this 
work the body effect will be included in .the charge analysis similar to the way 
it was treated in the DC model (2.42) to keep the charge model consistent ' 
with the DC current model. 
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3.5 Derivation of the MOSFET charge partition
ing method 

We start with a description of the necessary split of the channel charge, i.e. 
the charges to be associated with the source and the drain. The following 
method was presented first by Ward in 1980 (7]. It was derived for long 
channel devices, with constant mobility and threshold voltage. 

In the next section the method will be extended for a MOSFET with 
a mobility model which includes several short-channel effects and with the 
inclusion of the body effect. The symbols will be kept consistent with sec
tion 2.3. 

Consider the continuity equation in the channel region: 

wan(x, t) - 8/(x, t) 
q at - ax (3.24) 

This equation simply states that the change in the number of particles at 
a point x in the channel has to be supplied or removed by the net current 
flow at that position. Integration of this equation along the channel from 
the source to an arbitrary point along the channel yields: 

r 8n(x', t) dx' = _1_ r 8/(x', t) dx' = _1_{/(x t)- /(0 t)} (3.25) 
Jo 8t qW Jo 8x' qW ' ' 

Integration of (3.25) along the whole channel results in: 

foL foman~;,t)dx'dx= q~{foLI(x,t)dx- foLI(O,t)dx} (3.26) 

or 

1 (L W (L r an(x1 t) 
/(0, t) = L lo I(x, t)dx- qL Jo Jo at, dx'dx (3.27) 

or 

(3.28) 

We now have an expression for the current at position x = 0 in the 
channel for each time t. In other words, equation (3.28) describes the total 
current flowing through the source contact. In this expression the first term 
of the right hand side is the average transport current in the channel at time 
t. Under the quasi-static assumption this is the DC current as a function 
of the instantaneous value of the potentials at the terminals. This DC term 
can be represented by any DC model derived under the same assumptions. 
The second term at the right hand side of (3.28) then represents the 'dy
namic' part of the source current J(O, t). In a static situation it disappears. 
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The expression between brackets can be thought of as the electrical charge 
associated with the source Q s as a function of the instantaneous value of the 
potentials at the terminals. This is similar to the quasi-static approximation. 

Evaluating this expression by integration by parts, we find: 

Qs = -qW foL (1- i-) n(x,t)dx 

Thus the -source current can be written as: 

8Qs(t) 
ls(t) = lDc(t) + ot 

(3.29) 

(3.30) 

For the drain current a similar expression can be derived, where the charge 
associated with the drain is given by: 

(LX 
QD = -qW Jo Ln(x,t)dx (3.31) 

N ~te that Q s and Q D sum up to the total inversion charge in the channel: 

Qc = -qW foL n(x, t)dx (3.32) 

It is possible to apply this method to the charge-sheet model (sec- , 
tion 2.2). The results of a numerical evaluation of this scheme are shown in 
figure 3.8 for a transistor with the parameters of table 2.1. It is clear that 
the drain and source charges generally behave the same, but that the drain 
charge saturates to a smaller value than the source charge. This is due to 
the fact that the potential difference between gate and channel decreases, 
when going from source to drain. Note that here the implicit relation for 
the surface potential is used, thus avoiding the need to define a saturation 
voltage. 

The above charge partitioning scheme has also been implemented in a 
postprocessing routine [26] for the 2-D device simulator MINIMOS 4.0 [27]. 
After the normal MINIMOS run, the postprocessor integrates the weighted 
charge densities, as calculated by MINIM OS, in the appropriate areas. Some 
results for a 1 J.Lm LDD device are shown in figure 3.9. Comparing the latter 
results with that of the (long channel) charge sheet model (figure 3.8), we 
find that the behaviour is generally the same. However, due to the velocity 
saturation the saturation voltage is decreased, resulting also in different 
saturation values for the source and drain charges. Note that also for these 
devices the charges in the saturation region are virtually constant. 
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Figure 3.8: Qn (drawn) 
a.nd Qs (dashed) vs. Vns· 
Calculated with the cha.rge 
sheet model of section 2.2. 
Vas= 2, 3, 4, 5V. 

Figure 3.9: Qn (drawn) a.nd 
Qs (dashed) vs. Vns. 
Calculated with MINIMOS. 
• represent calculated data 
points. 
Vas = 3, 4, 5V. 
L = lJLID. 
W = lOJLID. 
Toz = 15nm. 
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3.6 A MOSFET charge model 

It should be noted tha.t until now, no assumptions have been made about 
the operation region of the device. Therefore this method ca.n be used for a. 
channel charge partitioning, valid from subthreshold to strong inversion. 

However, since the channel charges are small, when the device is not 
biased into strong inversion, we will start the analysis with the assump
tion that .the device is operating in strong inversion. Therefore the results 
ha.ve to be used with some care nea.r threshold. Strictly speaking the model 
should take diffusion currents into account a.nd the full expression for the 
carrier density (2.18) has to be used. 

Considering, however, that the carrier concentrations depend exponen
tially on VGs in subthreshold operation, it is understood tha.t only a. small 
error is made by using a strong inversion model and e.g. forcing the result
ing charges to decrease exponentially below threshold. Later on this will be 
studied in more detail. . 

3.6.1 A charge model for the strong inversion region 

We will now derive a. channel charge model being compatible with the DC 
model as discussed briefly in section 2.3. It will be based on the assumption 
that the device is operating in strong inversion. As mentioned above it is 
strictly speaking invalid nea.r the threshold region. 

3.6.1.1 The active charges 

The key equations from the DC model for this analysis are the current den
sity equation (2.45) a.nd the charge density equation (2.41 ). 

We will present the evaluation of the expression for the drain charge 
according to equation (3.31). To calculate the integral of (3.31) we rewrite 
it by changing the integration variable x (position in the channel) to V 
(potential at position x ): 

(VDs x(V) 8x 
Qv :::: -qW Jo ~n(V, t) ()VdV (3.33) 

From (2.45) we find in a mathematically informal way by separation of 
variables 
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and by integrating both sides and substituting the current expression (2.47) 
we have 

L(1 + OcVvs) V 
X= (VGT- 0.5(1 + 6)Vvs)Vvs (VGT- 0'5(1 + c)V)V- Ec (3.35) 

Substituting (2.41), (3.35) and (3.34) in (3.31) a relatively complex integral 
results, which can be evaluated to yield 

where 

and 

A= (1 + OcVvs)(1 + c5)2V_65 

6(2VGT- (1 + 6)Vvs) 

8 = .!.ocVvs _ 1 (5VGT- 2(1 + c5)Vns)(1 + OcVvs) 
2 5 2VGT- (1 + c5)Vvs 

In a similar way we find for the source associated charge (3.29) 

Qs = -WLC0 ., {~vGT- ~(1 + c)Vvs + A(1 +B)} 

And therefore also for the total channel charge 

Qc = -WLCoz{vGT- ~(1+c5)Vvs+A} 
Immediately it is apparent that for Vvs = 0, we find 

1 1 
Qs =Qv= 2Qc = 2WLCoz (VGs- VT) 

as is expected from symmetry. 

(3.36) 

(3.37) 

(3.38) 

(3.39) 

(3.40) 

(3.41) 

In all above cases Vvs denotes the applied bias, if the device is in the 
linear region of operation, and the saturation voltage VvssAT (2.48) if the 
device operates in saturation. This approach is made acceptable keeping in 
mind the results shown in figures 3.9 and 3.8. In the last section of this 
chapter we will review this method of saturation. 

The auxiliary functions A and B are plotted in figures 3.10 and 3.11 
for a long and a short channel transistor. It is clear that the influence of 
velocity saturation becomes manifest mainly in A. This is due to the term 
with VGT in the numerator of B which has a considerable value in strong 
inversion and therefore dominates the function. 
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Figure 3.10: Auxiliary func
tion A vs. VDS· 

Dashed curves: Vas= 3V. 
Fully drawn curves: 
Vas= 5V. 
6 = 0.25V-1 . 

Without e : 00 = ov-1 . 

With e : 00 = 0.33V-1 • 

Figure 3.11: Auxiliary func
tion 8 vs. VDS· 

Dashed curves: Vas 3V. 
Fully drawn curves: 
Vas= 5V. 
6 = 0.25V-1 . 

Without e : 8c ov-1 • 

With e : Oc = 0.3V-1 . 
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It is interesting to note that the parameters OA and OB describing the 
effects of the mobility reduction due to the vertical electrical field do not 
appear in the expressions for the charges. This arises from the global way of 
modelling these effects on the mobility, as opposite to the velocity saturation 
effect, which is treated locally. This approach is justified by numerical 
results [28] for DC current modelling and by numerical results [29] obtained 
with MINIM OS. The latter are shown in figure 3.12, which gives the source 
and drain charges, calculated with and without taking into account the 
scattering effects. It is clear that these have only a minor effect on the 
charges. 

Figure 3.12: Effect of ver
tical field mobility degrada
tion on charges. Open mark
ers: without vertical field 
mobility degradation. 
O: QD. 
o: Qs. 
+:Same quantities with ver
tical field mobility degrada
tion. 
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The effect of velocity saturation, however, is much larger. Figures 3.13 
and 3.14 give the numerically calculated charges with and without taking 
into account velocity saturation. Finally in figure 3.15 a comparison is given 
between the model and the numerically calculated results from figure 3.9. 
The differences between the model and the simulations are caused by 2-
D effects, discretization inaccuracy and differences in the mobility model. 
MINIMOS uses a completely local mobility model [30] with a slightly more 
complicated velocity saturation description than the one used in the charge 
model. Note that the difference for. the source charge is larger, due to a 
coarser grid at this side of the device. 

Figure 3.16 gives a plot of the above given charges Qn and Qs as a 
function of Vn for several Va. Source and bulk bias are kept at 0 V and 
-5 V, respectively. Note that for Vn < 0 the device operates in the reverse 
direction. Since the device is symmetrical, the drain now effectively func
tions as the source and vice versa. However, we choose not to swap the 
names of the MOSFET termi-nals. Thus the source still acts as the refer-
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Figure 3.13: Effect of ve
locity saturation on drain 
charge. 
0 : without velocity satura
tion. 
• with velocity saturation. 

Figure 3.14: Effect of ve
locity saturation on source 
charge. 
0: without velocity satura
tion. 
• with velocity saturation. 
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Figure 3.15: 
Numerical (markers) and 
modelling (fully drawn) re
sults. 
• : calculated Q D. 

• : calculated Q s. 
Fully drawn: modelled QD. 
Dashed: modelled Q s. 
Vas =3, 4, 5V. 
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ence terminal. Therefore QD and Qs must also swap their role. For VD< 0 
not only VDS,e// changes, but also Vas,etf increases with decreasing VD. 
Therefore the amount of charge increases. A smooth, continuous transition 
from forward to reverse operation at VD = OVis observed. As discussed 
before, the charges saturate to a constant value at VDs = VDsSAT· 

Figure 3.16: QD vs. VD. 
Va=3, 4, 5V. 
VB=-5V. 
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3.6.1.2 The bulk and gate charges 
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In principle the bulk charge density qB is given by (2.26), and the total bulk 
charge can be calculated as 
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(3.42) 

Note that this integral denotes only the charge in the bulk of the intrinsic 
part of the device. The depletion charge caused by the reversely biased 
source and drain junctions is not taken into account. The above integral 
may be solved numerically [31]. However in previous sections (2.2 and 2.3) 
the depletion approximation (2.27) was used. Furthermore the square root 
in (2.27) was expanded in a Taylor series, keeping only the first term. For 
convenience's sake we repeat this expansion here 

qs = 1..fiF. = 'YVVss +V+ <Ps = 'YVVss + <Ps + bV (3.43) 

where 6 is the first order derivative of Qs at V= 0 given by (2.42) 

0= '1 
2v'Vss + 2</>F 

(3.44) 

Note that the latter equation is equal to the derivative of the threshold 
voltage with respect to the source potential. Substituting this in (3.42) and 
evaluating the integral yields for the bulk charge: 

Qs = -W Le_ { 'YVVss + <Ps + 6VDsF} 

where the function F is defined as 

(V: V. V ) _ VaT- !(1 + 6)VDs -l(l + o)OcV};8 
:F DS, Gs, SB - 2VaT- (1 + 6)VDs 

(3.45) 

(3.46) 

Two contributions can be distinguished in (3.45). The first term gives the 
bulk charge determined by the source~ bulk back bias Vss. This part is closely 
related to the threshold v~lt~ge (2.36). The second term describes the addi
tional charge induced by the drain bias. lt reduces to zero for the symmet
rical situation VDs = 0. The function F is plotted in figure 3.17 for a long 
and a short channel transistor. Note also the influence of velocity saturation 
in :F. It is easily verified that the relation between F and A is given by 

1 
A = 2(1 + 6)VDs [1- 2:F] (3.47) 

In figure 3.18 the above expression (3.45) is compared with a numerical 
evaluation of (3.42) for the implicit charge sheet model of section 2.2. A fair 
agreement is observed. The difference is already observed at VDs = 0, which 
arises from the fact that a threshold voltage has to be chosen for the com
pact model, where as the charge sheet model uses the true surface potential. 

Figure 3.19 gives the bulk charge as a function of the square root of 
the back bias. Clearly at VDs = 0 the linear dependence with slope 7 
is recognized. For higher drain biases the second term of (3.45) causes a 
deviation from the square root behaviour, since 6 is a function of Vss. 
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Figure 3.17: Auxiliary func
tion F vs. VDS· 

Dashed curves: Vas= 3V. 
Fully drawn curves: 
Vas= 5V. 
6 = 0.25V-1• 

With • : Oc = 0.3¥-1 • 

Without e : fJc = ov-1 . 

Figure 3.18: Comparison of 
Qs obtained from a numer
ical evaluation of the charge 
sheet model of section 2.2 
( • ) and from the analytical 
model (fully drawn curves). 
Vas=2, 3, 4, 5V. 
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Figure 3.19: 
Qs vs. 
VVss + 2</> F - ..J'i?>i. 
• : Analytically calculated. 
The fully drawn line is a 
linear fit through the calcu
lated data points. 
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The gate charge is simply given by the charge neutrality demand (3.16) 
and is therefore positive for an n-channel MOSFET. Figure 3.20 gives the 
gate charge as a function of Vns for several gate biases. Note also for this 
charge the continuous transition from forward to reverse operation. 

Figure 3.20: Qc vs. Vn. 
Vc=3, 4, 5V. 
Vs=-5V, 
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3.6.2 A charge model for the weak inversion region 

Although the mobile charge at the interface is small when the MOSFET is 
not biased into the strong inversion region, a description of the behaviour 
of this charge may be necessary. Especially in weak inversion, around the 
classical threshold voltage, still a small charge can be distinguished. This 
could e.g. be important for the simulation of the switching behaviour of a 
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MOSFET, since it then passes from a situation where a substantial current 
flows to an almost currentless situation, or vice versa. 
Furthermore the bulk charge behaves differently from the strong inversion 
situation, since it is not screened from the gate, as was explained in the first 
chapter. 

3.6.2.1 The active charges 

For the same reasons as in the strong inversion case a partitioning of the 
mobile charge is needed. Remember that the method as discussed in section 
3.5 did not use any assumptions about the biasing of the device. Therefore 
the task in this section is to evaluate (3.29) and (3.31) in the weak inversion 
situation. 

The way to arrive at compact expressions for the charges associated with 
source and drain will be similar to that succQssfully used in many current 
models [32,33]. It is assumed that current transport occurs by diffusion only. 
This is a good approximation for low gate voltages. However, for increasing 
gate voltages the diffusion current saturates and drift transport becomes 
more and more important. 

In the diffusion regime the current at lateral position x at the interface 
may be written as 

(3.48) 

Here qr(x) denotes the mobile charge density at position x as given by (2.50). 
By integration the current is found as 

(3.49) 

where the bracketed term in the right hand side denotes the mobile charge 
density at the drain and source side, respectively. 

In a mathematically informal way (3.48) may be rewritten as 

J.tnWkT 
8x = -

1
--Bqr(x) 
'"'" q 

and so we have 

J.tnW kT 
x = ----qr + K 

I.uo q 

Since for x = 0 qr = qrs, the integration constant is given by 

kT 
K =- -qrs 

I.ub q 
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Using (3.51) and (3.50) in (3.31) we find 

QD = W 1qiD (kT)2 (JlnW)2 (qi- qis)qiaqi 
L 9IS q Iaub 

This integral can be solved to yield 

(
kT)

2 
(JlnW)

2 
W [1 3 1 2 1 a] QD = - -- - -q/D - -qiDqis + -qiS 

q I.ub L 3 2 6 

and with (3.49) we finally have 

· WL · 
QD = 6 (2qw + qrs) 

In a similar way we may find 

WL 
Qs = -

6
- (qw + 2qrs) 

(3.53) 

(3.54) 

(3.55) 

(3.56) 

Note that for VDs = 0 we have qw = qis and hence Q D = Q s = 0.5W Lq1s 
as ~s expected for reasons of symmetry. Finally we see that the total charge 
is given by 

(3.57) 

To arrive at a compact model for the charges in thi.s region we now have 
to relate the charge densities at the source and drain sides to the applied 
voltages. This is done using relations for the charge density (2.50) and 
surface potential (2.51) with the same method as in the current modelling 
[33]. Then the following expressions result 

1 (Vas- Va,.) { (-VDs) } QD = 6WLqroexp m</>T 2exp ~ + 1 (3.58) 

and 

Qs = ~WLqr0 exp (Va::ar) {exp (-;;s) + 2} (3.59) 

where q1o is given by (2.53) and repeated here for convenience 

1Coz kT (-<I>F) 
qro = 2.45J'ii}F q exp 2</>x (3.60) 

Thus it is easily seen that the influence of VDs is rather weak, since for values 
of a few 4>T the term with VDs becomes negligible and we find Qs = 2QD. 
Figures 3.21 and 3.22 give the drain and source charge in weak inversion 
as a function of Vas and VDs, respectively. Both the charge sheet results 
calculated numerically and the compact model results are shown. A good 
fit is observed using m = 1.85 and Va,. = 0.98. The exponential behaviour 
is clearly visible, as well as the weak drain bias dependence. 
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Figure 3.21: 
Channel charges vs. Vas in 
weak inversion. 
+: Qv; Vvs = OV. 
•: Qv, Vvs = 0.5V. 
D: Qs, Vvs = ov. 
•: Qs, Vvs = 0.5V. 
Markers represent numerical 
results, drawn curves show 
the model. 

Figure 3.22: Qv (•) and Qs 
(• ) vs. Vvs in weak in
version. Markers represent 
numerical results, drawn 
curves show the model. 
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3.6.2.2 The bulk and gate charges 

In weak inversion the bulk charge density is virtually not dependent on 
either drain or source bias. Therefore the bulk charge is independent of Vns. 
In this region the bulk charge density is given by the same expression as in 
strong inversion (3.42), however to arrive at a compact expression a different 
approximation for the surface potential must be used. This approximation 
is given by (2.51) and is repeated here 

' 'Y "'12 2 

[ 
1]2 

1/J. ~ - 2 + { 4 + (Va- VFB)} (3.61) 

This leads to the following expression for the Bulk charge 

Q = WLC "'!
2 

{ 1 - 1 + 4(VaB- VFB)} 
B o:e 2 "'{2 (3.62) 

which at the boundary of strong inversion can be rewritten with (2.36) as 

(3.63) 

The latter equation is equal to the first term in the strong inversion equation 
(3.45). The gate bias dependence of the depletion bulk charge is shown in 
figure 3.23. 

Figure 3.23: QB vs. Vas in 
weak inversion. 
• : charge sheet model of 
section 2.2. The dashed line 
is a guide to the eye. 
Fully drawn curve: Analyti
cal model. 
Vns = OV. 
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Finally the gate charge in the weak inversion region is again obtained by 
the charge neutrality demand (3.16). It is shown in figure 3.24 as a function 
of Vas for Vns = 0 and Vns = 0.5. Comparing figures 3.21, 3.23 and 3.24 it 
is clear that the active charges contribute little to the total gate charge. The 
weak bias dependence of the active charges is negligible in the gate charge. 
Note that all charges go to zero if VaB approaches the flat band voltage. 
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Figure 3.24: Qc vs. Vcs in 
weak inversion. 
•:Vvs=OV. 
Line: Vvs = 0.5V. 
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3.6.3 The charges in the accumulation region 

1.00 

For completeness' sake we finally discuss the accumulation region of opera
tion. In the accumulation region (VcB < VFB) there is virtually no current 
:How possible. A thin layer of majority carriers is formed at the interface, 
forming a parallel plate capacitor with the gate. In this case the bulk charger 
is simply given by 

QB = Qacc = -WLCoa: (VcB- VFB) 

and the gate charge by 

Qc = -QB = W LCoa: (VcB- VFB) 

3.6.4 An overview of the charges 

(3.64) 

(3.65) 

This section presents an overview of the charges discussed so far. The 
charges are shown under many bias situations in figures 3.25, 3.26, 3.27 
and 3.28. The relevant device parameters are listed in table 3.1. All pre
sented charges are normalized to the oxide capacitance Co:r. 

First we take a look at the behaviour of the inversion charges Qv and 
Qs. They are shown in figure 3.25 as a function of Vv and Vs at constant 
VGB· Note that the diagonal in the ground plane is the line with V vs = 0. 
The right half of the figure thus represents forward operation of the MOS
FET, whereas in the left half the devices operates in the reverse mode. The 
function plotted is Qv, which switches to Q s in reverse operation. The 
different behaviour of these charges can clearly be seen. In fact the charge 
of that terminal, which is called the drain in normal operation is shown. 
In the lower foreground of the figure the device is in the linear region, and 
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11 Parameter I Value I Unit Meaning 

L 1 p,m Effective length of transistor 
w 10 p.m Width of transistor 
t_ 17.5 nm Oxide thickness 

V To 1.0 V Zero back-bias threshold voltage 

1 0.5 v112 body factor 
(JA 0.2 v-1 p. reduction by trans. field 

Os 0.05 V 1/2 p. reduction by back bias 
Oc 0.5 V 1 velocity saturation parameter 

Table 3.1: Parameters for transistor of figures 3.25, 3.26, 3.27 and 3.28. 

moving along either of the two axes means going towards saturation. The 
flat part in the top corner is the weak inversion region, where the inversion 
charges are negligible compared to the strong inversion values. Note the 
continuous transitions at all boundaries. 

Figure 3.25: 2D representa~ 
tion of Q D ( Q s in reverse op
eration) vs. Vs and Vn. 

¥11-
S.OlO 

1111-
0.0lO 

Next in figure 3.26 the bulk charge is shown in a similar way. Again the 
continuous transitions are noticed. In contrast to the previous figure this 
charge is symmetrical in the line Vns = 0, since the bulk charge is attributed 
to one terminal. Another view of the bulk charge is given in figure 3.27. 
Here Vs and Vs are constant, while Va and Vn are changed independently. 
The linear, saturation and reverse regions are easily recognized in the fore
ground of the figure. For decreasing Va subsequently the depletion and 
accumulation region are entered. The latter occurs at the point where Q s 
changes sign. The boundary from depletion to strong inversion shifts with 
negative Vv due to the back bias dependent threshold voltage. 
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Figure 3.26: 2D representa
tion of QB vs. Vs and Vn. 

Figure 3.27: 2D representa
tion of QB vs. VG and Vn. 
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Finally, the gate charge is shown in a similar way as figure 3.27 in fig
ure 3.28. Since it is calculated with the charge neutrality demand, it shows 
the same features as the previous figures. 
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Figure 3.28: 2D representa
tion of Qc vs. V a and V.p. 
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3.7 A MOSFET capacitance model 

Using the expressions given in the previous section and the definition (3.6) 
we can now find the capacitances associated with all terminals. The math
ematics is quite basic, but lengthy and therefore it will not be presented 
in detail here. It is important to note that the body effect term (c) in all 
charge equations is a function of VsB and thus has to be taken into account 
in a capacitance calculation by the chain rule of differentiation. The same 
reasoning holds for VT. 

3.7.1 A capacitance model for the strong inversion region 

The capacitances in this section are derived from the charges as discussed 
in section 3.6.1. The term active capacitances will refer to the derivatives 
of the drain and source charges. 

3.7.1.1 The active capacitances 

Unfortunately the resulting expressions, while explicit and computationally 
not very difficult, are sometimes quite long and difficult to read. Using A 
and 8, defined in (3.37) and (3.38) in the previous section, some capacitances 
may be written in a relatively simple form: 

Coa = W LC_ { ~ + 2VaT- ~ + o)Vvs [1 + 48]} 

Csa = W LCoz { ~ - 2VaT- (~ + o)Vvs (3 + 4~]} 

(3.66) 

(3.67) 

However the other capacitances are more complicated and therefore are pre
sented in appendix A. 

The above capacitance~ all show continuous transitions from linear to 
saturated and from forward to reverse operation. The former stems from 
the inclusion of the mobility reduction parameters in the charge analysis, 
the correct calculation of the saturation voltage (2.48) and the consistency 
between the charge and the DC model. The latter is only true if the cor
rect value of the body effect factor {j is used. }or current modelling it is 
common to slightly modify the expression for {j to obtain better fits in drain 
current vs. drain bias plots [34,35]. However, we will show that this leads to 
discontinuities in the capacitance expressions. An often used modification 
is 

(3.68) 

with a ~ 0.6. With the equations in appendix A it is easily found that for 
Vos 0 we find with the modified definition of {j 
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1 
CDD = JWLCoz(l+Bnew) (3.69) 

At zero drain bias this should be equal to Css which is given by 

c _ oQs oQs ao oQs avr 
ss - oVs + o6 oVs + oVr oVs 

(3.70) 

Remembering that 

avx 
oVs =cold (3.71) 

Css can be rewritten as 

(3.72) 

Now we see that only for Oold = Onew we have continuity at VDs = 0. This 
is illustrated in figure 3.29 showing continuity for the correct li expression 
and discontinuity for 6 from (3.68). 

Figure 3.29: Effect of 6 ex
pression on continuity of ca
pacitances. 
Fully drawn curves: correct 
o expression (2.42). 
Dashed curves: incorrect 6 
expression (3.68). 
VGs = 2V. 
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Another important point is the second derivative of Vx. Since the first 
derivative arises as o in the expressions for the active charges, the second 
derivative will appear in the capacitance expressions. This is not a problem 
for transistors of a process with a single body factor, but it may be a prob
lem in a process with a bias dependent body factor. This problem will be 
further discussed in appendix B. 

Comparing figures 3.30 to 3.33, showing several of the active capaci
tances for a long and a short channel, the most striking difference is the 
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saturation behaviour. For the long channel transistor ( Oc = 0) the satu
ration value is independent of the gate voltage, whereas the short channel 
transistor (Oc = 0.33) clearly shows a gate voltage dependent saturation 
behaviour, except for CsD which saturates at 0 for both transistors. 

Figure 3.30: Long channel 
drain capacitances vs. VDS· 

Fully drawn curves: CDG. 
Short dashed curves: CDs· 
Long dashed curves: CDB. 
Vas =2, 3, 4, 5V. 

Figure 3.31: Long channel 
source capacitances vs. VDS· 

Fully drawn curves: Csa. 
Short dashed curves: C sD. 
Long dashed curves: Css. 
Vas =2, 3, 4, 5V. 

-0.1 

-0.5 '---~-~-~--'--
0.0 1.0 2.0 3.0 4.0 5.0 

V,. (V) 

0.3 

0.1 t-----;;;;;;:===:=:==-----

-0.1 

-0.3 

-0.5 '----~-~-~-~---" 
0.0 1.0 2.0 3.0 4.0 5.0 

V00 (V) 

I 

The reason for the latter is that for long channels a true pinch-off con
dition shields the channel from any further drain bias increase. For a short 
channel transistor the velocity saturation causes the same result. Therefore 
in both situations a drain bias increase beyond saturation does not influence 
the charge distribution in the channel and thus CsD = 0. However it is clear 
that the velocity saturation decreases the saturation voltage, resulting in an 
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Figure 3.32: Short channel 
drain capacitances vs. VDS· 

Fully drawn curves: CDG· 
Short dashed curves: CDs· 
Long dashed curves: CDB· 
Vos =2, 3, 4, 5V. 

Figure 3.33: Short channel 
source capacitances vs. VDS· 

Fully drawn curves: C sa. 
Short dashed curves: CsD· 
Long dashed curves: C SB. 

Vas =2, 3, 4, 5V. 
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earlier saturation of the capacitance for the short channel transistor. Due 
to the inclusion of velocity saturation in the charge analysis, the resulting 
capacitance saturates naturally. Neglecting this would result in a disconti
nuity at the saturation voltage. 

The gate voltage dependence in saturation of the other capacitances is 
also caused by velocity saturation, which can be explained as follows. First 
consider a device, biased deeply into saturation, assuming constant mobil
ity. Therefore saturation is caused by pinch-off. An increase in gate voltage 
now increases the charge density in the same way all over the channel re
gion. Therefore the gate bias does not have any inffuence on the value of 
the capadtances in saturation. In the velocity saturated transistor however, 
two mechanisms play a part. At the source side velocity saturation has only 
a minor influence and therefore the behaviour here will approximate the 
constant mobility behaviour. At the drain side of the channel the charge 
density is increased due to the velocity saturation effect. The charge density 
will increase with increasing gate bias to support the saturated DC current, 
which increases less than in the constant mobility case. These two mecha
nisms influence the charge distribution. Therefore the saturated capacitance 
values will be gate voltage dependent. 

Clearly the capacitances induced by the bulk contact ,CsB and CvB ar~ 
less important than the other active capacitances. Again we see the (weak) 
influence of velocity saturation. 

3. 7 .1.2 The bulk and gate capacitances 

The bulk capacitances are easily derived from the charge expression {3.45). 
However again some resulting expressions are quite long and are therefore 
given in appendix A. Figures 3.34 and 3.35 give the capacitances as a 
function of Vvs for a long and a short channel transistor. Note that at 
Vvs = 0 CBD = CBs = it?W LCo:e as is expected for reasons of symmetry. 

Also it is seen that the capacitances become independent of Vvs in the 
saturation region. Thisis caused by the fact that only the intrinsic transis
tor is described by the above equations. Therefore the bulk charge saturates 
with increasing Vvs since the potential at the drain end of the channel is 
pinned at the saturation voltage. 

In figure 3.36 and 3.37 the long channel and short channel gate capac
itances are compared. Note that the gate drain capacitances saturate to 
zero. 
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Figure 3.34: Long channel 
bulk capacitances vs. VDS· 

Fully drawn curves: CBD· 

Long dashed curves: CBs· 

Short dashed curves: CBG· 

V(7s =2, 3, 4, 5V. 

Figure 3.35: Short channel 
bulk capacitances vs. VDS· 

Fully drawn curves: CBD· 

Long dashed curves: CBS· 

Short dashed curves: CBG· 

VGs =2, 3, 4, 5V. 
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Figure 3.36: Long channel 
gate capaPtances vs. VDs· 
Fully drawn curves: CGD· 
Long dashed curves: CGs· 
Short dashed curves: CGB· 
VGs =2, 3, 4, 5V. 

Figure 3.37: Short channel 
gate capacitances vs. VDs· 
Fully drawn curves: CGD· 
Long dashed curves: CGs· 
Short dashed curves: CGB· 
VGs =2, 3, 4, 5V. 
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3.7.2 A capacitance model for the weak inversion region 

The capacitances in this section are derived from the charges as discussed 
in section 3.6.2 with the usual definition (3.6). This results in the following 
equations for the active capacitances. 

3.7.2.1 The active capacitances 

For the ca.pacitances associated with the drain charge: 

CDG = -q1oWL (VGs- VG,.) ( 2 ( -VDs) + 1) 
6m<f>x exp m<f>x exp <h (3.73) 

CDD = -qioWL (VGs- VG,.) ( (-VDs)) 
3</>x exp m<PT exp ~ (3.74) 

CDs = -qioWL (VGs- VG,.) 
6m</>x exp m<f>x (3.75) 

( 2( m - 1) exp (-;;s) -1) 

For the capacitances associated with the source charge: 

CsG = -qroWL (VGs-VG,.) ( (-VDs) 2) 
6m</>x exp m<f>x exp ~ + (3.76) 

CsD = q1oWL (VGs- VG,.) ( ( -VDs)) 
6</>x exp m</>x exp ~ (3. 77) 

Css = -QioWL (VGs- VG,.) 
6m<f>x exp m<f>x (3.78) 

( {1 - m) exp (-~:s) + 2) 

Note that CDG and CsG are proportional to their associated charges QD 
and Qs respectively. Furthermore it is clear that all capacitances, like the 
charges, saturate with VDs within a few <f>x. Due to the charge neutrality 
principle the following relations hold: 

CDs = -CDG + CDD 

Css = CsG + CsD 

(3.79) 

(3.80) 

Note also that for VGs <VG,. all active capacitances decrease exponentially 
to zero. In figure 3.38 and 3.39 the above capacitances are shown. 
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Figure 3.38: Cna (fully 
drawn) and C sa (dashed) 
vs. Vas in weak inversion. 
Vns = 0.5V. 

Figure 3.39: Cna (fully 
drawn) and Csa (dashed) 
vs. Vns in weak inversion. 
Vns = 0.5V. 
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3.7.2.2 The bulk and gate capadtances 

The bulk capadtances are easily found from the corresponding charge equa
tion (3.62). They are found to be 

(3.81) 

Since in weak inversion the bulk charge is independent of Vns we find with 
the charge neutrality principle 

CBB = CBG (3.82) 

At the threshold of strong inversion these equations evaluate to 

( ) 
oWLCoz 

CBG VGB = VTB = 
0 1+ 

(3.83) 

The results are illustrated in figure 3.40. 
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Figure 3.40: CBG vs. VGs in 
weak inversion. 

Since the gate charge is given as the opposite of the sum of the three. 
semiconductor charges, the capacitances are easily found from the previ
ous equations. It is important to notice that even at threshold the active 
capacitances are much smaller than the bulk-gate capacitance. 
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3. 7.3 Capacitances in accumulation 

It is clear from the charge expressions in this regime as discussed in sec
tion 3.6.3, that in accumulation the only non-zero capacitances are easily 
found as 

Csa = WLCoc (3.84) 

Css = WLC0111 (3.85) 

Cas = WLC0111 (3.86) 

Caa = WLC_ (3.87) 

3.8 A compact charge and capacitance model 

The previous sections described the derivation of the basic charge and ca
pacitance expressions. To arrive at analytical expressions some assumptions 
concerning the region of operation had to be made. In an implementation 
of the model in a circuit simulator all solutions however have to be merged 
to yield continuous transitions for the charges and capacitances from one 
region of operation to another. As shown in the previous sections all tran
sitions from reverse to forward and from linear to saturated operation are 
continuous. The transition from weak to strong inversion, however, is not 
continuous for all situations. The latter will be discussed first. Furthermore 
the charge and capacitance model can be extended quite easily to some 
effects that are important in the saturation regime for short channel tran
sistors. This will be the last topic of this chapter. 

First consider the active charges. The strong inversion equations (sec
tion 3.6.1) yield QD = Qs = 0 for Vas = VT. As was shown in section 
3.6.2 in weak inversion the active charges yield only minor contributions to 
the total charge in the semiconductor. Additionally they decrease rapidly 
with decreasing Vas. In principle the contribution of the weak inversion 
expression, evaluated at threshold, should be added to the strong inversion 
expression. This could be achieved by use of a limiting function for the 
weak inversion expression and simply adding the result to the strong in
version expression [36]. Since this has only a minor effect on the resulting 
charges it is instead more useful to generalize the strong inversion equations 
by a modification of the effective gate drive (VaT) as has also been proposed 
in current modelling [33]: 

VaT= 2m<fyrln [1 +exp (V~~-:T)] (3.88) 

This forces the charges to decrease exponentially beneath the threshold 
voltage. Figure 3.41 shows the resulting transition for the drain and source 
charge. A very smooth transition is observed. In figure 3.42 the drain 
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gate capacitance is shown a.s a function of drain a.nd source bia.s. Note 
that the right half of the figure represents reverse operation and therefore 
effectively shows the source gate capacitance. The flat part in the front 
is weak inversion. The continuity of the resulting capacitances is clearly 
noticeable. 

Figure 3.41: CDa (fully 
drawn) a.nd C sa (dashed) 
vs. Vas· For VDs = OV 
both curves coincide. 
VT = O.SV. 

Figure 3.42: 2D representa
tion of CDG (Csa in reverse 
operation) vs. VD and Vs. 
Va = 4V. 
VB= OV. 
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Now consider the bulk charge. As wa.s already shown in section 3.6.2 
for VDs = 0 continuity ofthe bulk charge arises naturally. However, from 
the equations in appendix A we see that CBD and CBs do not go to zero, 
when Vas approaches the threshold voltage, since the function F has a finite 
limit. Also the use of the modified gate drive (3.88) does not help, since now 
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VGT and therefore VvssAT does not become zero at threshold. Therefore 
a smoothing procedure would be necessary. Another solution, however, is 
possible. It has the additional advantage of reducing the overestimation 
of the bulk charge by the 6 expression, which leads to the CBs behaviour 
observed in figures 3.34 and 3.35. The idea behind this bulk charge model is 
the following. In weak inversion the drain and source operate independently. 
Their biases affect the local threshold for strong inversion. Therefore at the 
drain side of the weakly inverted MOSFET the bulk charge will continue to 
increase with VGB even after the source side has reached its limit. Therefore 
the total bulk charge can be approximated by the average of the drain and 
source component 

1 
QB = 2 (QBs + QBD) (3.89) 

The expression for the two components is the weak inversion expression for 
the bulk charge (3.62), which will be saturated at the local threshold at the 
value given by (3.63). Thus at the threshold the limiting value is given by 

QBD = WLC-1JVvB +2</>F (3.90) 

where VvB has to be replaced by VvssAT + VsB iu saturation. This ap
proach results in continuous bulk charges and capadtances at the threshold 
voltage. The transition around Vx is shown in figure 3.43. Although this ap
proach solves one problem, it introduces a discontinuity in the capacitances 
at the saturation voltage. Therefore a smoothing procedure is necessary to 
circumvent this. For this reason we will further use the original bulk charge 
model. In chapter 6 both models will be compared with measurements. 

Figure 3.43: Bulk capaci
tances around the threshold 
voltage. 
Fully drawn curves: Vvs = 
ov. 
Dashed curves: Vvs = 0.5V. 
Vx = o.sv. 
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Until now the transition from the linear to the saturation region of op
eration has been treated as an abrupt transition. In practical short channel 
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devices however, this transition is more complicated. For drain bias values 
higher than the saturation voltage given by (2.48) the point where the car
riers reach the saturation velocity shifts gradually in the direction of the 
source. Effectively this means a decrease ~L of the channel length of the 
transistor. This is illustrated in figure 3.44. A pseudo-2D analysis of this 

Figure 3.44: Illustration of 
channel length modulation 
~L and fringing field (indi
cated by the curved arrows). 

AL 

effect has been given in [37]. The result can be conveniently written as (38] 

1- ~L = [1+a:ln(1+ VDs-~DSSAT)]-1 (3.91) 

where a and Vp are treated as model parameters. Thus the channell!;mgth 
modulation effect is accounted for by dividing the source and drain charges 
from section 3.6.1 by 

G = 1 +a In ( 1 + VDs ~PVDss) (3.92) 

In this way Q s+QD describes the charge in the actual channel. Furthermore 
the charge in the region D.L between the channel and the drain, which has 
to be added to the drain charge, has to be accounted for. Assuming that in 
this region the carriers all travel with saturated velocity this charge is given 
by 

(3.93) 

In a practical compact model a small modification of (3.92) is necessary. 
Since G is only applied when the device is biased in the saturation regime 
VDs- VDSSAT has to be replaced by a suitable expression D.V. The first 
choice is 

D. V = { 0 VDs < VDSSAT . 
VDs - VDSSAT VDs 2:: VDSSAT 

(3.94) 

However, this expression causes a discontinuity in the derivative of G with 
respect to VDs· Therefore the above expression has to be replaced by a 
mathematical smoothing function given by 
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AV = hyp(VDs - VDSSAT, £) 

where the hyper function is defined by 

hyp( X,£) = ~ (X + v' x2 + £2) 

(3.95) 

(3.96) 

£ is a parameter determining the operation region of the smoothing. U su
ally a value of 0.2 is sufficient. The effect of the channel length modulation 
on the gate drain capacitance is shown in figure 3.45 by the short dashed 
curves. Note that the saturation value is no longer zero, but reaches a small 
finite value. The curve from the linear region to the saturation region is 
very smooth. 

A second effect, which takes place mainly in saturation, is caused by 
the fringing field between the gate and the channel side wall of the drain 
implant ( cf figure 3.44 ). If the device operates in the linear region this 
field is completely shielded by the carriers in the channel, which are totally 
controlled by the gate. However, in saturation the carriers do not shield 
the gate from the drain implant. Therefore a fringing capacitance between 
the gate and drain becomes noticeable. With a slight simplification this 
capacitance is given by [39] 

C1 = 2W£oaoln (1 + Xj ) 
2toa: 

(3.97) 

where Xj denotes the junction depth of the drain implant. The bias depen
dence of this capacitance is modelled after [40] as 

( 
2CaD) 

CJ,.inging = Ct 1- Coao (3.98) 

The effect on the gate drain capacitance of the above modification is illus
trated in figure 3.45 by the long dashed curves, where a junction depth of 
O.lJ.tm has been taken. Clearly the saturation value of the capacitance is 
now the fringing capacitance. 
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Figure 3.45: CaD vs. VDs· 
Fully drawn curves: model 
without fringing capacitance 
and channel length modula
tion. 
Long dashed curves: with 
fringing capacitance. 
Short dashed curves: with 
channel length modulation. 
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Chapter 4 

Effects of extrinsic parts of 
the MOSFET 

4.1 Introduction 

Until now the discussion was focused on the intrinsic part of the MOSFET 
structure (figure 4.1). The physical realization of such a device, however, 
includes necessarily other parts, which implicitly have been assumed ideal 
so far. Owing to process technological reasons the real device includes series 
resistances at all terminals and usually shows an overlap of the gate structure 
over the source and drain implants. 

Gate 

' ' ransistor! 
' ' ' ' ' 

' ' : ________ ___ ____ ___ _ j 

Bulk 

Drain 

Figure 4.1: Structure of a MOSFET indicating parasitic elements. 

The latter is even present in the much used self-aligned process scheme, 
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where the gate is used as a mask for the source and drain implantations. 
Due to outdiffusion the implants extend a little ("" O.lpm) underneath the 
gate. This results in a parallel plate-like structure, causing an additional 
capacitance between the gate and the source, respectively drain. 

The series resistances are caused by the finite conductivity of the ma
terials used in the fabrication process (even for highly doped areas). Fur
th('!rmore, sometimes parts in the conducting path are doped only lightly 
on purpose. In this case the total resistance is increased compared to the 
highly doped situation . This configuration is called the lightly doped drain 
(LDD ). In order to reduce the lateral electric fields that arise by downscaling 
device dimensions at a constant operation voltage, LDDs are often applied 
in short channel devices. High electric fields cause hot carrier problems, 
reducing the lifetime of the device dramatically [1,2]. Usually the dE!vices 
are made symmetrical and therefore also the source contains a lightly doped 
part. 

For a correct description of the charge behaviour it is necessary to in
clude the above mentioned extrinsic parts in the analysis. This is obvious 
for the overlap capacitances, but in the next section it will be shown that 
also the resistances may have a considerable effect (apart from RC delays) 
on the capacitances. 

The need for a more complete description is illustrated by figure 4.2, 
showing measured CGD of a LDD sub micron transistor and the discrepan
cies with data calculated with the model from the previous chapter and the 
overlap taken into account as a parallel plate capacitor. 

Figure 4.2: CGD vs. VDs· 
• : measurements. 
Fully drawn curves: model 
without properly taking ac
count of LDD effects. 
L = 0.7pm. 
W = 500pm. 
t_ = 17.5nm. 
VGs =1, 2, 3, 4, 5V. 
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4.2 Effects of series resistances 

The effect of the series resistances on the DC drain current characteristics 
has received much attention [3,4]. Several methods exist describing the 
actual device as a small circuit consisting of an ideal MOSFET and several 
additional (passive) elements, as shown in figure 4.3. This leads to higher 
order equations that need to be solved for the terminal currents. Often 
these equations are implicit and have to be treated numerically. Another 
possibility is to include the complete equivalent circuit of the MOSFET in 
the circuit to be simulated. Both methods may cause a strong increase in 
computer time, since in effect the number of circuit nodes is increased. 

Figure 4.3: Equivalent cir
cuit for inclusion of the se
ries resistances. 

Intrinsic Part 

Since the resistances have to be model parameters in a compact model 
they must be determined by electrical measurement techniques. Many meth
ods have been proposed to extract the series resistances [1,2,3]. Most meth
ods need a set of transistors with different channel lengths. Recently, how
ever, some work has been done on extraction methods using only one single 
MOSFET [8,9). Also analytical models have been published and success
fully applied to compact modelling [11,10). 

However, it also has been shown [10,12) that in many practical situations, 
the effects can be successfully described by a generalization of the mobility 
reduction parameters 0 A and Oc: 

(4.1) 

(4.2) 

where () AO and Oao denote the ideal mobility parameters. The generalized 
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parameters can be found from an analysis of device characteristics. If this 
is done for a set of transistors with different channel lengths, the extracted 
parameters can be used to extract both series resistances, and the ideal 
mobility parameters [10]. To avoid time consuming numerical processes the 
above approach will be used for the extension of the charge and capacitance 
model. 

4.2.1 Effects on the intrinsic charges 

From figure 4.3 it is easily seen that for the bias of the intrinsic device we 
may write 

(4.3) 

where /i is the DC current through terminal i (written as a function of all 
external potentials ). The internal potentials given above may be used in the 
charge expressions derived in chapter 3. This is justified by the fact that 
the model was derived under the quasi-static assumption. The resulting 
intrinsic charges are now written as: · 

Qa = Qa(Vb, Vb, V~, V}J) 

QD = Qa(V0, Vb, V~, V}J) 

Qs = Qa(Vb, Vb, V~, VJJ) 
QB = Qa(V0, Vb, V$, V}J) 

With ( 4.3) this yields for the gate charge 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

Qa = Qa(Va- laRa, VD- lvRv, Vs- lsRs, VB- lBRB) (4.8) 

and similar expressions can be written for the other charges. 

Since in the DC model (like in most DC models) la = 0 and usually 
lBRB can be neglected this reduces to 

Qa = Qa(Va, VD- lvRD, Vs+ IvRs, VB) 

QD = QD(Va, Vv- lDRD, Vs+ lvRs, VB) 

Qs = Qs(Va, VD- lDRD, Vs+ lDRs, VB) 

QB = QB(Va, VD- lvRD,Vs + lDRs, VB) 

{4.9) 

(4.10) 

(4.11) 

(4.12) 

The resulting effects on the intrinsic gate and drain charges are shown in 
figures 4.4 and 4.5. Two situations are compared with the resulting curves 
when the series resistances are not taken into account. Both dashed curves 
represent a total series resistance of 100ft The difference is the distribution 
over Rs and Rv. The long dashes represent a completely symmetrical 
device, while the short dashes have a large drain resistance and a small 
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Figure 4.4: Effect of se
ries resistances on the drain 
charge. 
Fully drawn curves: model 
of chapter 3. 
Long dashed curves: this 
model, Rs = son, RD = 
son. 
Short dashed curves: this 
model, Rs = 40n, RD = 
60n. 
Vas= sv 

Figure 4.S: Effect of se
ries resistances on the gate 
charge. 
Fully drawn curves: model 
of chapter 3. 
Long dashed curves: this 
model, Rs = son, RD = 
son. 
Short dashed curves: this 
model, Rs = 40n, RD = 
60n. 
Vcs = 5V 
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source resistance. The source and bulk charge show similar behaviour. 
Qualitatively from the presence of series resistances the following effects 
can be distinguished: 

• An increase of the saturation voltage, originating from the DC model 
via the parameter Oc. From ( 4.2) it is clear that this effect increases 
with increasing RD. Therefore the difference with the ideal transistor 
is the largest for the asymmetrical device. 

• A substantially different value of the charges in the saturation region. 

• A different slope of the charge plots in the linear region. 

From this it is clear that also the capacitances will be affected. 

4.2.2 Effect on the intrinsic capacitances 

The effect of series resistances on the terminal capacitances is illustrated by 
measurement results shown in figures 4.6 and 4.7. The measurement setup 
is discussed in section 6.2.1. Here the solid lines show the gate-drain and 
gate-source capacitance as measured from a standard LDD test transistor 
as discussed in chapter 6. To study the effect of series resistances the same 
transistor was measured again, but with an extra external series resistance 
in the source and drain lead, respectively. This external resistance was of 
the same magnitude as the measured LDD resistance. 

Figure 4.6: Effects of exter
nal resistances on measured 
CaD· VDs denotes exter
nally applied voltage. 
Re:~:t ~ RLDD ~ 2.5fi 
Transistor is the same as in 
figure 4.2. 
Fully drawn curve: Without 
external resistance. 
Long dashed curve: With 
external resistance in source 
lead. 
Short dashed curve: With 
external resistance in drain 
lead. 
Vas 5V. 
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In figure 4.6 it is observed that an increase of the source resistance causes 
an increased capacitance in the linear operation region, whereas a similar 
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Figure 4.7: Effects of exter
nal resistances on measured 
Cas. VDs denotes exter
nally applied voltage. 
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increase of the drain resistance effectively decreases the above capacitance. 
It is also clear that when the device is biased in the saturation the effect on 
the capacitance region is only minor. The gate-source capacitance shows a 
completely diffE)rent behaviour. The external drain resistance increases the 
effective capacitance in the linear region, while it hardly affects the satura
tion value. The source resistance, however, results in an overall decrease of 
the effective capacitance. 

Generally the effective terminal capacitances can be found from the def
inition (3.6), the charge expressions ( 4.9) to ( 4.12) presented in the previous 
section and the relation between internal and external potentials (4.3). Us
ing these we find 

aQ,(Vb, Vb, V$, V.8) 
C;.; = a aV· 

J 

{ 
aQi aVb aQi aV.8} 

= a aV1 aV· + ... + aV1 av. a J B J 
(4.13) 

where a denotes the sign according to (3.6). Since ~ is the definition of 
I 

the intrinsic capacitance q 1, (4.13) is written as 

{ 

1 aVb 
13 

, aVb 1 av~ c: , aV.8 } 
Ci; = a a.C,a aY. + CiD aV· + 'YCis aY. + vCm aY. 

J J J J 
(4.14) 

Here a, (3, 'Y, ~follow the same sign definitions as in (3.6). The partial deriva
tives for the voltages are found as 
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in which 

[)[i 
Gi.i = [)V:· 

3 

(4.15) 

(4.16) 

is the generalized conductance found from the expressions for the DC cur
rents. Under the same assumptions as discussed with the effects on the 
charges, the most important quantities are the transconductance (gm) and 
the output conductance (gd)· 

Thus the effective gate-drain capacitance now becomes 

CaD,ef 1 = a { -aCbaGavRa + f3Cbv( 1 - G vvRv) 

-1Cb5GsvRs- 6CbsGsvRs} 

From (3.6) we find that a= -1, a =1, (3 = 1 = 6 = -1 and therefore 

CaD,efl = Cb0 GovRa + Cbv(1- GvvRv) 

(4.17) 

( 4.18) 

With the same assumptions about the gate and bulk resistances as in· the 
previous section, this reduces to 

( 4.19) 

Since all variables in this expression are positive, we see that in agreement 
with figure 4.6 the source resistance increases the effective gate drain capac
itance, while the drain resistance decreases this capacitance. Furthermore it 
is clear that in the saturation region the effects of the resistances are strongly 
reduced, due to the low values of the drain conductance in saturation (cf. 
figure 2.10). This is also in agreement with figure 4.6. 

Similarly we find for the gate-source capacitance 

( 4.20) 

Note that here the multiplication factor consists of the summed output con
ductance and transconductance. The fact that the latter does not approach 
zero in saturation explains the behaviour in figure 4. 7. Rv increases the 
effective gate'-source capacitance, but since Chv decreases to zero in satura
tion the effect of the drain resistance decreases in saturation. Cb5 , however 
does not decrease and therefore the source resistance has a decreasing effect 
in both regions of operation. 
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This method can be used for all capacitances. Some other examples are 
given below. 

CDS,e/1 = Chs- (gd + 9m) (ChsRs + ChDRD) 

CDG,eJI = CDG- 9m (ChsRs + CDDRD) 

CsD,efl = C~D- 9d (C$8 Rs + CsDRD) 

( 4.21) 

(4.22) 

(4.23) 

Since each equation for the effective capacitances consists of continuous 
quantitie~, the resulting expressions all are continuous. This is a direct con
sequence of the above method. When the resistances are directly taken into 
account in the derivation of the charge model for the intrinsic transistor, 
discontinuous expressions arise, which need a smoothing function in a cir
cuit simulator implementation [13,14]. 

Figures 4.8 to 4.10 compare some calculated capacitance curves of a sub 
micron LDD transistor with and without taking into account the inherent 
series resistances. The latter have been calculated from {4.1) and (4.2) 
using the same parameters as in the charge and capacitance examples of 
the previous chapter. The same series resistance situations are shown as 
for the charges in the previous section: an asymmetrical (short dashes) and 
a symmetrical (long dashes) device. It is dear that the resistances have 
considerable eff~cts on the calculated capacitance characteristics. 

Figure 4.8: Effect of series 
resistances on CGD· Fully 
drawn curves: model of 
chapter 3. 
Long dashed curves: this 
model,· Rs = 50n, RD = 
son. 
Short dashed curves: this 
model, Rs = 40n, RD = 
60n. 
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Figure 4.11 compares this explicit model with an exact solution obtained 
with the circuit simulator PANACEA [15]. For comparison also the solution 
without taking into account the series resistances is given. The simulated 
structure is the same as the one in figure 4.3, with Rs = RD = son and the 
transistor as used before in chapter 2. For the explicit model the mobility 
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Figure 4.9: Effect of series 
resistances on CGs· Fully 
drawn curves: model of 
chapter 3. 
Long dashed curves: this 
model, Rs = 5011, RD = 
5011. 
Short dashed curves: this 
model, Rs = 4011, RD = 
6011. 

Figure 4.10: Effect of series 
resistances on CDG· Fully 
drawn curves: model of 
chapter 3. 
Long dashed curves: this 
model, Rs = 5011, RD = 
5011. 
Short dashed curves: this 
model, Rs = 4011, RD = 
6011. 
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reduction parameters have been assigned values according to (4.1) and ( 4.2). 
Clearly an excellent agreement between the circuit simulator solution and 
the model is observed. 

Figure 4.11: CaD vs. VDS· 
markers: circuit simulator 
results. 
Fully drawn: this model. 
Vas= 5V. 
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4.3 Effect of overlap capacitances 

As described earlier practical MOSFETs will have a gate partly overlapping 
the source and drain implants. The resulting parallel plate like structure 
causes a capacitive coupling between the gate and the source and drain 
respectively. These overlap capacitances are connected in parallel with the 
intrinsic capacitances. The structure is depicted in figure 4.12. Since the 
overlap is small and in the same order of magnitude as the gate thickness 
and not much larger than the gate oxide thickness, it is not allowed to treat 
the structure as a parallel plate capacitor. This is similar to the problem of· 
calculating the microstrip capacitance. Usually this is treated by defining an 
effective permittivity for the dielectric to take into account the spreading 
capacitance. The effective permittivity is found with curve fitting from 
numerically calculated data [16]. Here a different approach will be taken. 

/,...,.--·---........ c / X ,, 
( o 'x TOP 

~--- \\ 
: I C . )rCslo'e =t== \ .. 
: I .· BOT \ \ 

Accumulation 

Figure 4.12: Sketch of the 
gate · edge area, indicat
ing the overlap capacitance 
components. 

LOO 

' 

LO,EFF 

The total overlap capacitance can be thought of as consisting of three 
components associated with the bottom, the sidewall and the top of the 
gate, Coot, C.itk, and Ctop respectively. The first component can be given 
as a normal parallel plate capacitance 

C 
E:oE,. W L 011e,. 

bot= t_ (4.24) 

The latter two can be calculated, with reasonable accuracy, by integrating 
the capacitance of a line with length W above a plate along the gate thick
ness and gate length respectively [17]. For the sidewall capacitance this 
results in 

c.ide = rtge.te fo:e w dt = E:oz w ln (tgate + t_) 
Jo t + to:e to:e 

(4.25) 
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and for the top capacitance 

(4.26) 

In fact the above is an approximation of the results obtained by the con
formal mapping technique (18]. However, the latter approach results in 
transcendental equations, which have to be solved for any given geometry. 
To circumvent this, ( 4.26) Xo denotes an effective length of the top side 
of the gate( overlap) to be taken into account. In (17] it was assumed that 
X 0 = l L. However in practice this overestimates the contribution of the 
top component. Taking (4.24), (4.25) and (4.26) together we may write the 
overlap capacitance as 

(4.27) 

or 

( 4.28) 

where c. is the effective increase in overlap length due to spreading effects 
given by 

C.= t~nln (1 + tgat~~ Xo) (4.29) 

The validity of the above equations was verified by numerical device simu
lations using the structure as shown in figure 4.13. By means of AC device 
simulations [19] with the device in strong inversion at zero drain-source 
bias the total gate capacitance may be calculated. First consider as the 
simulation region rectangle ABCD. The difference between the calculated 
capacitance and the geometrical parallel plate capacitance, W LCoz with L 
the drawn channel length, is just the contribution of the sidewalls,. which 
is proportional to 2£,. When the simulation region is enlarged to rectan
gle ABEF also the top component is taken into account. Comparing these 
results gives insight in a correct determination of X 0 • Results for various 
oxide and gate thicknesses are given in tables 4.1 and 4.2. c.,theory is cal
culated from (4.29) using the appropriate geometrical data. The Xo given 
in table 4.2 is calculated from the differences in £, with ( 4.29}. 

In figure 4.14 these results are illustrated. A linear dependence is ob
served: 

1 
Xo = 2 (t~n + tgate) + Xo0 (4.30) 
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Figure 4.13: Simulation regions used to verify overlap capacitance with 
CURRY simulations. 

tOIIC 2£ • ,theor"ll 

(nm (ttm) 

17.5 0.15 0.082 0.079 
17.5 0.25 0.095 
17.5 0.35 0.102 0.106 
15.0 0.25 0.086 0.086 
20.0 0.25 0.102 0.104 

Table 4.1: Numerical and analytical results for the overlap capacitance with 
simulation region ABCD. 

where Xoa = 2.4J,tm. As the distance between the top of the gate and the 
drain implant increases the top component of the spreading capacitance 
becomes smaller. Therefore the effective length of the top side decreases. 
For very large distances the approximations do not hold, as is illustrated by 
the last point in the figure. 

Note that so far the overlap capacitance is considered to be bias indepen
dent. However, as we observe in figure 4.2 from measurements on CGD, some 
MOSFET capacitances are also bias-dependent in regions were we expect 
the overlap capacitance to be dominant ( eg. saturation for CGD ). Recently 
bias dependent overlap capacitances were reported [20,21,22]. However, in 
[22] no data was presented for MOSFETs in strong inversion. Therefore 
these results are not directly applicable to a circuit model. In [20] the tran
sistor was used in normal operation. However, an empirical relation for the 
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\ 

0.15 0.147 
17.5 0.25 0.099 
17.5 0.35 0.056 
17.5 0.50 -0.03 
15.0 0.25 0.110 
20.0 0.25 0.094 

Table 4.2: Numerical results for the top component of the overlap capaci
tance. 

Figure 4.14: X 0 as a func
tion of tmr: + t9ate· 

• : calculated from CURRY 
simulations. 
The line is a linear fit 
through the data points. 
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overlap capacitance was used. The compact model from [21] will be ex
tended here. 

To obtain a compact model the behaviour of the overlap has been studied 
with numerical device simulations [19]. Two different devices were used. 
One has an LDD structure. The other is a device with the same effective 
channel length, but without the LDD structure. This device has highly 
doped source and drain implants between the actual contact area and the 
intrinsic device. The zero-bias overlap of the gate over these implants is 
as long as in the case of the LDD transistor. In addition for the above 
simulations the gate was divided in three parts, separated by extremely 
thin insulating vertical layers. These separations were positioned just at 
the location of the metallurgical junctions at the interface. This is the best 
a priori guess for a separation between the intrinsic and extrinsic parts of 
the MOSFET. The structure is shown in figure 4.15. 
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S Intrinsic D 

c::=:J '---~-----' c::=:J 

Figure 4.15: Simulation structure used to distinguish capacitance compo
nents in CURRY simulations. 

The three gate components were kept at an equal DC potential. An AC 
signal was applied to the drain. According to the definition (3.6) we can 
now distinguish three gate capacitances (or more accurate three components 
of the gate-drain capacitance): the intrinsic capacitance, the drain overlap 
and the source overlap. 

In figures 4.16 and 4.17 results of the simulations for both devices are 
compared. In the figures the intrinsic component can be easily recognized. 
Note the influence of the series resistances on the latter according to the 
previous section. Also the effect of the inner fringing capacitance can be 
observed as the minimum value of the intrinsic component. 

A striking difference between the two situations can be seen in the 
drain overlap components. Whereas the conventional device shows a nearly 
constant drain overlap capacitance, the LDD device has a clearly bias
dependent drain-overlap capacitance. In agreement with the measurements 
it decreases with increasing VDs and increases with increasing Vas· 

Furthermore we see a similar difference between the source overlap com
ponents in the two situations. The source overlap component in the con
ventional device is completely negligible, while the LDD structure shows a 
small contribution for increasing Vas. 

First we take a closer look at the behaviour of the drain side component. 
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Figure 4.16: Bias depen
dence of capacitance compo
nents for conventional tran
sistor. Several components 
vs. Vas. 
Fully drawn curves: drain 
overlap component. 
Short dashed curves: intrin
sic component. 
Long dashed lines: source 
overlap component. 
•: Vns = 1V. 
t::...: Vns = 5V. 

Figure 4.17: Bias depen
dence of capacitance com
ponents for LDD transis
tor. Several components vs. 
Vas· 
Fully drawn curves: drain 
overlap component. 
Short dashed curves: intrin
sic component. 
Long dashed lines: source 
overlap component. 
•:Vns=1V. 
•: Vns = 3V. 
t::..: Vns = 5V. 
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Due to the high doping in the hard drain the implanted region is a good 
conductor. Therefore the bottom component of the overlap capacitance ap
proaches a true parallel plate behaviour. Due to the small dimensions the 
sidewall and top components, which are in principle bias independent, also 
are noticeable. The capacitance is thus given by ( 4.27). In many situations 
we have VGs > VDs and therefore the n-type doped drain implant may be
come more or less accumulated. This even improves the conductivity of the 
'plate'. 

When the gate is negatively biased (VGs < VDs) with respect to the im
planted region (eg. in deep saturation) the surface could become depleted 
(or even inverted), but since the region is highly doped the depletion region 
extends only to a very small depth. Therefore the 'plate distance' is hardly 
affected and the resulting overlap capacitance is virtually bias-independent, 
as was shown in figure 4.16. 

In an LDD transistor the situation is different. Numerical analysis shows 
(figure 4.18) that in saturation the .main part of the potential drop from the 
external drain voltage to the internal drain voltage (VDSSAT) occurs un
derneath the gate overlap. Therefore part of the implanted region becomes 
depleted. Since the region is lightly doped this may extend substantially in 
depth. Effectively this increases locally the distance between the plates of 
the bottom component, thus reducing the resulting capacitance, as can be 
seen in figure 4.17. 

Figure 4.18: Potential distri
bution at the interface near 
the gate edge for an LDD 
transistor. 
VGs = 3V. 
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If the contribution of the depleted part is completely neglected, we can 
define an effective overlap length for the bottom capacitance by assuming 
a linear dependence of the potential underneath the overlap on position. 
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Thus we find the length of the accumulated part to be 

L Vas- VFB- VDSSATL 
over,ef J = over 

VDs- VDSSAT 
(4.31) 

and now the bottom capacitance reads 

Cbot = fo€,. W Lover,e!J 
t_ ( 4.32) 

The same procedure as used for the channel length modulation can be .ap
plied to avoid the discontinuity at the saturation value. The resulting over
lap capacitance is shown as a function of VDs in figure 4.19. 

Figure 4.19: Overlap capac
itance vs. VDS· 
Dashed curve: classical over
lap capacitance. 
Fully drawn curve: this 
modeL 
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4.4 Result 

In a complete model the effects discussed in the previous sections all have 
to be taken into account. As an illustration of the improvement in mod
elling results figure 4.20 is given. It presents the same measurements as in 
figure 4.2, but the model takes into account all effects discussed above. The 
improvement is evident in both the linear and . the saturation region. In 
chapter 6 more measuring and modelling results are presented. 

Figure 4.20: Measurements 
of figure 4.2 with complete 
model. 
CcD vs. VDs· 
•: measurements. 
Fully drawn curves: model 
taking account of LDD ef
fects. 
L = 0.7pm. 
W = 500pm. 
t_ = 17.5nm. 
Vcs 2,3,4,5V. 
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Chapter 5 

MOSFET Y-parameters. 

5.1 Introduction 

As was emphasized in the previous chapters, all discussions so far were based 
on the quasi-static approximation. This implies a limited frequency range 
within which the models will be valid. If applications at frequencies up to 
the inverse of the transit time are desired, it will be necessary to include 
the time dependence in the basic equations. A first order estimation of this 
frequency is given by 

!. _ JLoVDs 
c- 21r L2(1 + fJA VaT)(l + fJoVDs) 

(5.1) 

which can be found by assuming an average lateral electric field in the 
channel. Since the quasi-static assumption is dropped, the use of the set 
of time-dependent equations is often referred to as Non-Quasi-Static (NQS) 
analysis. Since most high frequency applications are in analog circuits, the 
attention is focused on small signal models [1,2,3,4,5]. In particular a gener
alization of the method of [2] is the subject of this chapter. Some attention 
has been paid to large signal NQS modelling [6,7,8]. However the resulting 
solutions are complicated and not easily to be used in compact models. Fur
thermore, most large and small signal models are only valid for long channel 
transistors. 

To describe high frequency behaviour a well known method has been 
used. This is the concept of the admittance parameter matrix. The method 
is also referred to as sinusoidal steady state analysis (S3 A) [5]. With the 
definition of the (generalized) admittance 

y.. _ al(V~, .. Yj, .. .Vn)i 
•:~- av:. 

3 

{5.2) 

the small signal terminal currents are given as 
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It = Yu Vt + Y12 V2 + .... + Ytn Vn (5.3) 

l2 = Y21 Vt + Y22V2 + .... + Y2nVn 

From the definitions it is clear that e.g. the YDG must be determined by 
measuring the small signal drain current, caused by a small signal excitation 
at the gate, while all other terminals, (including the drain) are AC short 
circuited to the reference. 

In [1] an analysis to calculate the admittance matrix for a MOSFET 
based on the charge continuity equation and the transport equation is pre
sented. However, this analysis is limited to long channel transistors. In 
addition several other important effects have been neglected. 

The analysis in [3] takes into account the bulk effect, but assumes con
stant mobility, thus limiting the model to fairly long transistors. Although 
the analysis is rigorous, to arrive at an equivalent circuit diagram the final 
model is presented with many simplifications. Furthermore the effects of 
the extrinsic parts are included in the same equivalent circuit by adjusting 
the element values. Then the latter values are obtained by finding a best 
fit with measurement data. Thus the individual elements do not have a. 
physical meaning. In addition they are bias dependent and only given as a 
table model. 

The analysis presented here will follow the method as described in [2], 
but it will take a more general form. The MOSFET will be treated as a. four 
terminal device, assuming a homogeneously doped bulk. This implies a. re
lation between threshold voltage and backbias (2.36) with only one -y-factor. 
Mobility reduction by transversal and lateral electrical field components is 
also taken into account. Note that the analysis only describes the intrinsic 
transistor. 
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5.2 Derivation of the NQS model. 

First we will present an analysis of the Y-parameters related to the channel. 
Afterwards the bulk and gate admittances will be discussed. When the 
transistor is operating under the strong inversion condition, the continuity 
equation (3.24) applied at location x in the channel can be written as 

oJ(x) _ C o(VeT- (1 + 6)V(x)) 
ox - - ot 

Likewise the transport equation (from (2.38) and (2.41)) is given by 

J(x) _ ttoCoa: (VeT- (1 + 6)V(x)) oV(x) 

- (1+9AVeT)(I+Ec1 1 8~~21>1) ox 

Defining 

U(x) =VeT- {1 + 6)V(x) 

these equations can be rewritten as 

and 

aJ(x) _ C oU(x) 
ox - oz ot 

(5.4) 

(5.5) 

{5.6) 

(5.7) 

J _ ttoCoa:U(x) aU(x) (5.8) 

- (1+6)(1+9AVeT}(1+(1+6)-1E;1 1 8~i"'>D ax 

Introducing the small signal approximation 

U {X) = v( X) + u( X )eJ"'t 

J(x) = Jo + i(x)eJWt 

V eT = VeT + UeTeJ"'t 

(5.9) 

where the amplitudes of the AC signal must be much smaller than the 
corresponding steady state quantities. For sake of convenience the position 
dependency of the quantities will be dropped from the notation. J0 is found 
from (2.47), taking (}B = 0, as 

Jo = ttoCoa: (VeT- 0.5(1 + 6)Vvs)Vvs 
L (1+0AVeT)(1+8cVvs) 

(5.10) 

and substituting (5.9) in (5.7) and (5.8) we obtain from the small signal 
parts of equation ( 5. 7) 

(5.11) 
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and from equation (5.8) 

OA.UGT (1 + B~) Jo + (1 + OA.VGT)Bi:Jo + (5.12) 

(1 +OA.VGT) (1 + B:=) i = Au:= + Av~ = A~11 

In these equations the constants A and B have been used, which are given 
by 

and 

B = LOc 
1+8 

From the DC part of (5.8) we find: 

{} (1+0A.VGT)Jo 8 
= 

8x Av-(1+0A.VGT)JoB8v 

= 
(1 + 9A.VGT)(1 + 6)Jo 8 

1-'oc_v- (1 + fJA.VGT)JoLOc 8v 

Rearranging (5.12) yields: 

OA.uaTAV A . A8uv . (1 (J ) 1 B8u ------- + -vt = - - + A. VGT JO -
1 + OA.VGT Jo 8v 8v 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

Applying (5.15) to (5.11) and differentiating the result finally leads to the 
second order partial differential equation 

82i JWC- [ 8uv · 8u] 
8v2 = (1 + 8A.VGT)Jo A 8v - (1 + 0AVGT)JoB 8v 

With the use of (5.16) this equation can be rewritten into 

{J2i . • . 
- -JDvz =;Ev 8v2 

where D and E are defined as 

D = wc_A = WJ.toC!z 
{1 + (JA.VGT)J~ (1 + 5)(1 + OA.VGT)J~ 

and 

E = wCozfJA.UGTA = W/-LOC~fJA.UGT 
(1 + 8A.VGT)2 Jo (1 + 6)(1 + fJA.VGT) 2Jo 
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(5.18) 

(5.19) 

(5.20) 



Equation (5.18) has a form different from previous results [1,2]. Due to 
the transversal field dependent mobility it is not a homogeneous differen
tial equation. The corresponding homogeneous differential equation has the 
same form, but with a different expression {5.19) for D. This is caused by 
the effects taken into account in the analysis. 

A particular solution for (5.18) is easily found. By substitution it is clear 
that 

(5.21) 

satisfies the above equation. The homogeneous equation can be transformed 
to a standard form with the following general solution [9]: 

i = vl/2 { PJI/3 (~ntf2v3/2ei11'") +QJ_t/3 (~ntf2v3/2ei'~~'')} (5.22) 

where .p and Q are constants, which are determined by the boundary con
ditions. The functions hand J_l are Bessel functions [10] of the first kind 

3 3 

of order ~ and -~ respectively. 
The complete solution is given by adding (5.21) and (5.22) 

fJAJo 
1 + fJAVGT UGT + (5.23) J = 

vt/2 {PJ (~nt/2v3/2et'~~'') + QJ (~nt/2v3/2ei'~~'")} 1/3 3 -1/3 3 

The particular solution describes a small signal current, which is con
stant along the whole channeL From the basic equations used in this analysis 
it is clear that this reduction affects the transistor in a global way. Note 
that this part of the current always is in phase with the small signal gate 
voltage. Therefore it will affect only the results for the real part of the 
solution (conductances), but not the imaginary parts ( reactances ). The ho
mogeneous part of the solution is given by Bessel functions with complex 
arguments. Therefore this may, depending on the external conditions, cause 
a phase shift between the small signal current and the driving small signal 
potential. Note that the homogeneous solution contains the effects of the 
body-factor and both mobility reduction parameters. The results of includ
ing these effects in the analysis will be illustrated in section 5.3. 

In order to calculate the small signal currents, the constants P and Q 
have to be determined. This is done with the expression for the small signal 
potential u, which from (5.11),(5.15) and (5.23) is obtained as: 

(1 + 6Avax)Jo(l + .5)D1 12 ei'~~'Jv 
u = ;wCoz(J.LoCozv- {1 + OAvax)JoL6c) (

5
.
24

) 

{PJ_2/3 (~nt/2v3/2ei'~~'")- QJ2/3 (~nt/2v3/2et11'')} 
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By applying known signals at the terminals, 'P and Q can be solved from 
the values of u at the source and drain (USA and UDA respectively): 

'P = ~ {GDJ2;a(zs)uDA- Gs12;a(zD)uu} 

Q = ~ { G DL2;a( zs )uDA - G sJ -2fa( ZD )uu} 

where 

G; = JWCoa:(P.oC.nVi- (1 + O..tVGT);oLOc) 
(1 + 9..t'VGT)Jo(1 + 6)Dl/2ei1t'v; 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

(5.29) 

The subscript denotes either source or drain. By choosing the proper bound
ary conditions, we can evaluate allY-parameters. 

In fact the appropriate boundary conditions follow directly from the 
definition of the Y-parameters (5.2). We will carry this out for the drain to

1 
gate parameter. From the definition we see that a small signal excitation has 
to be applied to the gate, while all other terminals are AC short circuited 
to the reference terminal. Therefore we have 

UDA = USA = UGS (5.30) 

These conditions can be substituted in (5.25) and (5.26) to yield the in
tegration constants 'P and Q. Now the small signal drain current can be 
calculated. From this theY-parameter is found by dividing by the driving 
potential. The resulting expression for the gate drain parameter is 

where 

1 = N{GDh.(zs)- GsJi(zD)} 
3 3 

1 
= N{GDJ-z(zs)- Gsl-2(zD)} 

3 3 

(5.31) 

(5.32) 

(5.33) 

and other symbols have been defined previously. The complete Y-matrix 
for the channel related parameters can be written down in a similar way. 

In principle the small signal current in the bulk is given by applying 
the small signal approximation to VsB and V in the expression for the bulk 
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charge (3.43) and integrating the resulting expression from source to drain. 
This requires the evaluation of the small signal channel potential (5.25) as a 
function of position. While this can be done in principle, either analytically 
analogous to the integration transformation in chapter 3 or numerically [11], 
it does not greatly add to the applicability of the model. Therefore we choose 
to model the hulk charge simply with the square root and the linear term. 
Thus the hulk charge is written as 

W ~~- = { 'YV( VSB + 2</>F + usBe""t) + fJ ( VDS + UDseJWt)} (5.34) 

The small signal part leads to the expression for the small signal bulk current 

(5.35) 

Finally the small signal gate current is given by Kirchhoff's current law. 
Thus the complete admittance matrix is specified. 

5.3 Results of the NQS model 

In this section some results will be shown, illustrating the behaviour of the 
MOSFET Y-parameters, as a function of the DC conditions and frequency. 
Since it is very difficult to perform the suitable HF measurements [3,12], 
due to several parasitic effects within the structure, 2D device simulations 
[13] will be presented also. However, some measurement data is available 
and will be presented in chapter 6. 

In figure 5.1 and 5.2 the influence of the mobility model on Ysa is shown. 
In addition to the results from the analytical model as derived in the pre
vious section, the figures show the numerical results obtained with a device 
simulation package [13] for three different mobility models: constant mobil
ity, velocity saturation according to (2.43) and a complete mobility model, 
which is comparable to the MINIMOS mobility model [14]. Clearly the in
fluence of velocity saturation is quite strong. It reduces the frequency at 
which HF effects become visible, but it also affects the LF value of the mag
nitude of theY-parameter. As can he verified from the figures the analytical 
model shows good agreement with the numerical results. 

As mentioned above the LF behaviour of the parameters is influenced by 
the velocity saturation. For low frequencies the results have to agree with 
the quasi-static model from chapter 3. This is illustrated by figures 5.3 and 
5.4. The first figure shows the measured transconductance of a 1 micron 
transistor, together with the numerical results based on velocity saturation 
and numerical results with the MINIMOS mobility model, as a function 
of the drain bias. Note that a constant mobility would result in a linear 
dependence. The difference between the model and the measurements is 
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Figure 5.1: IYsal vs. f. 
CURRY simula
tions (dashed) and analyti
cal model. 
• : calculated points. 
Short dashed curve: con
stant mobility. 
Mediate dashed curve: ve
locity saturation. 
Long dashed curve: MINI
MOS like mobility model. 
Fully drawn curve: Analyti
cal model. 

Figure 5.2: LYsa vs. f. 
CURRY simula
tions (dashed) and analyti
cal model. 
• : calculated points. 
Short dashed curve: con
stant mobility. 
Mediate dashed curve: ve
locity saturation. 
Long dashed curve: MINI
MOS like mobility model. 
Fully drawn curve: Analyti
cal model. 
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caused by the assumed velocity saturation mechanism. The second figure 
shows several capacitances a.s calculated from the NQS model by 

C = ;r(Y) 
2rrf 

(5.36) 

for f = lMhz, together with the results from the QS model. A good agree
ment is observed. The small differences are caused by the slightly different 
treatment of the bulk charge. 

Figure 5.3: Ym vs. Vvs. 
• : measurements. 
Fully drawn curve: velocity 
saturation. 
Dashed curve: MINIMOS 
mobility. 
Vas= 5V. 

Figure 5.4: Several capaci
tances vs. Vvs. 
• : model from chapter 3. 
Fully drawn curves: this 
model. 
Vas= 5V. 
f = lMHz. 
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In agreement with the quasi-static model the transversal field mobility 
reduction does not have an influence on the capacitances. However from the 
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DC current equation (2.47) it is clear that (}A reduces the transconductance 
and causes it to be gate-bias dependent. This is confirmed by the real and 
imaginary parts of Yna, which are shown in figures 5.5 and 5.6, respectively, 
for different values of (}A· 

Figure 5.5: Ym vs. Vas for 
three values of (JA· 

Vns = lV. 

Figure 5.6: Cna calculated 
from this model vs. Vas for 
two values of (}A· 

Vns = lV. 
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Numerical results obtained with CURRY [13] for a lJlm transistor are 
shown in figures 5. 7 and 5.8. It is clear that the bulk parameter is much 
smaller than the other parameters and is mainly capacitive. This justifies 
the approach taken in the derivation of the analytical model. 

In figures 5.9 and 5.10 modelling and simulation results are compared. 
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Figure 5.7: IYial vs. f. 
•: IYval· 
•: IYaal. 
o: IYsal· 
D ·: IYBG!· 

Figure 5.8: LYia vs. f. 
e: LYDG· 
•: LYaG· 
o: LYsa· 
D: LYBG· 
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The transistor has a channel length of 10Jtm. In order to keep the influence of 
velocity saturation the same as in figures 5. 7 and 5.8, the saturation velocity 
has been decreased by a factor 10. As expected, the frequency at which the 
NQS effects of the long transistor appear, is about 100 times smaller than in 
the figures for the short transistor. Still we observe a different behaviour of 
the magnitude of YDG· !YDG! of the intrinsic part of the transistor decreases 
with increasing frequency, whereas IYDGI of the parasitic overlap capacitance 
increases with increasing frequency. Therefore there will be a frequency at 
which the parasitic part starts to dominate the behaviour of the transistor. 
Since the overlap capacitances of both transistors are equal, this will be at 
a lower frequency for the long transistor. This causes the non-monotonous 
behaviour in figure 5.9. A good agreement between model and numerical 
resultsis observed. The deviations are caused by other parasitic elements, 
such as series resistances, which have not been taken into account in the 
analysis. At high frequencies these may be very important [3]. This will 
also become dear in section 6.3.3. 

Figure 5.9: IYiGI vs. f. 
• : IYDGI· 
•: IYGGI· 
o: lYse!. 
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Finally it is shown in figure 5.11 that at high frequencies the capacitance 
CDG as calculated using (5.36) becomes frequency dependent. This holds 
generally for all capacitances and conductances. Since the quasi-static model 
from chapter 3 results in frequency independent capacitances, the use of the 
latter model is limited to lower frequencies. 
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Figure 5.10: LYia vs. f. 
•: LYva. 
•: LYaa. 
o: LYsa. 

Figure 5.11: Cva vs. fre
quency. 
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5.4 Numerical evaluation of the analytical model 

The solution (5.23) is given in terms of Bessel functions. The general defi
nition of these functions is [10]: 

(5.37) 

in which vis called the order of the Bessel function (of the first kind). If z 
is of the form ae~w3 , as in this situation, the function can be written as: 

J11 (z) = Ber11(a) + JBeiv(a) (5.38) 

The functions Ber and Bei are called Kelvin functions (10]; 

The most straight forward way of evaluating the solution of {5.23) is by 
truncating the infinite series (5.37) after n terms, accepting a certain trun
cation error. For practical reasons (computation time, machine accuracy) 
n should be kept small. Many previously published models use only 1 or 2 
terms [1,4,15,16]. Furthermore it is possible to give a physical meaning to 
the low order terms of the solution (conductance, capacitance), whereas for 
high order terms this is not possible. It is clear that in order to neglect the 
tru.ncation error, when large arguments are needed in the Bessel functions, 
many terms of the series expansion are necessary. In other words, having a 
fixed number of terms inflicts an upper bound to the range of arguments. 
Translated to the physical problem this means an upper bound for the fre
quencies for which the results are valid. Since there are proposals to use the 
MOSFET at extremely high frequencies [17,18,19] as a distributed element, 
the latter upper bound causes a problem for the simulation of such circuits. 
This is illustrated by figure 5.12, showing measured R(YDa) together with 
the truncated model. The measurements are discussed in more detail in 
section 6.3.3. 

This problem can be solved by increasing the number of terms, but for 
the above-mentioned reasons we take a different approach. For Bessel and 
Kelvin functions with large arguments other approximations than the reg
ular series expansions are known; these are the asymptotic approximations. 
Usually they are also in a series form, but with the argument of the function 
in the denominator of the terms. Thus higher order terms decrease with in
creasing argument and therefore they can be neglected for large arguments 
(truncation after m terms). A suitable asymptotic approximation is given 
by (10]: 

e:r:/../2 
= . ~ {/v(x) cos a+ g11(x) sin a} 

y211"X 

111 

(5.39) 
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• : measurements. Fully drawn curves: model with 2 terms of the series 
expansion. 
Vas = 5V. V vs = 0.5V. 

Beiv(x) 
~/../2 = m=:- {/v(x) sin a- 9v(x) cos a} 
v21rx 

where 

fv(±x) = 1+ 

f:< )~e(~t-1)(~t-9) .... (JL-(2k-1)2
) (k11") 

le=l =F k!(8x )le cos 4 

9v(±x) = f:< )'' (Jt- 1 )(p- 9) .... (J.t- {2k- 1 )2
) • ( k?r) 

=F k'( )le sm 
le=l • 8x 4 

with 

a = ~+(iv-~)11" 
J.t = 4v2 

(5.40) 

(5.41) 

(5.42) 

(5.43) 

(5.44) 

For small arguments these approximations become very inaccurate, so we 
need to establish a transition from the series expansion to the asymptotic 
approximation. This can be done based on the truncation error estimation, 
calculated from the first term of the series after the truncation. 

As the truncation error of the series expansion will be of the form kzn+l 
and z"' fv312 , it follows that it is convenient to define an upper frequency 
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for which the results are valid {for normal bias conditions). For long channel 
transistors Paulos [4] stated v~idity for frequencies up to twice w0 for n=2, 
where · 

{5.45) 

This is a special case of the expression given in (5.1). Clearly this is not a 
general upper bound) because it is based upon the fact that the MOSFET 
is biased into the saturation region. Furthermore it seems only coincidental 
that the limit is related to the carrier transit-time, since it has mathematical 
causes rather than physical causes. 

The effects of these numerical problems are illustrated by figure 1;).13 and 
5.14, in which the magnitude and the phase of Ysc of a short transistor are 
shown. Clearly the truncated series show unphysical behaviour, while the 
asymptotic approximation is very close to the series solution with many 
terms. 

Figure 5.13: IYscl vs. /. 
Dashed curves: series expan
sion. 
Fully drawn model: asymp
totic approximation for f > 
1010Hz. 
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Figure 5.14: LYsa vs. f. 
Dashed curves: series expan
sion. 
Fully drawn model: asymp
totic approximation for f > 
1010Hz. 
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Chapter 6 

Measurements and 
comparison with models 

6.1 Introduction 

In this chapter the models described in the previous chapters are compared 
with measured data. Section 6.~ is focused on low frequency measurements 
and simulations for comparison with the quasi-static model, while section 6.3 
discusses high-frequency results. 

6.2 Low frequency measurements 

Many methods have been proposed to measure the !yfOSFET capacitances 
[1]-[7]. Two classes can be distinguished: the 'on chip' methods [1]-[4] and 
the 'off chip' methods [5]-[7]. So-called 'on chip' methods use a measure
ment circuit integrated together with the transistor to be measured. The 
circuit consists mainly of a reference capacitor and an amplifier. The sys
tem can be either an open loop [2,3] or a closed loop [1,4]. The latter has 
the advantage of eliminating the parasitic capacitance at the input of the 
amplifier. In addition the 'on chip' methods have the advantage of reduc
ing parasitic effects of interconnection at the cost of a relatively large chip 
area and inflexibility. For the measurement of each MOSFET capacitance 
an individual test structure is necessary. Furthermore a mature process is 
needed to successfully realize the opamp. 

The 'off chip' techniques use external measurement systems, which are 
connected to the transistor to be measured by probes. Another possibil
ity with these methods is to use mounted devices. The advantages are the 
flexibility of the system with respect to the layout of test devices and the 
possibility to use very accurate, commercially available, measurement sys-
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terns. In principle standard MOSFETs could be measured with this method, 
but the accuracy of the results can be improved by careful design for sup
pressing parasitic effects and by designing dummy structures for calibration 
purposes [8]. 

Since the 'off chip' method is more flexible and easier to realize, this 
method has been adopted in this work. Furthermore, with measurement 
systems commercially available nowadays, the 'on chip' method is not more 
accurate than the 'off chip' methods. The setup used in this work is dis
cussed in the next section. 

6.2.1 Measurement setup 

In many situations it is possible to set up a measurement that follows the 
definitions in chapter 3 closely. In general the small signal current ii; excited 
by a small signal potential v;, while all other terminals are short-circuited 
for signals of the test frequency is given by: 

(6.1} 

Thus the capacitance Ci; can be found from the quadrature current through 
terminal i when terminal j is exited. In fact a small signal impedance is 
measured and subsequently separated in a conductance and a capacitance 
according to (6.1). For an accurate capacitance measurement the imaginary 
part of the current must not be much smaller than the real part. This poses 
a constraint on the measurement. Since generally the capacitances scale 
with the area of the channel and the conductances with the width to length 
ratio, a first order estimation of the current ratio is given by 

JWCiJ "'27r/L2 (6.2) 
Gii 

This implies that for small transistors a high measurement frequency is nec
essary. Fortunately the above is a worst case estimation, since e.g. the gate 
conductances are negligible and therefore it is relatively easy to measure the 
corresponding capacitances. 

A measurement scheme that can be used for this goal is shown in fig
ure 6.1. Such a scheme has been realized with a HP-4284 LCR impedance 
measurement system [9]. By using dummy structures the system can be 
calibrated to eliminate the effects of stray capacitances and (parasitic) se
ries resistancesfinductances. Furthermore three power sources are used for 
the DC biasing of the transistor. The DC characteristics can be measured 
simultaneously with an AC measurement with the bias sources. The whole 
system is computer controlled by a PC via an IEEE-488 or HPIB bus. 
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Figure 6.1:Basic scheme of impedance measurement method. 

The MOSFET is contacted on the wafer with a shielded probe station .. 
The AC and DC signals are coupled and decoupled by the Bias-Tees. These 
are realized as passive networks [10]. These networks are needed since the bi
asing networks of most LCR meters are not designed to supply a substantial 
DC current. They usually have a (relatively high) current depending inter
nal resistance. Compensation for this resistance would require a feedback 
control process, which slows down the measurement considerably. Further
more the DC current supported by LCR meters is usually limited to 100 
mA, which is too low for some test structures. 

An overview of the whole setup is shown in figure 6.2. Care has been 
taken to minimize connection lengths and the use of unshielded cables. 
Therefore shielded probes have been used. This is necessary to reduce noise 
and interterminal signal cross-over and to suppress unwanted oscillations. 
Figure 6.3 shows an equivalent electric scheme of the situation. It includes 
the bias-Tees. The LCR meter is represented by the oscillator and the cur
rent meter. It is easily verified now that the measured impedance is given 
by 

(6.3) 

where Zlll is the unknown impedance. The simplest realization of a suitable 
Tee network is to use a capacitance for Z1 and an inductance for Z2 • Both 
Tee's are realized in the same way. In this case (6.3) can be rewritten as 

( Zc)
2 

( Zc) Z,. = Z111 1 + ZL + 2Zc 1 + ZL (6.4) 
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HPIB 
bus 

PC Probe station 
(shielded) 

' ---------------------

HP 
4284 

H: Oscillator 
L: A-meter 

Figure 6.2: Schematic representation of impedance measurement system. 

V A (DC) VB (DC) 

Figure 6.3: Equivalent electrical scheme of measurement setup. 
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Clearly a relative and an absolute error introduced by the Bias-Tees can be 
distinguished. If the connections are made according to the dashed lines we 
find 

(6.5) 

which only shows a relative error. In both cases the error minimizes when 
Zo/ZL is minimized. Furthermore it is necessary that Zo < z •. If we 
take into account the minimum z. to be measured and the measurement 
frequency this leads to constraints for the dimensioning of the Tee's. The 
bias Tee's as used in our set-up introduce an error less than 0.1% [10]. This 
is smaller than the errors introduced by the connections. 

In principle the accuracy of this measurement is determined by the LCR 
meter [9]. Since we are interested in the capacitive behaviour of the device, 
we choose the test frequency to be as high as possible: 1 MHz. It must be 
remembered that the test frequency should be low enough to. be considered 
as quasi-static. For all transistors with channel lengths in the order of a 
few microns this condition is certainly met. For the longest transistor that 
we intend to measure (L = 100~tm) the critical frequency (from (5.1)) is 
0.8 MHz for VDs = 1 V. Therefore for most bias ranges the NQS effects will 
be negligible. 

6.2.2 Test structures 

Specific teststructures, ~in essence normal (LDD) MOSFETs, but with a 
layout designed to minimize parasitic capacitances-, were used for the LF 
measurements. The dimensions of the structures were chosen based on the 
performance data of the HP 4275 LCR measuring system [11], at that time 
the most suitable system commercially available. However, in the final setup 
a modernized and much improved version, the HP 4284 was used ( cf sec
tion 6.2). Therefore the width and length dimensions were chosen such 
that the total gate capacitance would be approximately 1 pF, this being the 
minimum range where still a reasonable measurement accuracy could be 
expected. The connections between the transistor and the probe pads were 
kept as short as possible to minimize parasitic interconnection capadtances, 
inductances and resistances. The area of the pads was kept small in order 
to reduce parasitic capacitances. For the same reasons it was decided to 
make use of on-wafer measurements. Therefore no parasitic effects of pack
aging have to be taken into account. Furthermore dummy structures were 
designed for calibration and measuring the remaining parasitic impedances. 
They will be discussed together with the teststructures. 

All configurations were realized in an LDD sub micron CMOS process 
[12] at the Philips Research Laboratories in Eindhoven. Some process data 
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technology p fp+ epi,twin well retro 
minimum gate length 0.7 IJ.m 
gate oxide 17.5 nm 
isolation modified LOCOS 
field oxide 70.0 nm 
interconnect double metal 
contacts Ti salicide 

Table 6.1: Process data. 

is summarized in table 6.1. The following structures were used: 

• A 100*100 IJ.m transistor as a long channel reference. 

• A series of transistors with channel lengths ranging from 0. 7 IJ.m to 
2.51Jm. 

• Dummy structures having the same layout as the above transistors. 
Here the vias between the metal and the source/ drain implants were 
not placed. 

• A dummy with only the probe pads of the above layout. 

The basic layout of the actual test structure is shown in figure 6.4. All 
transistors consist of 5 parallel parts of 100 IJ.m width. These parts are 
interdigitated such that, except for the edges, each n-type implant serves 
as a drain or source for two gates. The above structures will be referred 
to as structures A,B,C and D for L = 0.71Jm, L = l.OJtm, L = h51Jm and 
L = 2.51Jm respectively. The dummy structure with only the probe pad is 
used for calibrating the setup. With this it is possible to correct for the 
effect of the parasitic capacitive coupling between the probe tips. With the 
other structures the capacitances between the interconnection of the test 
structures can be measured separately. 

The DC model parameters of the teststructures are given in table 6.2. 
Some additional parameters can be calculated from the optimized parame
ters and process data. The length of the underdiffusion of the LDD struc
tures (L 11ub) is found from the intercept of the curve with the x-axis in 
figure 6.5. With the oxide thickness from table 6.1 the low field mobility 
can be calculated from the slope of the curve in figure 6.5. The total series 
resistance is found, according to ( 4.1) from the slope of the 8 A curve in 
figure 6.6. In principle with the slope of the 8c curve Rn and Rs can be 
distinguished [13]. However, a separate measurement of the critical electri
cal field for velocity saturation Ec is necessary. Since this is not available 
and since all test structures are symmetrical and the effective resistances 
are only weakly bias dependent, it is assumed first that Rs = Rn. Now 
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Source =- l= ._ l= - '---- Gate 

Figure 6.4: Layout of the teststructures. 

Structure A B c D 
Parameter L = 0.7J.Lm L = l.OJ.Lm L = l.5Jtm L = 2.5J.Lm 

VTo (V) 0.89 0.95 0.98 0.98 
,8 (mAV 2) 100.5 63.4 39.1 21.2 
'Y (V1/2) 0.49 0.64 0.69 0.71 
OA (V-1) 0.59 0.40 .. . 0.28 0.17 
Oc (V 1) 0.12 0.09 0.04 0.005 
a {lo-3 ) 5.5 5.5 5.5 5.5 
~(mV) 27 46 79 143 

Table 6.2: Optimized DC parameters for teststructures: 

Eo (or v.at) can be calculated from the slope of the Oc curve in figure 6.6. 
The calculated value is close to values found in literature [14,15] . Finally 
.c. is ca.Iculated according to ( 4.29). The calculated parameters are given 
in table 6.3. The same parameters for the long channel reference transistor 
are given in table 6.4. 

6.2.3 Results 

Some measurement results obtained with this setup have already been pre
sented in chapter 4. They showed the importance of the parasitic elements 
inherent to the transistor. Using the dummy structures the effects of the 
external parasitics have been canceled. In this section only final results will 
be presented. In figures 6.7 to 6.11 several measured capacitances of the 
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11 Parameter 

L.ub (J.tm) 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
0.00 

Coz (mFm-2 ) 

J.to (m2V-1s-1) 

Rs(n) 
Rv (n) 
8Ao (V-1) 
Ec (MVm - 1) 
£. (J.tm) 

L,, ••• (m) 

0.15 

0.12 

0.09 

0.06 

0.03 

0.00 
0.04 0 .08 0.12 

8 (AV-') 

0.26 
1.97 
0.048 
2.6 
2.6 
0.068 
5.3 
0.053 

Table 6.3: Calculated parameters for teststructures. 

124 

~ 

~ 
cD 

'\ 



11 Parameter 11 

VTo (V) 0.99 
/3 (mAV-2) 0.095 
'Y (Vl/2) 0.71 
(JA (V-1) 0.15 
fJc cv-l) -0 .. 07 
Rs(n) 300 
Rn (Q) 300 

Table 6.4: Optimized parameters for long channel transistor. 

long channel transistor are compared with the results from the analytical 
quasi-static model, where the bulk charge model is given by equation (3.45). 
The latter has been chosen, since this is consistent with the DC model a.nd 
the approximation of the body effect. The capacitances are shown as a func
tion of the drain bias for several values of the gate bias. The results of the 
analytical model have been obtained with the DC parameters as optimized 
from DC characteristics and geometrical process data. Generally a good 
agreement between measurement and model is observed. 

Figure 6.7: Can vs. Vns for 
long channel transistor. 
•: measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, SV. 
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The main discrepancy between measurement and model results is the 
saturation value of Cna, Csa and Cas. This discrepancy is caused by the 
modelling of the bulk charge using equation (3.45), and closely connected, 
the body effect given by equation (3.68) with a = 1. The latter was chosen 
to guarantee continuity for the capacitances at Vns = 0. Since now the body 
effect is overestimated, the saturation value of Vns, as given by (2.48), will 
be somewhat smaller than the correct value. Therefore the curves of Cna 
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Figure 6.8: CDG vs. VDs for 
long channel transistor. 
• : measurements. 
Fully drawn curves: model. 
VGs =1, 2, 3, 4, 5V. 

Figure 6.9: CGs vs. VDs for 
long channel transistor. 
• : measurements. 
Fully drawn curves: model. 
VGs 2, 3, 4, 5V. 
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Figure 6.10: CsG vs. Vvs 
for long channel transistor. 
• : measurements. 
Fully drawn curves: model. 
VGs =1, 2, 3, 4, 5V. 

Figure 6.11: Csv vs. Vvs 
for long channel transistor. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
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and Csa saturate at capacitance values that are a little too high. Since 
the bulk charge is approximated with the body effect coefficient it is also 
overestimated and therefore the saturation value of Cas is too high, as can 
be seen in figure 6.9. If the bulk charge model of equation (3.89) is used 
the bulk charge is underestimated. This is shown in figure 6.12. Clearly the 
bulk charge is underestimated in the linear region and for higher gate bias 
values also in the saturation region. 

Figure 6.12: Cas vs. Vvs 
for long channel transistor. 
• : measurements. 
Fully drawn curves: 
model using alternative bulk 
charge model. 
Vas =1, 2, 3, 4, 5V. 
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Finally in figure 6.13 Cva is shown as a function of the gate bias for three 
different drain bias values. At Vvs = 0 the transition from weak inversion 
to strong inversion is modelled correctly. At higher drain bias values the 
transition behaviour is the same, but the latter takes place at a somewhat 
larger gate bias value, due to the threshold voltage shift at the drain side 
of the channel. Since the present model defines only one threshold voltage 
this behaviour is not taken into account. 

Figures 6.14 to 6.18 compare measured gate-drain capacitances of the 
teststructures with modelling results for various bias conditions. It must be 
noted that no parameter optimization on the capacitance data has been done 
to obtain these results. Most parameters are taken from DC measurements 
and process information as summarized in tables 6.2 and 6.3. The only 
exceptions are the values of Rs and Rv. As explained it is difficult to dis
tinguish between these by DC measurements only. However, the measured 
capacitance data indicates that Rs > Rv, which has been reported before 
[13]. This can be explained by the widening of the current path near the 
drain end of the channel at increasing drain bias. The effect can be seen in 
the capacitance curve as an increased value at V vs= 0: Cav > !C0 .., +Col· 
Furthermore the measured capacitance is gate bias dependent. Both can be 
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Figure 6.13: CDG vs. VGs 
for long channel transistor. 
• : measurements. 
Fully drawn curves: model. 
VDs =0, 1, 2V. 
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explained by the above difference in resistances, as can be understood from 
equation (4.19). The values of the series resistances as used in the figures 
are: Rs = 3.20 and RD = 2.00. 

Figure 6.14: CGD vs. VDs 
for structure A. 
• : measurements. 
Fully drawn curves: model. 
VGs =1, 2, 3, 4, 5V. 
VsB = OV. 
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The agreement between measurements and modelling results is quite 
good. From all figures it is clear that the transition from linear operation to 
saturated operation is smoother in reality than predicted by the analytical 
model. The deviations between the measurements and the model increase 
with decreasing gate bias. There are several reasons for this. The first is 
the approximation used in the velocity saturation mechanism (2.43). In re
ality this mechanism is more complicated [16]. Secondly there are two short 
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Figure 6.15: CaD vs. VDs 0.10 

for structure A. 
• : measurements. 
Fully drawn curves: model. 
Vas 2,3,4,5V. 
VsB = 5V. 

Figure 6.16: CaD vs. VDs 
for structure B. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
VsB = OV. 
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Figure 6.17: Can vs. Vns 
for structure C. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
Vss = OV. 

Figure 6.18: Can vs. Vns 
for structure D. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
Vss = OV. 
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channel effects which have not been taken into account in the charge model. 
These are drain induced barrier lowering (DIBL) and static feedback. Usu
ally these are modelled by modifications of the expressions for the threshold 
voltage and the effective gate drive (VGT) [17]. These effects are increasingly 
important for gate biases near threshold. If this is done in the charge model 
in the same way as in DC modelling this leads to non-physical behaviour in 
the capacitances at VDs = 0. At the cost of physical consistency the accu
racy of the model could be improved by applying a mathematical smoothing 
procedure for VDS· 

In figures 6.14 and 6.15 the gate-drain capacitance for structure A is 
shown for two different bulk biases. It is clear that the effects on the capac
itances of the bulk bias are reasonably modelled, but that the discrepancies 
become larger for increasing bulk bias. values. This is caused by the lin
earization of the bulk charge (3.43), which overestimates the body effect. 

Comparing figure 6.14 with figures 6.16 to 6.18 it is striking that for the 
smallest device the model slightly underestimates the capacitance at low 
drain biases, while for the other devices the capacitance is slightly overes
timated. This is possibly caused by charge sharing effects, which become 
increasingly important for smaller channel lengths. 

The measured gate source capacitances of structure A to D are compared 
to modelling results in figures 6.19 to 6.22. Just as in the case of the long 
channel transistor we see an overestimation of the capacitances in saturation, 
caused by the bulk charge modelling. The agreement between measurements 
and model in the linear region of operation is fairly good. For comparison 
the gate source capacitance of structure B is also compared with the model 
using the bulk charge model of equation (3.89) in figure 6.23. A better 
agreement than for the long channel·transistor is observed, but still the 
model used in the previous figures gives a better qualitative agreement. 
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Figure 6.19: Cas vs. Vns 
for structure A. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
VsB = OV. 

Figure 6.20: Can vs. Vns 
for structure B. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
VsB = OV. 
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Figure 6.21: Cav vs. Vvs 
for structure C. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
VsB = OV. 

Figure 6.22: Cav vs. Vvs 
for structure D. 
• : measurements. 
Fully drawn curves: model. 
Vas =1, 2, 3, 4, 5V. 
VsB = OV. 
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Figure 6.23: CGD vs. Vvs 
for structure B. 
• : measurements. 
Fully drawn curves: 
model using alternative bulk 
charge model. 
VGs =1, 2, 3, 4, 5V. 
V58 = OV. 
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6.3 High frequency measurements 

To investigate the non-quasi-static behaviour of short MOSFETs very high 
frequencies are needed to perform the measurements. These high frequen
cies may cause several unwanted effects and therefore careful design of the 
test structures and measurement setup is necessary. 

6.3.1 Measurement method and test device 

In this investigation measurements were done on wafer using MOSFETs 
with a drawn channel length of 1 JLm. The test device was processed at the 
Signetics Research Laboratories, Sunnyvale [18]. It was placed in a layout 
suitable for CASCADE probes (figure 6.24), which is speci(!lly designed to 
allow measurement frequencies up to the GHz regime [19]. The measure
ments were performed with an automated HP-8510 network analyzer [20]. 
Due to the specific layout it was only possible to measure the transistor as 
a two-port device in common source connection and with VsB=O V. Port 1 
is formed by the gate and source, port 2 is formed by the drain and source. 
Therefore 4 Y-parameters can be distinguished: YGG, YGD, YvG and Yvv, or 
Yu, Y12, Y21 and Y22 respectively. Both ports can be biased independently. 
The frequency was varied between 50 MHz and 20 GHz. The relevant de
vice data and optimized DC parameters for these transistors are given in 
table 6.5. In fact the network analyzer measures amplitude and phase 

I I 

D s 

B Sub 
y 
r, 

G s 

Figure 6.24: Layout of the HF teststructures. Grey area represents the 
actual transistor. 

of the small signal current for a wide range of frequencies. Therefore this 
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11 Parameter 11 

L (J.tm) 1.0 
W (J.tm) 20.0 
VTo (V) 0.74 
,B(mAV 2) 2.16 
1 (Vl/2) 0.53 
(JA (V-1 ) 0.22 
Oo(V 1 ) 0.18 
L.ub (J.tm) 0.2 
Coz (mFm-2) 1.73 
J.to (m2v-ts-t) 0.05 

Table 6.5: Device data and optimized parameters for HF transistor. 

setup can also be used· to measure the quasi-static capacitances, by choos
ing a frequency which is sufficiently low. Thus it is also possible to measure 
some of the capacitances, which could not be measured by the system of 
the previous section, due to the parallel conductances. Results from these 
measurements will be discussed in the next section. At higher frequencies 
the non-quasi-static behaviour as discussed in chapter 5 will become visible. 
This will be discussed in section 6.3.3. 

6.3.2 Quasi-static results 

In figures 6.25 and 6.26 the CGD and CvG measured with the above setup 
at 1 GHz are compared with the quasi-static model of chapter 3. It is clear 
that the capacitances are not reciprocal and that CvG saturates to a much 
higher value than CGD· The measured values are not as accurate as those of 
the previously discussed setup, but nevertheless we can conclude that there 
is a fair agreement between measurements and model. The model results 
are calculated with the assumption that the transistors contain source and 
drain series resistances of 20ft Considering the values of fJ A and Oc this is a 
reasonable assumption. Since only transistors with the same channel length 
were available the exact series resistances could not be extracted. 
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Figure 6.25: Cav vs. Vvs 
for HF test structure. 
• : measurements. 
Fully drawn curves: quasi
static model. 
Vas= 2,3.5,5V. 

Figure 6.26: Cva vs. 
for HF test structure. 
• : measurements. 

V vs 

Fully drawn curves: quasi
static model. 
VGs = 2,3.5,5V. 
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6.3.3 Non-quasi-static results 

The real and imaginary parts of the measured and modelled Y parameters 
for the HF transistor are shown in figures 6.27 to 6.34 as a function of 
frequency. The transistor is biased in the saturation region, with VGs = 3V 
and VDs = 5V. The overlap capa.citances are taken into account as constant 
capacitances. A fair agreement between measurement and the model as 
described in chapter 5, using 10 terms, is observed. In order to get this 
agreement between model and measurements the value of parameter fJc 
has to be increased to 0.35. Still the model is often too optimistic about 
the frequency where NQS effects come into play. The main discrepancy 
is observed for the YDD· This is due to the fact that this parameter is 
mainly determined by the capacitance of the drain bulk junction and the 
bulk resistance [21], which are not taken into account with the model for 
the intrinsic part of the transistor. Furthermore, the saturated region ofthe 
transistor is not taken into account in the model. 

0 

~+++HT-~~~~~~--r-~~H+H-_, 
5M107 108 10

8 
10

10 

fREQUENCY !HZl 

Figure 6.27: R(YGG) vs. f. 
•: measurements. Fully drawn curve: model. 
VGs = 3V. VDs = 5V. 

The agreement between model and measurements can be greatly im
proved by taking into account the series resistances of the MOSFET. This 
is already indicated by the necessary change for Oc. Although no explicit 
model has been given in chapter 5, the resistances can be taken into account 
by use of an equivalent circuit as shown in figure 4.3. Only the drain and 
source series resistances have been taken into account. When this is done, 
using the same resistances as found in the previous section, the original 
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Figure 6.28: ~(Yaa) vs. f. 
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• : measurements. Fully drawn curve: model. 
Vas= 3V. VDs = 5V. 
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Figure 6.29: ~(YDa) vs. f. 
• : measurements. Fully drawn curve: model. 
Vas= 3V. VDs = 5V. 
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Figure 6.30: SS(Yna) vs. f. 
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• : measurements. Fully drawn curve: model. 
Vas= 3V. Vns = 5V. 
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Figure 6.31: tR(Yan) vs. f. 
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• : measurements. Fully drawn curve: model. 
Vas= 3V. Vns = 5V. 
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Figure 6.32: ~(YGD) vs. f. 
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• : measurements. Fully drawn curve: model. 
VGs = 3V. VDs = 5V. 
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Figure 6.33: ~(YDD) vs. f. 
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• : measurements. Fully drawn curve: model. 
VGs = 3V. VDs = 5V. 
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Figure 6.34: ~(YDD) vs. f. 
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• : measurements. Fully drawn curve: model. 
Vas= 3V. VDs = 5V. 

value of Oo = 0.18 can be used to obtain a good agreement between mea
surements and modelling results. This is illustrated by figures 6.35 and 6.36. 
It is clear that now the N QS effects start at the correct frequency. In fact 
all parasitic elements of the transistor should be taken into account. This 
was already seen in figures 6.33 and 6.34. For instance also the resistance 
and capacitance effects of the poly silicon of the gate as illustrated by the 
discrepancy observed in figure 6.27, should be accounted for. A complete 
model requires a rather complicated equivalent circuit around the model of 
the intrinsic transistor. 

In figures 6.37 and 6.38 results are shown for YDD· Here a simple RC 
network has been used to represent the bulk resistance and the junction 
capacitance as discussed before. Using values of RB = 275fi and Cjunction 

0.2 * 10-13 F a reasonable agreement is observed. 

In figures 6.39 to 6.42 the real parts of Yac and YaD are shown as 
a function of frequency with and without taking into account the series 
resistances. Now the transistor is biased in the linear region. Again we 
notice the improvement in agreement by including the series resistances. 
The magnitude and phase of YDa are shown as a function of the frequency 
in figures 6.43 and 6.44. A good agreement is observed. 

Finally it is illustrated by figures 6.45 and 6.46 that the series resistances 
also give an improvement in the imaginary part of the parameters. As an 
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Fully drawn curve: model, taking into account Rs = RD = 200. 
Vas= 3V. VDs = 5V. 
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Figure 6.36: R(YaD) vs. f. 
•: measurements. 
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Fully drawn curve: model, taking into account Rs = RD = 200. 
Vas 3V. VDs = 5V. 
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• : measurements. Fully drawn curve: model with RC network for bulk. 
VGs = 3V. VDs = 5V. 
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Figure 6.38: ~(YDG) vs. f. 
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• : measurements. Fully drawn curve: model with RC network for bulk. 
VGs = 3V. VDs = 5V. 
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Fi~ure 6.39: !R(Ycc) vs. f. 
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Fully drawn curve: model, without taking into account series resistances. 
Vcs = 3V. VDs = lV. 
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Figure 6.40: R(Ycc) vs. f. 
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Fully drawn curve: model, taking into account Rs = RD 20ft 
Vcs = 3V. VDs = lV. 
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Figure 6.41: ~(Yon) vs. f. 
•: measurements. 
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Fully drawn curve: model, without taking into account series resistances. 
Vos = 3V. Vns = lV. 
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Figure 6.42: ~(Yon) vs. f. 
• : measurements. 
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Fully drawn curve: model, taking into account Rs = Rn = 20i!. 
Vos = 3V. Vns = lV. 
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Figure 6.43: IYDGI vs. f. 
• : measurements. 
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Fully drawn curve: model, taking into account Rs = RD = 20ft. 
VGs = 3V. VDs =IV. 
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Figure 6.44: LYDG vs. f. 
• : measurements. 
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Fully drawn curve: model, taking into account Rs = RD 20!1. 
VGs = 3V. VDs = lV. 
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example the imaginary part of YaD is shown as a function of frequency with 
and without taking into account the series resistances. A slight improvement 
is observed in the high frequency range. 
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Figure 6.45: S(YaD) vs. f. Vas= 5V. VDs = 5V. 
• : measurements. 
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Fully drawn curve: model, without taking into account series resistances. 
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Figure 6.46: ;"S(YGn) vs. f. VGs = 5V. Vns = 5V. 
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Chapter 7 

Conclusions and 
recommendations 

7.1 Conclusions 

In this thesis a quasi-static, analytical model for the charges in a MOSFET 
has been derived. The results are given completely in explicit form, there
fore requiring no iteration in the evaluation of the model. This makes the 
model very efficient in a circuit simulator environment. By making use of a 
double integration of the continuity equation for the inversion channel area, 
a partitioning of the channel charge has been accomplished. The method is 
valid for a wide range of channel lengths: from long channel transistors to 
sub micron devices. The model includes the effects of mobility reduction by 
the transversal electrical field, velocity saturation, the depletion charge and 
channel length modulation. An analysis of the weak inversion regime, which 
is consistent with the above method, has been presented. For a practical 
compact model a generalization of the strong inversion expressions to include 
the weak inversion region has been given. The nine independent MOSFET 
capacitances, defined as the partial derivatives of the charges with respect to 
the terminal voltages, have been calculated analytically. They are also given 
in explicit form. The charges and capacitances are continuous throughout 
all regions of operation. In practice the effect of the vertical field mobil
ity reduction on the capacitances is small. This is confirmed by numerical 
device simulations. However, the effect of velocity saturation can be con
siderable. Inclusion of the channel length modulation leads to a smooth 
transition from the linear region of operation to the saturation region. 

The above model for the intrinsic part of the transistor has been ex
tended by taking into account the most important inherent parasitic ele
ments. 

First the inner fringing field capacitance, arising from the coupling be-
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tween the gate and the channel sidewall of the drain implant when the 
transistor is biased into saturation, is modelled analytically. 

Next a method for modelling the effects of the (Lightly Doped Drain) 
series resistances on the charges and capacitances has been proposed. With
out introducing internal nodes in the model, the resulting expressions are 
completely given in closed form. 

Finally the overlap of the gate over the source and drain implants has 
been taken into account. The overlap gives rise to capacitive couplings be
tween the gate and the· source and drain. In the case of LDD transistors 
the latter capacitance even becomes bias dependent. Here too an analytical 
model has been proposed to describe this effect. 

To describe the transistor at very high frequencies, a non-quasi-static 
small signal model has been derived. It includes mobility reduction by the 
transversal electrical field, velocity saturation and the body effect. Both 
mobility reduction effects cause a decrease of the frequency where NQS ef
fects start to occur. The model describes the MOSFET Y-parameters in 
tenns of Bessel functions. These can be evaluated by truncated series ex
pansion. However for increasing frequencies a rapidly increasing number 
of terms is needed to assure convergence. This is even more so for short 
channel transistors subject to velocity saturation. Therefore the use of an 
asymptotic approximation of the Bessel functions has been proposed; 

Throughout the thesis much use has been made of numerical device sim
ulation. Good agreement was found between the analytical models and the 
numerical calculations. Comparison of the quasi-static model with measure
ments has shown that generally a fair to good agreement is obtained. The 
limitations of the model are mainly caused by the modelling of the bulk 
charge. The influence of the parasitics becomes increasingly important for 
sub micron devices. The NQS model compares well with measurements up 
to 18 GHz. If the effects of series resistances are taken into account the 
accuracy is greatly improved. 
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7.2 Recommendations for further research 

Further study is necessary to improve the compact modelling of the bulk 
charge. A correct description of the drain bias dependence of the bulk charge 
is needed to improve the transition from weak to strong inversion. In addi
tion it will be important to include charge sharing effects in this description. 
Furthermore it will be important for short channel devices to include static 
feedback and drain induced barrier lowering to improve the transition from 
the linear to the saturation region of operation. Finally the frequency limit 
of the quasi-static model may be improved by including transit times effects 
in the expressions for conductances and capacitances. 

It will be useful to develop a very high frequency equivalent circuit for 
the M OSFET, based on the first (and second) terms of the asymptotic ap
proximation of the Bessel functions in the Y-parameter expressions. This 
may lead to a very simple compact small signal model. The model may be 
extended via a better description of the bulk parameters, by dropping the 
simple approximation as used in chapter 5. More layout variations will be 
necessary to allow the measurement of all MOSFET Y-parameters. Fur
thermore the frequency range can be increased considerably. Already mea
surement systems, which support measurement frequencies up to 75 GHz 
are available. Furthermore the description of the model may be improved 
by taking into account channel length modulation and other short channel 
effects. 
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Appendix A 

Capacitance expressions 

In this appendix the expressions for the intrinsic capacitances will be pre
sented. For easy reference the definitions of the auxiliary functions .A (3.37), 
B (3.38) and :F (3.46) are repeated here . 

.A = (1 + 8cVDs)(1 + 6)2V_65 
6(2VGT- (1 + 8)VDs) 

B = .!.ecVDs-.!. (5VGT- 2(1 + 6)VDs)(1 + OcVDs) 
2 5 2VGT- (1 + 6)VDs 

:F -
VGT- j(1 + 6)VDs- l{l + 6)8cV_68 

2VGT- (1 + 6)VDs 

Additionally the following auxiliary symbols are defined 

1J = 1 
2VGT- (1 + 6)VDs 

h1 = (1 + 6)VDs 

h2 = 1+8cVDs 

ha = 5VGT- 2(1 + 6)VDs 

h4 = 2t/>F + VsB 

(A.1) 

{A.2) 

{A.3) 

(A.4) 

{A.5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

With the above the expressions for the drain capacitances can be given as 

{A.10) 

oVDsW LCoz { [1 2 CDB = 6CDG- Gh
4 

1+h1h2 28cVDs1J+1J (A.ll) 

(~h18cVDs- ~h2(ha- h2) + h2B- ~h28cVDs)]} 
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and 

Cns = - W LC {! - 1 + 0-
- 2 3 

1
1

2Bch~V [3h2 + BcVns- h2(1- 8)VnsV] 

1 
lOht AV [4(1 + o)(hs- hth2) + 5ht(2 + 8ch1 )+ 

88chths + 20(1- o)htB]} 

The source capacitances are given by 

(A.12) 

(A.13) 

Csn = -(1 + 6)WLCoz {~-
1
1
2

Vht [4h~ + BcVns]- (A.14) 

_!_h AV [ht(14- BcVns)- 4(h2 + OcVns)hs + 20htB]} 
10 1 

and 

6VnsW LC001 { 1 1 
CsB = 6Csa + 2h

4 
6 + 6h2(h2 + OcVns)V-

101h1 AV [ht(l4 BaVns)- 4h2h3 + 20h1B]} 

The bulk capacitances can be written as 

Vns 
CBa = 6WLC---:p {1- 2.F} 

{ 
(1 + 6)Vns } CBn = cWLc_ F- 3V [2 + OcVns- 3F] 

(A.15) 

(A.16) 

(A.17) 

(A.18) 

The above capacitances are sufficient to characterize the complete capac
itance matrix of the intrinsic transistor. For the capacitances Cii relations 
like 

Cnn = Cna + Cns + CnB (A.19) 

can be used. Finally the gate capacitances can be obtained using the charge 
conservation condition. 
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Appendix B 

Description of threshold 
voltage with dual 1 factor 

Usually for the calculation of the bias-dependent threshold voltage the im
planted doping profile is approximated by a step profile [1,2]. This is illus
trated in figure B.l. 

Figure B.1: Sketch of im
planted doping profile (fully 
drawn) and approximations. 
Long dashed curve: step ap
proximation. 
Short dashed lines: linear 
approximation. 

N 

With this approach an expression for the bias dependence of the thresh
old voltage is derived which is continuous and has a continuous derivative. 
However, this leads to a discontinuity in the second order derivative of this 
voltage with respect to VsB· Since the latter appears in the capacitance 
expressions this also causes a discontinuity in the capacitances. This can be 
cured by applying a smoothing function. 

However by assuming a dope profile with a linear slope it is possible 
to derive an expression which has a continuous second order derivative. 
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Following the method as described in [2] in this case a third order equation 
is found for the depletion depth (Yd) in the linear dope region 

3 3 (NB ) 2 1 3 3E,t/J, 
Yd +- -- YB Yd + -Yr- -- = 0 

2 K 3 qK 
(B.l) 

where K denotes the dope gradient. Fortunately the form of this equation 
is such that it is possible to predict which of the three solutions should be 
used, provided that the linear region satisfies the condition 

(B.2) 

where 

(B.3) 

This condition is met in many practical situations. The high and low dope 
values are related to the i values at low and high VsB, respectively. The 
boundaries of the linear region (Yr and YB) can be related to the surface 
potential. Define u, as the square root of the surface potential, u,~ as the 
value of u, at which the depletion reaches the left hand side of the linear dope 
region and u,z2 as the value of u, at which the depletion region reaches the 
end of the linear dope region. Then the shift of the threshold voltage with 
respect to the zero bias threshold voltage ( .6. Vro) is given by the following 
set of equations. 

If u, ::::; u,~ then 

where the following auxiliary functions are defined 

A = ~-1 
ht = 1 + 3.\ ( u.) 2 

u,:r: 

X .x{1-(~r} 
h2 = (1 + x)3 

hs = 1 { J4ht(ht - h2)} a arctan h
2 

_ ht 

Zd = ~(1 + .\)(1 +cos h3 + v'3 sin hs) 
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(B.5) 

(B.6) 

(B.7) 

(B.S) 

(B.9) 

(B.lO) 

(B.ll) 



If u, > U11112 then 

AVTo = (1+~x){1- (for}~ou,. (B.12) 

+1 u~- (1 + x + ~x2 ) { 1- ( ~J 
2

} u~.- 1oV<fi-

In figure B.2 the second order derivative of VT is shown for a step profile 
and a linear doping profile. The improved behaviour by using the linear 
profile is clearly visible. 

Figure B.2: Second order 
derivative of VT vs. VsB· 
Fully drawn curve: linear 
doping profile. 
Dashed curve: step profile. 
• ,• : calculated points. 
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In principle all parameters involved may be obtained from measure
ments. However it isoften more practical to determine lo, 1 and u,111 from 
measurements and choose a value for YB satisfying (B.2). This can be done 
by choosing a value for .X. u,1112 is then given by 

(B.13) 

From the previous equations it is clear that also the limiting situations 
are represented by the above approach. By choosing 'Yo = 1 the results are 
obtained for a homogeneously doped substrate. By choosing Ys = YT we 
find u,.2 = u,. and .X = 0, yielding the same equations for the step profile 
as in [1,2]. 

160 



Bibliography 

[1] E. Demoulin, F. van de Wiele, in Process and Device Modelling for IC 
design, Noordhoff, Leyden, 1977, pp 617-76. 

[2] H.C. de Graaff and F.M. Klaassen, Compact Transistor Modelling for 
Circuit Design, Springer-Verlag, Vienna, 1990, pp 157-60. 

161 



Summary 

This thesis treats the modelling of the dynamic behaviour of MOSFETs. 
After a short introduction on various way of modelling semiconductor de
vices in chapter 1, a review of the analytical DC modelling of MOSFETs is 
presented in chapter 2. The chapter is concluded by a discussion of the par
ticular short channel DC model that will be used in the subsequent chapters. 

In ch~pter 3 the modelling of the dynamic behaviour of the ideal part of 
the transistor, using the quasi-static approximation, is discussed. A method 
to partition the channel charge in a source and drain charge, which is neces
sary for application in circuit simulation, is presented. After the derivation 
of the expressions for the charges, the resulting explicit expressions for the 
capacitances are presented. Finally the chapter closes with a discussion on a 
practical compact charge and capacitance model for MOSFETs. Important 
effects as velocity saturation, the bulk effect and channel length modulation 
are taken into account. The derivation of the model is supported by numer
ical device simulation. 

In chapter 4 the above model is extended by taking into account par
asitic elements, inherent to the actual transistor. First an explicit model 
for the effects of the series resistances is derived. It is shown by numeri
cal simulations and experiments that these resistances have a considerable 
effect on the capacitance characteristics. Next the capacitances caused by 
the overlap of the gate over the drain and source implants are discussed. 
By simulations and experiments it is shown that these are bias dependent 
for Lightly Doped Drain transistors. An analytical model to describe this 
behaviour is presented. 

In chapter 5 a model for high frequency applications is derived. In 
contrast with the low frequency model, no use is made of the quasi-static 
approximation. The model takes account of the effects of mobility reduction 
by the normal electrical field, velocity saturation and the bulk charge. The 
influence of these effects on the high frequency behaviour of the transistor 
has been studied by numerical device simulations. The analytical model is 
given in terms of Bessel functions. These can he represented by truncated 
series expansions. In order to reduce the number of terms, it is proposed 
to use an asymptotic approximation for the evaluation of the model at very 
high frequencies. 

In chapter 6 the previously derived models are compared with measure
ment results for several transistors with different gate lengths. Two mea
surement setups have been used. They are discussed in the same chapter. 
From the low frequency measurements it is clear that the parasitic elements 
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must be taken into account. The effects of the series resistances are mainly 
observed in the linear region. The bias dependence of the overlap capaci
tance is clearly visible in the saturation region. Generally a good agreement 
between models and measurement is observed. The main discrepancy is 
caused by the simplified treatment of the bulk charge. The high frequency 
measurements also show the importance of the parasitic elements inherent 
to the transistor. Taking into account. the source and drain series resis
tances and overlap capacitances a good agreement between measurements 
and model is obtained. 

The thesis closes with conclusions and recommendations for further 
study. 
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Samenvatting 

Dit proefschrift behandelt het modelleren van het dynamisch gedrag van 
MOSFETs. Na een korte inleiding over de verschillende methoden om half

, geleider device te modelleren in hoofdstuk 1, wordt in hoofdstuk 2 een over
zicht gegeven van het analytisch modelleren van het DC gedrag van MOSF
ETs. Het hoofdstuk eindigt met een bespreking van het kort kanaals DC 

· model dat in de volgende hoofdstukken gebruikt zal worden. 

In hoofdstuk 3 wordt het modelleren van het dynamisch gedrag van het 
ideale deel van de transistor besproken, waarbij gebruik gemaakt wordt van 
de quasi-statische benadering. Er wordt een methode gepresenteerd om de 
kanaallading te verdelen in een source - en drainlading, hetgeen nodig is voor 
toepassing in een circuitsimulator. Na de afleiding van de uitdrukkingen 
voor de ladingen, worden de resulterende expliciete capaciteitsuitdrukkin
gen gepresenteerd. Tenslotte eindigt het hoofdstuk met de bespreking van 
een pra.ktisch ladings- en ca.pa.citeitsmodel voor MOSFETs. Belangrijke ef
fecten, zoals snelheidsverzadiging, het bulk effect en kana.alverkorting, wor
den in rekening gebracht. De a.fleiding van het model wordt ondersteund 
door numerieke device simulaties. 

> 

In hoofdstuk 4 wordt het bovengenoemde model uitgebreid door parasi-
taire elementen in rekening te brengen, die inherent zijn aan de werkelijke 
transistor. Eerst wordt een expliciet model voor de effecten van de serie
weerstanden afgeleid. Er wordt met behulp van simula.ties en experimenten 
aangetoond, dat deze weerstanden een aanzienlijk effect hebben op de ca
paciteitskarakteristieken. Vervolgens worden de capaciteiten, veroorza.akt 
door de overlapping van de gate met de source en drain gebieden, bespro
ken. Met behulp van simulaties en experimenten wordt aangetoond dat 
deze capaciteiten, in het geval ven een transistor met licht gedoteerde drain, 
afhankelijk zijn van de DC instelling van de transistor. Er wordt een ana
lytisch model gepresenteerd om dit gedrag te beschrijven. 

In hoofdstuk 5 wordt een model afgeleid voor hoog frequent toepassin
gen. Anders dan bij het laag frequente model wordt er nu geen gebruik 
gemaakt van de quasi-statische benadering. Het model omvat de effecten 
van mobiliteitsreductie door het loodrechte elektrische veld, snelheidsverza
diging en de bulklading. De invloed van deze effecten op het hoog frequente 
gedrag van de transistor is bestudeerd met behulp van numerieke device 
simulaties. Het analytische model wordt gepresenteerd in Bessel functies. 
Dezen kunnen worden gegeven als reeksen. Om het aantal termen te beper
ken, wordt er voorgesteld om een asymptotische benadering te gebruiken 
voor de evaluatie van het model bij zeer hoge frequenties. 
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In hoofdstuk 6 worden bovengenoemde modellen vergeleken met meetre· 
sultaten van verscheidene transistoren met verschillende gate lengtes. Twee 
meetopstellingen zijn gebruikt. Beide worden besproken in dit hoofdstuk. 
De laag frequente metingen maken duidelijk dat rekening gehouden moet 
worden met de parasitaire elementen. De effecten van de serie weerstanden 
zijn voornamelijk zichtbaar in het lineaire gebied. In het saturatie gebied is 
de spanningsafhankelijkheid van de overlap capaciteiten duidelijk merkbaar. 
In het algemeen is er een goede overeenstemming tussen de modellen en de 
metingen. De belangrijkste afwijking wordt veroorzaakt door de vereenvou· 
digde behandeling van de bulklading. De hoog frequente metingen tonen 
ook het belang van de parasitaire elementen aan. Door de source en drain 
serieweerstanden en de overlap capaciteiten in rekening te brengen: wordt 
een goede overeenkomst tussen model en metingen verkregen. 

Het proefschrift eindigt met conclusies en suggesties voor verder onder~ 
zoek. 
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Statements with the Ph.D. thesis 

Compact Modelling of the Dynamic Behaviour of MOSFETs 

by 

Theo Smedes 

1. If the presentation of statements with theses is to be more than just 
a folkloristic custom, they should not be written in Dutch. 

2. The effects of the series resistances on quasi-static MOSFET capaci
tance characteristics, can be taken into account explicitly. 

This thesis, chapter 4. 

3. The gate drain overlap capacitance of short channel LDD MOSFETs 
cannot be treated as a constant parallel plate capacitance. 

This thesis, chapter 4. 

4. For short channel transistors it is insufficient for general applications 
to include only the first two terms of the Bessel series expansions in 
non-quasi-static admittance parameter models. 

This thesis, chapter 5. 

5. The bias dependence of the MOSFET threshold voltage can be easily 
formulated in such a way, that the second derivative with respect to 
the back bias is continuous. 

This thesis, appendix B. 

6. If smoothing procedures are used in an analytical model, these should 
be specified in publications. 

7. For a quantitative comparison of capacitance data on tree stems both 
the probe geometry and the external conditions have to be specified 
in detail. 

T.M. Lekas et al.,Canadian Journal of Forest Research, Vol. 20, 
1990, pp 970-7. 



8. The dependence of the contact resistance on layer thickness for planar 
contacts on thin epitaxiallayers is not explained by the TLM model. 

W. van Berlo and T. Smedes, 1M reports 189-3056 and 190-3050, 
Swedish Institute of Microelectronics. 

9. The cut-off frequency IT is inadequate as a. figure of merit for the high 
frequency circuit behaviour of bipolar transistors. 

G.L. Pa.tton et al., Proceedings Symposium on VLS1 Technology, 
1990, pp 49-50. 
K. Horio et al., Proceedings ~Bipolar Circuits and Technology Meet
ing, 1990, pp 195-8. 

10. The method for extraction of the effective channel length in submicron 
MOSFETs, as proposed by Iniewski and Sala.ma., is questionable. 

K. Iniewski and C.A.T. Sala.ma., Electronics Letters, Vol. 27, No. 6, 
1991, pp 508-9. 

11. The power of present day symbolic equation manipulators like Reduce, 
Derive and Ma.thema.tica, lies mainly in their use as verification tools. 

12. Teleworking will transfer the traffic jams from the highways to the 
telephone lines. 

13. The service rendering institutes in the Netherlands have not reacted 
adequately to the increasing number of singles and couples with double 
income. 

14. It is often cheaper to copy documents backwards. 


