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ABSTRACT

Alaa EI-Din EI-Raey Mohamed. Modeling and Characterization of
VLS MOSFET for CAD. Unpublished Master of Science dissertation,
University of Ain Shams, 1996.

The main objective of thisdissertation isto develop acircuit-level dc

current model for the MOS transistor. Special care istaken to the modeling
of the transistors of non uniform doping. The model isto be used for analog
and digital circuit design. This puts heavy demands on the accuracy provided
by the model. The model is based on the representation of current transport in
a sheet channel interms of the surface potential conditions at the source and
drain boundaries. The model is scaleable and resultsin continuous device
characteristics under all operating conditions, from deep subthreshold to
strong inversion. Accuracy of the model isdemonstrated over awide range
of device geometries and termina voltages. The features of scalability,
continuity, and accuracy are attributed to the physical representation of all
important effects occurring in the MOS transistor. The model isimplemented
under the circuit ssmulator ELDO using HDL-A language and can be used to
simulate dc MOSFET circuits.
Also we develop an automated measurements program works under
LabVIEW software to characterize the MOS transistors, as well as an
automated program to extract the model parameters from the measured
characteristics.

Key Words

VLSl - MOSFET- CAD - Modeling - Simulation



SUMMARY

The requirements to be satisfied by a CAD device model for usein
circuit simulation are demanding and essentially in conflict. The model
should be physically based, representing faithfully the internal electronic
mechanisms and the implications of device structure, and should provide a
coherent link between fabrication technology, design layout and electrical
performance. It should give accurate and continuous representation of
device electrical characteristics over the full range of operating modes and
conditions.

The required analytical model to be suitable for CAD applications,
may force us to the development of some quasi-physical equations and the
required parameters in this case do not normally relate to any single
identifiable physical set of parameters, so to achieve our purpose to obtain
good model for CAD applications, an automated measurement setup must
be provided beside an optimization agorithm to best fit the obtained
experimental data.

In this work we continue the development of a MOSFET model for
analog and digital applications, which is carried out in the ICL lab, by
introducing the non-uniform doping effects. Also automated programs for
MOSFET characterization, as well as an optimization program based on the
Levenberg-Marqudet algorithm have been developed. The developed
optimization program is model independent and can be used for any
nonlinear least square parameter extraction problem. Thethesisisdivided
into four chapters:

The first chapter, gives aquick review to the MOSFET characteristics
since it is our target for modeling and characterization. The concept of



MOSFET modeling for circuit CAD and the required criteria to be satisfied
in the model development has been discussed.

In the second chapter, the proposed model is presented, the short
channel effects which are included in the model are outlined with their
governing equations. Also the extension to the non-uniform doping are
presented and is verified by comparison with experimental results.

The third chapter, presents the suggested measurement procedure and
the required devices, aso it provides the model parameters and an
extraction strategy called the group strategy, which isbest fit agroup of
devices based on the same technology, but may have not strong fit for each
device aone.

The mathematical foundation required for non linear least square
algorithms are presented in chapter four with focusing on the used
algorithm called Levenberg-Marqudet algorithm. A good agreement has
been observed between the proposed model results and the experimental
results obtained using the suggested measurement procedure.
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CHAPTER 1

MOSFET Modeling for CAD

1.1 Introduction

The requirements to be satisfied by a CAD device model for usein
circuit simulation are demanding and essentially in conflict. The model
should be physically based, representing faithfully the internal electronic
mechanisms and the implications of device structure, and should provide a
coherent link between fabrication technology, design layout and el ectrical
performance. It should give accurate and continuous representation of
device electrical characteristics over the full range of operating modes and
conditions.

In the following chapter we shall deal with the MOSFET structure
and its basic governing equations, and also we shall discuss the basic
requirements implied by CAD applications in order to develop a good
model of the MOSFET suitable for analog CAD applications.

1.2 Basic MOSFET electrostatics

In the following section we shall review the basic MOSFET
characteristics, and governing equations which will be used to get a suitable
model for circuit CAD applications. The MOSFET structureis shownin
Fig. 1.1
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Figure 1.1 MOSFET structure

1.2.1 Surface and Fermi Potentials

Fig. 1.2a showsthe energy band diagram at the middle of the channel.
This case corresponds to a devicein equilibrium (Vs=Vp=0) and an applied
gate voltage Vi that makes the devicein inversioni.e. ys>2¢x.

Fig. 1.2b shows the same device in the non-equilib rium @se (Vp>0),
such that we use the quasi-Fermi levels E;, and Egp [1], instead of the Fermi
level E. A split inthe quasi-Fermi level equal to ¢ is noticed due to the
applied drain bias. Thisshift isequal to V}, at the drain side of the channdl.
Thisis equivaent to assuming that the electron quasi-Fermi levels remains
essentially constant over the transition region (between the channel and the

drain)’. ¢ isthen the Fermi potential induced by the drain-source bias. In

the general case where Vs£Vp#0, we have Vs<@<Vp.

A corresponding assumption is often made in pn junction theory [2]
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SO,

Figure 1.2 Comparison of the energy band diagram of an inverted n-
channel MOSfor: (a) the equilibrium case and (b) the nonequilibrium case
(applied drain bias).

A potential convention is aways used; ws ¢, and ¢, are positive
downward (in the normal operation of the n-channe MOQOS), and negative
upwards (in the normal operation of the p-channel MOS).

1.2.2 MOS Charges

Fig. 1.3 shows different charges associated with the MOS structure,
together with the associated electric field and potential in the y-direction. In
this section we try to calculate those charges as afunction of the surface

potential s
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Figure 1.3 The MOS charges and associated electric field and potential.

1.2.2.1 The Semiconductor Charge

The semiconductor charge is a maor parameter to get a good
guantitative description to MOSFET operation, it may be found fromthe
integration of the one dimensional Possions's equation in the x direction. The
semiconductor chargeisdivided into two components the inversion charge Q
and the bulk charge Qg, they may befound in all operating regimes of the
device, from accumulation to strong inversion, asfollows.

In the semiconductor the el ectrons and holes density can be expressed as[2]:

()= (n2/ N ) eHve-ec (1.2.1)

p(X)= N eP® (1.2.2)

where n; is the intrinsic carrier density per unit volume, N, isthe acceptor
impurity density per unit volume, 3 is the inverse of thethermal voltage
(=), vs is the surface potential referenced to the bulk potential, and ¢ is
the quas Fermi potential (the difference between E;, at the surface of the
semiconductor and E;, in the bulk of the semiconductor).
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Substituting equations (1.2.1) and (1.2.2) into the one dimensional Possion’s
eguation, we get

d’y _ gN 6.00-
Xm/2/ : ANAT v 1 _ ghlwer-e.920)] (1.2.3)

with ¢ defined as the difference between E and E: in the bulk of the
semiconductor,

= 6,In(1%) (1.2.4)

Equation (1.2.3) may be solved to yield :

Qu(v..0,)= -5 [(By + &™)+ e (1) (1.25)

=

where

= J2e:ANa (1.26)
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Figure 1.4 Semiconductor charges versus s for two values of the quasi
Fermi potential ¢.

and

Qs(y,)=- y\/%"x JBy +efrs-1 (1.2.7)
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Finally, the inversion charge can then be computed using

Q(¥..0.)= Qu(¥..8,)-Qu(w,) (12.8)

Fig. 1.4 shows the above semiconductor charges (Qsc, Qs & Q) versus
the surface potential s, for two values of thequasi Fermi potential. The
higher the quas Fermi potential, ¢. the lower isthe inversion charge.

1.2.2.2 Oxide Charges

Generally speaking, the gate oxide of the MOSFET is not perfect.
Oxide charges [2] include the oxide fixed charge, the oxide trapped charge,
and the mobile ionic charge. They arerepresented in device analysis by an
effective net oxide charge per unit area Qo at the Si-SIO, interface. Qo Can
be regarded as afixed charge sheet |ocated at the interface, and it is generally
apositive charge, refer to Fig. 1.3.

1.2.2.3 Interface Trap Charge

An interface trap is an allowed electronic state, spatially located at a
surface (or at an interface), due to the interruption of the periodic lattice
structure [3]. It possesses the following properties:

I. It can exchange chargewiththesilicon. Specifically, they can interact
with the slicon conduction band by capturing or emitting electrons and
with the valence band by capturing or emitting holes.

ii.I1ts energy level islocated in the forbidden gap or in either band (valence
or conduction). However only the energy levels located withinthe
forbidden gap or dightly above or below the band edges, will have the
possibility to charge or discharge with bias.

iii.It can be of either type: donor or acceptor
- A monovaent donor trap possesses two states of charge: +1and 0. Its
charge ispositive (in thermal equilibrium) when the trap level E; is above the
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Fermi level E;. Itschargeis zero when E; isbelow E;.

- A monovaent acceptor trap possesses two states of charge: 0 and -1. Its
chargeis zero when E; isabove E;. Itscharge is negative when E; is below E;.

The interfacetrap level distribution in the bandgap istypically arather
smooth function of energy. Such adistribution is often called a continuum of
interface trap levels. The interface trap chargeisusualy identified by the
density of interface trap levels per unit area per electron volt Dy, that isthe
number of interfacetrap levels per unit areawhich is present between E; and
E+dE; with energy in electron volts, i.e. Di=(1/q)(dQ,/ dE).

Changes in occupancy can be produced by changes ingatebiasas
illustrated in Fig. 1.5 for a p-type substrate.

For an acceptor trap, the interface trapped charge can be calculated
using Fig. 1.5as

D;
%
EMPTY
/
E
™M Ere 77
ST
Ev ST T
FILLED

METAL Sio, S

(a) (b) (c)

Figure 1.5 Band-bending diagram showing how interface traps change
occupancy with gate bias. The sampleis p-type. (a) No gate bias; (b) negative
gate bias; (c) positive gate bias.[4]

7
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Qu= -4 [ Du(EI(E)dE, (1.2.9)

where f(E,) isthe Fermi-Dirac distribution function given by

1

f(E)= 1+ P(E-En)

(1.2.10)

Similarly the donor interface trapped charge can be calculated as follows

Qu = 4 Du(ENA- f(E)dE: (1.2.11)

The net interface trapped charge per unit area Q;; is given by

Q= Qu+ Qi (1.2.12)
using egs. (1.2.9), and (1.2.11)

Q.= ol [ Duu(E)dE- | D, (EON(EdE] (1.2.13)

where we have defined atotal interface trapped density D;i=Dig+Dita.

Experimentaly, it has been shown [4] that interface traps in the upper
half of the silicon bandgap are donor like in device grade oxide. There are no
reliable measurements to determine whether interface trapsin the lower half
of the silicon bandgap are donor or acceptor like. However there exist
different reliable ways of measuring the total interface trap density D;; such as
charge pumping technique [5,6]. As will be shown later, it is thistotal
density that affects the device characteristics.

The following assumptions have been introduced to simplify the
analytical determination of the interface trap charge Qi [7]:
1. The interface trap density D;; istaken to be constant in the whole energy
range of interest, referring to Fig. 1.5, that isthe average density inthe
region of interest.
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2.1n nonequilibrium i.e. an applied drain-source bias, the occupancy of the
interface trapsis determined by the position of the quasi-Fermi level of the
minority carriers.
Using the above two assumptions the trapped charge Q; can be
calculated using eg. (1.2.13) inthe form
Dit

Qu(v:9.)= A D Eq -Flﬁ(% S0, F Y- 0+ IN(L+ gPGHorve)]} (1.2.14)

Practically, Q;; is expressed in terms of its constant term at flat band plus a
variable term

Qu (V0= Q00+ Q; (.6, (12.15)
where

Qu(0.0) =l D By~ i (£2-9, )] (1.2.16)
and

Q) (v,10.) = 5L Ay, - )+ I(as v (1217)

As shown from the above equations, the nature of the interface traps
(acceptor- or donor-like traps) affects only the constant part of the interface
trapped charge Qi(0,0). This constant part can't be practically distinguished
from the oxidefixed charge at flat band, and is determined through flat-band
voltage measurements (sec. 1.2.3). On the other hand, the variable part of the
interface trapped charge Qi{vws¢c), depends only on the total interface
trapped charge density Dj;.. The interface trapped charge is comparable to the
total semiconductor charge in subthreshold, and affects the device
characteristics inthat region, whileit is negligible compared to this chargein
strong inversion.

Note that for aheavily doped bulk in strong inversion where ys>2¢+6¢ [1],
the quas Fermi level E;, approaches the conduction band, Fig. 1.5 (c). The
upper limit for Q;; isthen q(Diwg-Dir) Ey.

Fig. 1.6 showsthe above calculated interface trapped charge, whichis
assumed to be composed only of acceptor-like traps (i.e. Dii=Dji, and D;t=0),
9
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versus the surface potential for two different values of the quas Fermi
potential ¢, in an n-channel MOS transistor. As ¢, increases, more levels
emit their electrons, and Q;; decreases. When ¢, approaches the valence band
edge E,, Qi tendsto zero. On the other hand as ys increases, more levelstrap
electrons, and Q; increases. The interface trapped charge is shown to vary
only while ys changes within the range of E,.

2.010'87””1””

1510° |

1.010° [ e e (o s .

Q,(em?)

5.010° | AR e o e -

0.010° L+
0.5

2

v (V)

Figure 1.6 Interface trap charge versus the surface potential.

1.2.3 The Flat Band Voltage

The flat band voltage, may be defined as the gate-bulk voltage
necessary to obtain a zero surface potential y5[3], it expressed as

Via= «pms-ci [Q,+ Q,(00)] (1.2.18)

In the above equation, ¢, is the gate-semiconductor work function
difference. This value depends on the gate material (metal, N-Poly, or P-
Poly).

This voltage is usualy measured practically, and it is difficult to
distinguish its components from such measurements. Any variation in the
flat band voltage appears directly as an equal variation in the threshold

voltage value.
10
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1.3 The MOSFET Mobility

The mobility of eectrons in the inversion layer (called surface
mobility) is smaller than the bulk mobility, due to scattering mechanisms.
The effective mobility used in the long channel model must include the effect
of thenormal field dueto the gate. The effect of the longitudinal field on the
mobility isimportant only in short channel devices.

For a given temperature, the value of the surface mobility isfound to
be only a function of the average normal electric field Fy,, in theinversion
layer, defined by

F _ Fxs+ I:xb
xav — 2

(1.3.1)

where F, is the value of the normal field at the surface and F,, isitsvalue
just below the inversion layer. The experimental data appear to conform to
the following relation:

p=—to (1.3.2)

where L, isthe low field mobility, and o isafitting parameter.
The effective norma electric field at the surface isrelated to the total
charge per unit area bel ow the surface by gauss law:

Froz 2= (1.3.3)

Es

where Qg isgiven by (1.2.5)

Similarly the field just below the inversion layer can be determined by
assuming a very thin inversion layer, so that thetotal charge per unit area
below the inversion layer is practically all of Qg, given by eq. (1.2.7):

Foz -2 (1.34)

Es

Using the above equations, we obtain

11
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u= Ho (1.35)
1- (Qsc+ QB)

o
285

The effective mobility [8] may be obtained by substituting with eg. (1.3.5) in
the drain current equation and integrate from O to L on the assumption that v
is linear withy (i.e dyddy=(yy -y)/L ), to smplify the integration , thus we
obtain

— ‘LLO
Mes = 1+67, (1.3.6)
where
1 3/2 1 3/2
((‘//sL'E)/ -(WSO-E)/)
f =(Ve-Vemp)-05(y +y )+ = 1.3.7
W= )-05(yy + W)+ 37 TR (1.3.7)
and
= Co (13.8)
283

1.4 MOSFET Modeling

The reason for MOSFET modeling as any other device modeling is
two fold. First, the device designer needs to understand how a device
operates and henceis primarily interested in the internal device mechanisms.
Second, the circuit designer looks for a quantitative description of the
terminal behavior only, which should be as accurate as necessary and as
simple as possible. In his part of the overall design process, the circuit
designer wants to predict circuit performance by numerically ssmulating a
proposed circuit topology. Generdly, he relies on an established process for
device fabrication and hence is able to improve model accuracy by
introducing fitting parameters into the analytical formulas of his model.
Extending this approach may lead to the point where the measured
parameters constitute a table and the model acts only as an interpolation
routine between neighboring table values. During this process, the

12
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connection to device physics is gradualy lost gaining computational
efficiency which is the uppermost concern in ssimulating large circuits.
However, this introduces a serious drawback for such models, that they are
likely tofail in predicting ahead of time what will happen if some fabrication
process parameters are changed. Developing a model isan art involving
constant tradeoffs between accuracy and computational time efficiency.

On the other hand, the device designer is aso somewhat interested in
circuit performance at least of small-scale building blocks, since the devices
he isdesigning areto operatein acircuit environment. e eks 0 resawe
the connection to device physicsin order to be guided by circuit performance
criteria in hisdesign process. Ideally, the desired device performance should
arise from those criteria and the device design process should result in
specifications for a wafer process to be developed. In practice, however,
process and device development are carried out simultaneously and device
modeling should aid the iterative process of device specification and wafer
processing by saving part of the otherwise necessary cycles of theiteration
loop.

1.4.1 Numerical MOSFET Modeling

A device simulator calculates the electrical characteristics of devices
when structure shape, and impurity profile are given.

The behavior of electronic devices is governed by a set of basic
semiconductor equations, these equations are summarized as follows[9]:

1- Poisson's equation

V2y = -g<p-n+ NG - N3) (1.4.)

13
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2- The continuity equations
op_ 1

- -=V.J,-R+G

. f (1.4.2)
M —V.J,-R+G

ot q
3- The current equations

Jp= U, PVY -qD, VP~ i, kpVT, (143)
Jn=-qQu nVy+qD,Vn+u knVT, o
4- The energy balance equations [10]
w, — o,
V.S -F.Jp+Uw, +p . =0
" (1.4.4)

V.S,-F.J +Ua +n =% _ g

o

where R represents the recombination rate, G the generation rate, S, and S,
represent the energy flux of holes and electrons respectively, F isthe electric
field, @, and «, are the carrier energies, and 7, and 7, are the energy
relaxation times,

The semiconductor equations contain quantities, such as the
recombination (R)/generation (G) rates and the mobilities (u, and ), which
themselves are the result of complicated physical mechanisms. Therefore,
these quantities are not constant but depend on thelocal values of carrier
densities and electric field.

The complete set of nonlinear differential device equations together
with the given boundary conditions are then solved numerically using
different methods yielding the device's physical characteristics.

The device smulator aimsto derive from the input set of physical and
technological parameters, the electrostatic potential w and quasi-Fermi levels
for electrons E;, and holes E, in space and time. These three quantities yield,
in turn, the vector fields of the eectric field strength and electric current
density. Finadlly, integration of the first vector along a contour between

14
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respective contacts and the second over respective contact areas resultsin the
terminal characteristics of adevice.

1.4.2 Analytical MOSFET Modeling

In order to be used in a circuit simulator where thousands of
MOSFETs are present, numerical modeling turns to be ineffective, asit turns
to be very time consuming. Anaytical models must then be used. An
anaytica model is smply a system of algebric equations describing the
terminal 1-V performance of the device.

All analyticdl MOSFET models use the Gradual Channel Approxi-
mation (GCA) [11] (which will be discussed in the next chapter), which
decomposes and simplifies the two-dimensional problem into two analytical
one-dimensional problems. One deals with the solution of the oxide field due
to the voltage applied between the gate and the Si bulk. The other deals with
the current in the channel due to voltage applied between the drain and source
terminals. More Details about analytical modeling are given in chapter 2.

The circuit ssmulator aimsonly to calculate the voltage and current at
every circuit node by anumerical procedure that depends on the terminal 1-V
characteristics of each circuit element. This requires that every circuit
element (including the MOSFET) must provide an analytical (closed-form)
relation between the terminal voltages and output currents.

1.5 MOSFET Modeling for Analog Circuit CAD

The modeling of MOS transistors for computer-aided design has been
driven by the needs of digital circuit designers for many years, but
unfortunately these models give poor results when used in analog simulation

[8].
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Vds
Q4

Vds

(b)

Figure 1.7 (a) |p-Vps characteristics as resulting from measurement (solid
line) and simulation (dashed line). (b) The output conductance resulting
fromtaking the slopesin (a).[§]

As an example[8], consider Fig. 1.7(a). It would seem that the model
(dashed line) is an adequate representation of the experiment (solid line).
Yet, consider the drain-source small-signal conductance gy, given by the
dope of the Ip-Vps characteristics: for the case of Fig. 1.7(a) that dopeis
given in Fig. 1.7(b), and a very large discrepancy between the model and
experiment becomes obvious. To argue about the seriousness of this
problem, one needs only to recall that the amplifier voltage gain can be
inversely proportional to sum of g4 quantities.

Recently, many laboratories have put a considerable effort into the
development of new anadlog MOS models to comply with the new
technologica trend towards mixed analog-digital chips, not only for direct
interfacing to the physical world, but aso for ading digital systems to
increase their performance. It is predicted that in afew years, most chips will
contain at least some analog circuits.

16
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1.5.1 The Special Nature of Analog Modeling Needs

From the last discussed example, it becomes obvious that, if somebody
clams a model to giveagood drain current fit to measurements, all we can
conclude is that, maybe, the model can predict satisfactorily the bias point of
an analog circuit. Since the design of such acircuit involves much more than
just bias point evauation, many more requirements need to be met by the
model before we could call it adequate for analog work.

A MOSFET model for analog circuit design should ideally satisfy the
following criteria[12]:

1. The model should, of course, meet common requirements for digital work,
such as reasonable |-V characteristic accuracy, shift register speed
prediction, charge conservation, etc.

2. It should give accurate valuesfor all small-signal quantities as g, G,
and capacitances. In particular, al of these parameters should be
continuous with respect to any terminal voltage.

3. It should meet the above requirementsover large bias ranges, including
V20, and encompassing the weak, moderate, and strong inversion
regions.

4. It should do al of the above over the temperature range of interest.

5. It should do al of the abovefor any combination of channel width and
length values, from the minimum specified upwards. The user should
only have to specify the geometrical dimensions for each device, and one
set of model parameters valid for all devices of the same type and
independent of dimensions.

6. The model should provide aflag at any attempt to use it outsideits limits
of validity. For example, if the model is quasi-static and one attemptsto
use it, say, around the unity gain frequency of the device, awarning
should be given to the user that the result may be inaccurate.

7. The model should have asfew parameters as possible (but just enough),
and those parameters should be linked as strongly as possibleto ones

17
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related to the device structure and fabrication processing (e.g. oxide
thickness, substrate doping, junction depth). This would allow
meaningful worst-case simulations and predictions. Empirical parameters
without physical meaning should be avoided as much as possible. This
requirement strongly points to the direction of a physically-based model.

8. The mode should belinked to an efficient parameter extraction method,;
one could even go so far as to say that parameter extract ion houl d e
constantly kept in mind during model development from the beginning.
The number of required test devices and testsfor parameter extraction
should be as small as possible.

9. The model should ideally provide links to device ssmulators (refer to table
1.1).

10.For application inacircuit simulator, the model also needsto be relatively
simple in its formulation to achieve low computer CPU time per model
call.

1.6 CAD requirements

In order to develop a working model, one should understand the
working nature of the circuit simulator which incorporates the mode.

The circuit simulator starts an anaysis by writing a set of nodal
equations which describe the elements in the circuit. This set of nodal
equations is often a system of transcendental equations, and a nonlinear
solution techniqgue known as Newton-Raphson agorithm is applied to the
system matrix. The Newton-Raphson algorithm, a method of successive
approximations, is an iterative approach to solving a set of nonlinear
equations. The circuit simulator starts with aninitial guessfor every node
voltage in the circuit and beginsiterating. With each successiveiteration, a
new set of node voltagesis predicted. The solution routine monitors the node
voltage of the present iteration and the previous iteration value.

Ideally, a the exact solution, the node voltage between successive
iterations should be identical, or the difference between iterative voltage

18
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values should be zero. But because of the way digital computers represent
numbers, saying when two numbers are exactly equal can be difficult
(because of round-off errors). Because of this difficulty, the circuit simulator
monitors the difference between iterative node voltage values and compares
the difference with a predefined error tolerance. When the difference between
iterative voltage values is lessthan the error tolerance for every node of the
circuit, the circuit simulator terminates the iterative process for that solution
point.

1.6.1 Nonconvergence

In addition to the error tolerance limits, the smulator limitsthe total
number of iterations each analysistypeis allowed to process. If theiterative
node voltages have not satisfied the error tolerance requirements before the
simulator exceeds theiteration limit, the simulator aborts the simulation and
proclaims the infamous nonconver gence error message.

One of the man problems that causes nonconvergence in the
calculation of the bias point is model discontinuities. Asan examplewe
consder Level 3MOSFET SPICE model. Classica MOSFET theories split
the transistor curves into the linear region and the saturated region of
operation.  The device equations in SPICE follow the same regions of
operation. But, unlike the real device, SPICE uses separate equations for
each region of operation. Because of the mathematical difficulty inwriting an
equation which describes the entire family of curves, two different sets of
equations were written, one for the linear region and one for the saturation
region, and joined together. Unfortunately, because of the way the equations
were joined, there is a discontinuity in the conductance characteristics (the
slope of the |-V curve) of the device.
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Figure 1.8 Iterations around a model discontinuity. [13]

A discontinuity in conductance may lead to problems for the Newton-
Raphson agorithm.  Fig. 1.8 illustrates the conductance vs. voltage
characteristics around one of the model discontinuities. On the first Newton
iteration close to the discontinuity, the conductance value leads to anew
iterative voltage on the other side of the discontinuity. The next Newton
iteration falls on a conductance value which predicts a solution back on the
original side of the discontinuity. The third Newton iteration again predictsa
solution on the far side of the discontinuity. When SPICE steps closeto or on
top of a model discontinuity, the Newton-Raphson iterations may begin to
oscillate around the discontinuity. These oscillations use up iterations without
progressing towards a solution. A solution to this problem is by using

mathematical smoothing functions between different operating regions.
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1.6.2 The smoothing function

While moving from one region of operation of the MOSFET to the
other some variables (voltage, charge, current, ...) may have an upper limit
to which they tend. The model thus may have an output characteristic
composing of segments of different slopesi.e. discontinuity n ke ut pt
conductance, that may lead to nonconvergence problems in the circuit
simulator (refer to Section 1.4.1). Besides, this discontinuity may lead to
non-practical solutionsif the biasiscloseto it.

In order to prevent such discontinuities, a smoothing function will be
used, this function has the form

X
S:(X1X0!m): m @/m) (161)
X
1+( )
Xo
1.2 — —
1.0 } 7777777777777 /_Agff—/f‘l‘_xl, — jaai #
i f | e
0.8 [ ff o L T o .
= f 3 3 3 :
< 06 —ff P P P Fomoeneoeoeoes —
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04 [~/ s s e —S—m=1 L
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0 2 4 6 8 10

Figure 1.9 The smoothing function

and isplotted in Fig. 1.9 for different values of m, and for x, =1. Asshownin
Figure, for small values of X « X,, the function SF tendsto X, as X increases,
SF tendsto x,. The parameter m determines the width of the transition (knee)
region.
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MOSFET modeling for CAD

1.7 Overview of various simulators.

Simulator level |10t data Objective Example
Process Heating process Impurity profile estimation SUPREM
simulator Chemical procedure | lon implantation optimization
lon implant condition | Cross-sectional shape
Chemical
environment
Device Electrode structure Threshold and punch-through | MINI-
e o Oxide layer shape d.c. characteristics  of MOS[31]
Materials MOSFETs FE)I]SM
Impurity distribution \r/;r:tancecapad tance  and
Latchup and soft errors
analysis
Circuit MOSFET parameters | Circuit voltage and current SPICE
e o Capacitance Component parameter | ELDO
parameters optimization
Resistance Mask pattern verification
parameters Worgt-case prediction
Circuit connectivity
Logic Gate logic function System function check HILO
e o Riseand fal time Logic net optimization QuickSim
Gate connectivity Logic connectivity check
Gate delay scattering
Behavior Block functions System behavior prediction SIMU-
e o Block connectivity Block level optimization LINK
Block connectivity check IMATLAB]

Table 1.1 Overview of various sSsimulators
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CHAPTER 2

Model Description

2.1 Introduction

The modeling procedure is introduced in this chapter, taking into
consideration the requirements for agood MOSFET analog model, discussed
in the previous chapter.

We note here two main aspects of our modeling approach;

a. The model must describe accurately all the operating regionsin order to
be integrated in acircuit smulator.

b. The current, conductance, and transconductance must be continuousin
all regions of operation.

Our main goa inthischapter isto determine the drain current for any
combination of terminal voltages. The chapter is divided into two main parts.
Throughout the first part, itisassumed that the channel is sufficiently long
and wide, so that edge effects are confined to anegligible part of it. Whilein
the second part we incorporate the short and narrow channel effectsto the
model. We also assume that the substrate is uniformly doped. The doping
concentration will be assumed to be p-type and the modification to non
uniform doping will be discussed later in this chapter.
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2.2 Gradual Channel approximation (GCA)

G
S D
Sio2 j L N
ne 1 1 n+

@ ®

p-type

<- —

Figure 2.1 The MOSFET structure.

Analytical or semi-analytical modeling of MOSFET characteristicsis
usually based on the so-called Gradual Channel Approximation (GCA) [11].
In this approximation, we assume that the gradient of the electric field in the
y direction, dF/dy is much smaller than the gradient of the electric field in the
x direction ,0F/dx. Which enable usto determine the inversion and depletion
charge densities under the gate intermsof aone-dimensional electrostatic
problem for the direction perpendicular to the channel. By applying of the
two dimensional Poisson's equation for the semiconductor, refer to Fig. 2.1

region (2),

OF«, 9Fy_p (2.2.1)
oX ay Es

iIf we assume that the GCA isvalid equation 2.2.1 may be approximated to
the following one dimensional differential equation

IFx_p (2.2.2)

oX Es
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As we approach the source and drain junctions, the GCA becomes
invalid (Fig. 2.1 regions (1) and (3)) because of the increasing longitudinal
field due to the pn junctions which make oF/dy comparable or even larger
than dF/ox . However, for the long channel MOSFET's thesetransition
regions can be neglected with respect to the total length of the device. In
order to account for the effect of these regions, it isnecessary to use two-
dimensional analysis requiring a numerical solution of 2.2.1.

Validity of the GCA

The validity of GCA can be checked by making rough estimates of the
variation in the longitudinal and vertical field components. We will establish
expressions that allow the GCA to be checked under strong inversion' [11].
iz _ (eoxl-)z q(Ves —Vr)*
B e KTt2 Ve
For a MOSFET at 300K with L = 1.0um, tox=30 nm, VsV = 0.5, and Vps
= 0.5V, theleft hand side of inequality 2.2.3 is~ 2300, indicating that the the
GCA is a very good approximation for suchaMOSFET. Thisalso implies
that the GCA can be valid even in submicron MOSFETS, provided that V gs-
V1 isnot too small.

>>1 (2.2.3)

2.3 The long channel current model

The derivation of the dc drain current relationship recognizesthat, in
general, the current in the channel of aMOSFET can be caused by both drift
and diffusion current. In an NMOSFET we may assume the following
resonable approximation :

I- Thedrain current is mainly carried by electrons.
Ii- The current flows almost in the y direction.
lii- No sources or sinks in the channel.

Note that in weak inversion the surface potential along the channel in long channel MOSFETSs is almost constant.
Thus oF/dy isvery small, implying that oF/dy<<oF,/ox. Thusin long channel MOSFET the GCA isvalid bothin
strong and weak inversion regions [11].
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Which enable us to reach to the following genera relationship of drain
current.

1- General Drift-Diffusion current equation in MOSFET:

Thisisthe drift-diffusion drain current of the form [8]

o= QU E P o S2Y (231

lo ()= 1, WM-Q) dy dy

where u, is the electron surface mobility in the channel, Wisthe channel
width, Q; is the inversion charge density per unit area, ¢. isthe quas Fermi
potential (the difference between E, at the surface of the semicond uctor ad
E: inthebulk of the semiconductor), ys isthe surface potential referenced to
the bulk potential, and ¢, is the thermal voltage (=kT/q).

The first termisthe drift current component, while the second termis
the diffusion current component. In both components, u, isthe electrons
surface mobility being less than the mobility in the bulk due to surface
scattering.

2- Voltage-Charge equation from the Transverse electric field:

In order to eliminate the electron charge density Q; termin the current-
charge equation, a second relationship is required that relates the electron
charge density to the applied potentials.

Using the relationship between voltage and charge appearing across the MOS
capacitor we have [§]

Cox(VG - ¢ms- l//s) = '( Qi + QB+ Qox+ Qit) (232)

where Vg isthe gate voltage referenced to the bulk potential, ¢ iSthe metal-
semiconductor work function difference, Qg isthe depletion (bulk impurity)
charge density per unit area, Qo isthe sum of the effective net oxide charge
per unit area at the S-S0, interface, and Q;; isthe interface trapped charge
density per unit area.
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Different approximations have been introduced in order to express the
different MOS charges (Qg, Qox, Qi) interms of the applied voltages, then
using eg. (2.3.2) to compute the inversion charge density Q;. Theresulting
charge is then used in eg. (2.3.1) to determine the drain current; Four main
approaches then follow, after them we shall discuss the proposed approach
recently developed in ICL* and modified by this work.

2.3.1 Theclassical long-channel Pao and Sah model

The Pao-Sah model [11,14], published in 1966, was the first advanced
long channel MOSFET model to be developed. While it retained the GCA, it
didn’t invoke the depletion approximation and permitted carrier transport in
the channel by both drift and diffusion current. The formulation of the drain
current equation is therfore genera, but as a result requires numerical
integration in two dimensions, which limitsits application in CAD tools.

Approximations:

I. Gradual Channel Approximation is used.
1. Constant mobility is assumed.
lii.Uniform substrate doping is considered.

Advantages.
I. It isphysically based.
ii. It gives a continuous representation of the device characteristics from weak
to strong inversion even to the saturation mode of operation.

Disadvantages:

I. It requires excessive computational requriments since it requires numerical
integration in two dimension, rendering it unsuitable to be used for circuit
CAD.

! Integrated Circuit Laboratory - Ain Shams University - Faculty of Engineering
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2.3.2 The charge-sheet based models

The limited practica utility of the Pao-Sah model motivated a search
for an approximate advanced analytica model, that isstill accurate over a
wide range of operating conditions. The charge sheet model, introduced
separately by Bacarani and Brews in 1978, has become the most widely
adopted long channel MOSFET model that is accurate over the entire range
of inversion.
In this model the inversion layer is supposed to be a charge sheet of
infinitesmal thickness [11,15,16] (charge sheet approximation). The
inversion charge density Q, can then be calculated interms of the surface
potential .
The drain current (2.3.1) isthen expressed in terms of the surface potential at
the source and drain boundaries of the channdl.

Approximations:

I. Gradual Channel Approximation is used.

Ii. The mobility is assumed to be proportional to the electric fieldandis
constant with position along the channel.

1ii.Uniform substrate doping is considered.

Advantages:

i. Itisphysically based.

ii. It gives a continuous representation of the device characteristics from weak
to strong inversion even to the saturation mode of operation.

I1.The charge sheet approximation introduces negligibly small error, anditis
more computationally efficient than the classical mode!.

Disadvantages:

I. The boundary surface potentials cannot be expressed explicitly in terms of
the bias voltages applied to the device, but must be found by a numerical
process.

il. The model is not valid in depletion or accumulation.
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Different approaches have been introduced to circumvent this
disadvantage. In [17-19] it is shown that accurate numerical solutionsfor
these surface potentials can be obtained with negligible computation time
penalty. In [20] the surface potentials are computed using cubic splines
functions. In [21] and [22], the implicit equation including the surface
potential is replaced by an approximate function. Although all of these
approaches have given good results, they have neglected the effect of the
interface trap charge which is important in determining the subthreshold
characteristics of the device, namely the subthreshold swing (the gate voltage
swing needed to reduce the current by one decade).

2.3.3 Bulk Charge Model

The Bulk Charge model [11], also known as variable depletion
charge model, was developed in 1964, describes the MOSFET drain current
only in strong inversion but of course has less computational requirements.

Approximations :

I. Drift current component only is considered
Ii.Constant surface potential is assumed

Ii1.14 considered zero below threshold

Advantages :
I. Less computational time than the charge sheet model

Disadvantages :
I. The subthreshold region not defined

2.3.4 Square law model

This model [1,11] has great popularity, when a first estimate to
device operation, or simulating acircuit with alarge number of devicesis
required. This model is obtained from the bulk charge model, on the
assumption that Vps << 2¢¢+Vpgs [11].
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Approximations :

I. Drift current component only is considered
Ii. Constant surface potential is assumed

lii. |4 considered zero below threshold

V. Vps << 20r+Vps

Advantages :
I. Very small computational time than any other model
ii. Suitable for hand calculations

Disadvantages :
I. The subthreshold region is not defined
Ii. Overestimates the drain current in saturation region

2.3.5 Approximate models

There exists a large number of introduced approximate models [8,23-
29]. All of these models originate from Brews charge sheet model, where
approximations to the surface potentialsin various operating regions of the
device have been used. Thisleadsto different current equations each valid
only inaspecific region. The resulting equations are then empirically joined
using different mathematical conditions of continuity.

Advantages:
I. They have good accuracy in the desired region of operation.
Ii. They are very efficient from the point of view of computational time.

Disadvantages:

I. The error increases in the transition regions between different modes of
operations.

ii. They include many non-physical fitting parameters.
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2.3.6 Modified charge sheet model

The last discussed MOSFET models, have a common illness, no
interface charges are included which play a great role in subthreshold
region. So a modified model to the charge sheet model, which include the
effect of interface chargesiscarried outin ICL, and will be presented now
[30].

The derivation begins by rewriting equation (2.3.1) in the following form:

Ip= Ip1t o2 (2361)

where Ip; is due to the presence of drift:
W Vy
o= 7 [ (Q)d, (2.3.6.2)
¥so

and |, is dueto the presence of diffusion:
QL

102= 0, [ 1,0Q (2.363)

Qo

after mathematical manipulation and following the same approximations as
charge sheet model we reach the following drain current equations:

W 1
Ib1= T‘ueﬁ Cox[(Ve-Ve )Wy _l//so)_E(l//st_ ‘//302)

) g (2.3.6.4)
3ﬂ3/2((ﬁWSL ) -(ﬁwSo_l) )]
W U Cox
D2— —— [(l//sL ll/so) (\/ﬁWsL'l'\/ﬁWso'l)
L p VB (2.3.6.5)

-Ci(q; (Ve V) - Q) (W V)]

where vy is the surface potential at the source end of the channel, vy isthe
surface potentia at the drain end of the channel, both are referred to the bulk.
And their values are computed from the following two implicit equations.

Vo VW)= L2 (B Ty 200

2.3.6.6
q Dlt ( )

ﬁ [ ﬁ(vjso 3)+ |I’l(1+ e’ﬂ( E9/2'¢f+‘1/30-vs))]
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Cox(Vg-Ves-wy )= YFX \/(ﬂ v -+ Pvavo20()
’ (2.36.7)
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Figure 2.2 Drain current components. The drift current, 14, and the
diffusion current, |4. The device has W/L=50u/6u, Nsub=5E16 cm-3, and
Tox=40 nm.[30]
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Figure 2.3 Drain current for different interface trapped charge densities.
Positive Dit are donor like traps, while negative Dit are acceptor like. The
device has W/L=50u/6u, Nsub=5E16 cm-3, and Tox=40 nm[30].
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Fig. 2.2 shows the current components: the drift current component,
lp;, and the diffusion current component, Ip,. Thelogarithmic scaleis used
to show the exponential subthreshold current. The plot is computed by the
model using equations (2.3.6.4) and (2.3.6.5). Fig. 2.3, on the other hand,
shows the effect of the interface trapped charge density D;; on the total drain
current. The curve for Di=2E11 1/(cmfe.V.), only donor-like traps are
considered to be present, i.e. theinterface trapped chargeisapositive one.
Asshown in Fig. 2.3, as Vgsincreases the surface potential s increases, more
trap levels capture new electrons, empty levelsthus decreases and so isthe
interface trapped charge, thus the curve approachesthat for D;;=0. The curve
for Di=-2E11 1/(cm’e.V.), only acceptor-like traps are considered to be
present, i.e. the interface trapped chargeisanegativeone. Asshown from
Fig. 2.3, as Vgsincreases the surface potential s increases, more trap levels
capture new electrons, filled levels thus increases and so is theinterface
trapped charge, thus the curve deviates more from that for D;;=0. As shown
the interface trapped charge affects both the sdope of the subthreshold
characteristics (shown on the logarithmic scale), as well as thethreshold
voltage value. It is to be noted that the slope of the subthreshold
characteristics is equal for equal densities of interface trapped charge Dy,
irrelevant of the type of thistraps.

2.4 The Short Channel Model

The two mgor goals of MOSFET scaling are to increase the density
and speed of the digital 1Cs in which such scaled down devices are used.
Increasing density of course means using smaller channel lengths and widths,
also increasing speed means to increase saturation drain current Ipe (to allow
faster charging and discharging of parasitic capacitance).
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Long-Channel MOSFET Behavior Short-Channel MOSFET Behavior

The threshold voltage V: is|V+ is decreased as L is decreased,
independent of channel length L and | and may be also affected by changes
channel width W inW

V+ isindependent of drain voltage V1 decreases with increasing Vps

V1 depends on Vpgs according to |Vt increases less rapidly with Vgg

equation (2.6.15) than predicted by equation (2.6.15)
The subthreshold current Ipg|lpg increases more rapidly than
increases linearly as L decreases linearly as L decreases

|pg iSindependent of drain bias | pg iNCrease with increasing Vps

The subthreshold swing S is| Sincreaseswith decreasing L
independent of gate length

The drain saturation current lpg 1S | lpsg INCreases as Vps iNCreases

independent of Vps
|psat 1S proportional to (VGS—VT)2 |psz 1S proportional to (Vgs-Vr)
| st 1S proportional to 1/L AsL — 0, Ipsg becomesindep. of L

Table 2.1 Comparison of Long-Channel and Short-Channel MOSFETSs
C/Cs

From long-channel current equation discussed in the previous sectionitis
apparent that this may be achieved by either reducing channel length (L),
oxide thickness ty, or both. The long channel equation predicts an indefinite
increase in lpy by thisdecreasein L and t., seeming to imply that only the
limitations of process technology (and not device effects) prevent the
manufacture of even smaller, higher-performing MOSFETSs.
However, as process technology improved to the point where channel lengths
smaller than ~ 1 um werefabricated, it turned out that MOSFETSs began to
exhibit phenomena not predicted by the long channel MOSFET models. Such
phenomena were thus termed short channel effects.

Table 2.1 show usabrief comparison between long and short channel
MOSFETs model which will be discussed in the following sections.
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Two- and three-dimensional analyses can be carried out numerically
with the help of acomputer [31]. However, such analyses, although accurate,
do not provide asimple model for efficient calculation. Thus, much has been
done on the way to simplification by using empirical approximations and
semi-empirical approaches. In these approaches, usually the complex two- or
three-dimensional phenomena are broken down into smple, separate
phenomena examined one at atime. A number of ssimplifying assumptions
are then made, and relatively smple relations are derived. Often such
techniques are characterized by an attempt to maintain the general form of the
|-V relations for the long- and wide-channel devices, and to stretch these
relations by modifying them somewhat so that they can be used in the case of
short and/or narrow channels.

2.4.1 Channel Length Modulation

The GCA is assumed to bevalid in the whole channel, except in the
regions near the source andthedrain. The net effect can then betaken into
account by replacing the channel length L in the current equations by an
equivalent channel length L, in which the GCA is till valid. Itisnow
required to calculate this effective channel length.

A) Subthreshold Operation

Since the channel isnearly depleted of carriers, we can use the abrupt
p-N junction approximation to compute the length of the depletion regions

near the source and drain [32,33], i.e. applying the depletion approximation
for these two regions and solving Poisson’s equation in the x-direction, we
get

2¢,
L= \/ q; (Vo +V, ) (2.4.1)

A

2
La = \/q Ifls (Vbi+VD'l//s|_) (242)

A
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4L Sio2 L '
n+ }J

Saturat

region

'v=0 V=VDSsat V=VDS
‘ y=0 y=L-AL y=L

Non-saturated
region

p-type

<- —

Figure 2.4 Schematic representation of a MOSFET in saturation, where
the channel is divided into a non-saturated region and a saturated region.

where Ls and Ly are the lengths of the source and drain depletion regions
respectively, Vi is the built in potential of the source and drain regions,
Vii= odn(NaN)/n?), e and yy are the surface potentials at the source and
drain ends of the channel respectively referenced to the bulk.

The channel length L in the diffusion current component (which
represent subthreshold conduction) is replaced by the effective channel
length equal to (L-L<Ly).

B) Strong Inversion Operation

When a MOSFET is biased in saturation, the GCA failsin asmall
region near the drain. This so-called saturated part of the channel is
characterized by atwo-dimensional electric field pattern. Henceit is natura
to describe the channel in termsof atwo region model, asindicated in Fig.
2.4.

36



Chapter 2 Model Description

The long channel model discussed in the previous chapter takes into
consideration the strong inversion saturation operation by alowing the
inversion charge near the drain to drop to very small values (pinch-off
condition) and the current is continuous from the linear to the saturation
region.

Fig. 2.4 shows a transistor in saturation with Vps greater than Vpgg:.

The channel cannot support more voltage than Vpsy, SINCe it becomes
pinched off when the voltage across it reachesthat value. The excess voltage
Vbs Vst Must then be dropped between the drain and the tip of the channel.
Such anonzero voltage can only exist over aregion of nonzero length AL, as
shown. If Vps is raised still further, more excess voltage must be dropped
across this region. To support thisvoltage, the region must widen, and the
inversion layer will shrink somewhat in length. This channe length
shortening AL isfound to be of the form [34]:

2 - -
AL = L AVE* 2AQ+ Blow)(Vo -Vom) Vs (2.43)
A(1+ Bl psx)
where
Vg = Fmax L
A=aN,L?/ 2, (2.4.4)

B= [In(X,- / dinv)'l] /(qNAVVVmaij)

2.4.2 Velocity Saturation

As indicated in the previous section, the long channel model takes into
consideration the strong inversion saturation operation by alowing the
inversion charge near the drain to drop to very small values, i.e. pinch off,
thus the carrier velocity is assumed to approach infinity. This description
works reasonably well for long-channel devices, but the notion of an infinite
carrier velocity is, of course, unphysical. Instead, current saturation is better
described in terms of a saturation of the carrier velocity when the electric
field near the drain becomes sufficiently high.
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An approximation often used for the carrier mobility to represent this
effect is[21]

= —— (2.45)

m 1/m
[1+(“9FX)]
Vimax
where 1y is the mobility including the gate scattering effects (equal to the
effective mobility taking only the gate field scattering effect into
consideration, calculated in Section 1.4), F, is the lateral electric field

approximated by the average value F=(yy-y«)/L, and m=2 for electrons,
and m<2 for holes. Note that the functional form of the effective mobility is

the same as the smoothing function (Section 1.6), with X= g, and X= F/Viyax
which isplotted in Fig. 1.9 for different values of m.

The long channel current model discussed above does not include the
effects of velocity saturation in the channel at high drain-source bias. An
extension of this model, incorporating velocity saturation, isto consider the
effect of velocity saturation on the saturation voltage Vpss:.

In order to calculate Vpss, taking the effect of velocity saturation, an
anaysisis carried to get the following results :

e = By VELL[1+ (\%)Z 1] (2.4.6)

where

W
By = Cottyr (2.4.7)

Is the transconductance parameter, and Vgt = Vg - V.

V1= Fmaxl

Fmac= F, (L) (248)
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| Dsa
Vosat = Ver- ; DVt :VGT"'VL'\/V(Z;T"'VZL (249)
g L

We use here a modification to eg. (2.4.9), in order toimprovethe
accuracy of Vpsy Calculation, by substituting Vgr with Vg1/(1+ FB), where FB
is given by FB =1/(2(1+2¢+V9™). The physical origin of this (1+FB) factor
Is to try to compensate for the variation of the bulk charge with potential
neglected while calculating the current to get equation (2.4.6).

This last equation for Vpsy IS Of course meaningful only above
threshold where Vg > V.

In order toincorporate thisvelocity saturation effect in our model, we
have to limit the drain-source voltage Vpsx:. TO avoid model discontinuities,
we perform thislimiting using the smoothing function (refer to Section 1.6).
Thus in model equations we use a modified drain-source voltage, namely
Voa = SF (Vbs, Vbssa »10), which approaches Vpsin the linear region when
Vo< Vpsst, and tends to Vpgy: 1N Saturation when Vps> Vpsar.

As mentioned above, the drain-source saturation voltage Vpsg: tendsto
zero below threshold, and so doesthe modified drain-source voltage Vps.
Since the drift current component also tends to zero below threshold, this
does not affect the accuracy of the model. But for thediffusion current
component we can't use this modified drain-source voltage during its
calculation. Another drain-source voltage Vps is used that tends to Vps bel ow
threshold, and to Vpg above threshold. The modified drain-source voltages
used in the calculation of the drift and diffusion current components are thus
given by

Voa= ——— 2 (2.4.10)
[1+ (Vo)
DSsat
Vo=V Ds(l' X1)+ Vg X1 (2411)
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where
__(Velvi)® (2.4.12)
1+ (Vs /VT)lS
and
Vr=20,+60+Vs+7,20,+60+Vs (2.4.13)

2.4.3 Drain induced barrier lowering

It has been observed experimentally that the threshold voltage does
not remain the same if the length L is reduced. As the channe length
continues to decrease, the depletion layer of the drain starts to interact with
the source-channel junction to lower the sourcejunction potentia barrier.
Thisisknown as drain induced barrier lowering (DIBL).

Vbi AR SRR R EEE R » Vbi+Vds

dd(X,Y) ‘ =0
X

(b)

Figure 2.5 Diagram showing (a) the Gaussian box used in the quasi-two-
dimensional analysis, (b) the boundary conditions for solving eq. (2.4.14).
[35]
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The lowering of the source barrier alows eectronsto be injected into the
channel regardless of the gate voltage. As a result, the gate voltage loses
control of the drain current in the subthreshold regime.
To describe this effect analytically, we have two approaches:
I. The charge sharing approach [32,33].
I .Solving Poisson’s equation in the depletion region, between the source
and drain region [35-37].
We use here the second approach asit yields a better representation of the
DIBL as shownin [36].

Solving Poisson's equation in the depletion region was done by many
authors [33,34,36], each introducing hisown simplifications. In our model,
we use the method introduced recently by Liu[35], asit gives satisfactory
results in representing the threshold voltage shift produced by the DIBL. The
derivation is demonstrated as shown below:

Here, we proceed to develop amodel for the distribution of the surface
potential, ws. From such a model, it is possibleto calculate the interface
potential near its minimum, which defines the barrier for charge injection into
the channel. In principle, this involves the solution of atwo-dimensional
Poisson's equation for the whole device, using proper boundary conditions.

By applying Gauss' law to arectangular box of height Xge, and length
Ay in the channel depletion region Fig. 2.5 and neglecting mobile carrier
charge, the following equation can be derived:

Xaw OF YY) . Ve-Ves-0.(Y)-V
o7 P e e B G e (2.4.14)

where F,(y) is the lateral surface electric field. ¢sisthe surface potential
referenced to the interior bulk potential at Vs=0, Vg and Vs are the gate and
source potentials referenced to the bulk potential respectively. The depletion
layer thickness, Xye,, IS equal to
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X - 285(¢5i+VS)
" dNa (2.4.15)

where ¢s=2¢ is the surface potential at the threshold of surface inversion,

and n isafitting parameter.

The first term on the left hand side of eg. (2.4.14) isequad to the net
electric flux entering the Gaussian box along the y direction. The second
term represents the electric flux entering the top surface of the Gaussian box.

Thereis no éectric flux passing through the bottom of the Gaussian box.

The solution to eg. (2.4.14) under the boundary conditions of ¢4(0)=V,
and ¢s(L)=VpstVyi is

Snhty /1),y SPLL=Y) /1]

. . (2.4.16)
sinh(L /1) sinh(L /1)

O (V)=Vat+ (Vu+Vps-Vy)

In eq. (24.16), V4 = Vas - Vino + ¢ representsthelong-channel surface
potential, and Vi = Ves + ONaXaep o€ + ¢ represents the long channel
threshold voltage. V,; is the built-in potential between the source-substrate
and drain-substrate junctions, and | is the characteristic length defined as

= [EeTo X (2.4.17)
gon

Note that Xy IS assumed to be a constant when solving eq. (2.4.14).
In reality, Xy isafunction of the drain voltage and the channel length [35].
One may treat the term Xgo/n in €g. (2.4.17) asan average of the depletion
layer thickness aong the channel.

At a given Vg, Vg, Vp, the channel potential distribution calculated
using eg. (2.4.17) is plotted in Fig. 2.6 for devices of different channel
lengths.

The model [35] predicts a large variation in potential along the channel for
devices with short-channel length even when the drain voltageislow. The
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channel potential has a minimum at y, which can be found by solving the
equation doyy)/dy = 0. The minimum value of channel potential increase, i.e.
the potential barrier for electron flow from source to drain will decrease, with
decreasing channel length and increasing the drain voltage. Locationy, and
minimum potential ¢s can be obtained by solving

Dgrin = (Vo)
aq)Sl _ - O
ay Y=Y,

(2.4.18)

For L>>| and small y, eq. (2.4.16) can be approximated as

¢s(y) =Vat (Ve '*'VD:s'Vs,L)(E,‘(y_L)/I + (Vi -VsL)e'y” = (Vi +VDS'VsL)e_L” (2419)

3.0
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Figure 2.6 Calculated surface potential along the channel for different
channel lengths. The dashed lines show the data for Vps=0.05V and the
solid lines show the data for Vps=1.5V. [35]

Using egs (2.4.18) and (2.4.19), y, can be found to be

L | n Viui-VatVos

2.4.20
2 2 Vi -V ) ( )

Then using eg. (2.4.16), ¢vin Can be found using eq. (2.4.14)
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Oain=Va - (Vi tVos-Va e+ 2\/(Vbi -Va*+Vos)(Vui-Va)e" (2.4.21)

Thus, defining the threshold voltage as the gate voltage which causes @qyin tO
be equal to 2¢x, Vi, can be solved as[35]

Vin(L) = Vino- AV, (2.4.22)
where

_ L 2 L/l
Ay = DYatVa(l-et) 22\/v1+v1v2(e 1) (2.4.23)

4sinh“(L/ 21)

and
V1= Vi~ Pq4 (2.4.24)
V2=VitVops

Figures 2.7 and 2.8 show this threshold shift given by eqg. (2.4.23),
versus the channel length L and the drain-source voltage Vps respectively,
compared to numerical simulations, obtained from [35].

10 P A P TR R
00 03 06 09 12 15
L e (M)

Figure 2.7 Calculated Vi, shifts versus channel length at Vps= 0.05 V.
The continuous line denotes numerical calculations, while the dashed oneis
obtained by eq. 2.4.23 [35].
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Figure 2.8 Calculated Vi, shifts versus the drain voltage Vps at a channel
length of 0.3um. The continuous line denotes numerical calculations, while
the dashed one is obtained by eq. 2.4.23.[35]

Although the calculated | from eg. (2.4.17) has the correct order of
magnitude and function form, exact values of | need to be extracted from
actual devices because of the unknown parameter 1. The extraction of | can
be done by fitting the experimental data of log(AVy,) versus L in the region
of Lg > 5l. Based on Fig. 2.7, the lope of the fitted straight linesis equal to
/(2 In 10). According to, experimentally extracted |'s versus the depletion
layer thickness Xy for several technologies suggest thet | is proportional to
Xdep2’3, I.e. not proportiona to Xdepl/z as suggested by 2.4.16. Thiscan be
interpreted as saying n isaso afunction of Xy, Anempirical relation for |
has been established from experimental data, this emprical relationis[35]:

1= 0.1y, Tox X)) (2.4.25)

where DSB=3.0 that'sto say that | is proportional to (¢s+Ve) ', refer to eq.
(2.4.15). In our model this proportionality exponent (DB inthelast eq.) is
taken as a model parameter which determines the variation of threshold
voltage with the substrate bias.

Referring to Section 1.3.3, werecall that any variation in the flat band
voltage appears directly asan equal variation in the threshold voltage val ue.
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This fact isused in our model to account for the threshold shift caused by the
DIBL by defining an effective flat band voltage given by

Vee = Vest AVy, (2.4.26)
where AVy, is that threshold shift caused by DIBL.

In this section, the drain induced threshold voltage shift was analyzed
in terms of the lowering of theinjection barrier between the source and the
channel in the subthreshold regime. In strong inversion, however, the
injection barrier is reduced owing to the effect of the gate-source bias, and
will eventually disappear well above threshold. Hence, the importance of
DIBL will decrease with increasing gate-source voltage and should gradually
be phased out [21]. To represent this effect in our model, the shift in the
threshold voltage AVy, is well reduced to zero above threshold by the
following relations

V1=252¢ + ¢ +Vs+ 7\/2¢f+6¢t+Vs) (2.4.27)
5

2= {VelVi)' (2.4.28)
1+ (Ve /Vr)

VF’B, =Vet+ AV (1- X2) (2.4.29)

2.4.4 Series Resistance

The parasitic source/drain resistance due to carrier crowdinginthe
source-to-channel and channel-to-drain regions, is an important device
parameter which can affect the MOSFET performance significantly. While
scaling down MOSFET channel length, parasitic resistance will not be
proportionally scaled, and will become more and more of aproblem. The
straightforward and accurate way of modeling parasitic resistance effect leads
to a complicated drain current expression. In order to make calculations
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efficient, we model the parasitic resistance using simple expressions. Fig. 2.9
shows aMOSFET with parasitic resistance Rs and Ry. Assume R=R=R/2.

The effect of this paraditic resistance is apparent only in strong
inversion where the drop acrossit is not negligible, thus we take into account
its effect by considering strong inversion operation as follows:

The intrinsic MOSFET model described in the last sections can be
converted to an extrinsic model by expressing the intrinsic bias voltages
(upper case subscripts) in terms of their extrinsic counterparts (lower case
subscripts), i.e.

Vbs=Ves- o R (2.4.29)
Ves= Vgs' o Rs (2430)

Thus the drain drift current reduces to [8]

=Y e, i (Vor Wee (2.4.31)

W
Leff (1+ T .ueff Cox RtVGT)
Lest

Figure 2.9 MOSFET with parasitic source and drain resistance.
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We thus represent the effect of the parasitic series resistance by areduction in
the mobility as shown in the previous equation by defining an effective
mobility taking into account the series resistance effect , ug , as follows:

o = (2.4.32)
(1+TumCOXRVGT)

eff

Also, due to the parasitic resistance, the saturation voltage Vpss: Will
be larger thanwhat is predicted by eq. (2.4.9). A calculation of the modified
Ipssar Yi€ld [34]:

AL 2BNG R+ (Vy 1VL)? = (L4 BV R)
1-(BNM.R)?)

where V_ is given by eg. (2.4.8). The extrinsic saturation voltage, Vgsx, Can

be obtained in the form:

| pssat = ﬂgVL (2.4.33)

Vdsmt :VDS‘sat + Rtl DSat

1 (2.4.34)
Vdssat :Vgt + Rj _ﬁT IDSsat

2.5.5 Impact | onization and the Substrate Current

As characteristic device sizes are scaled down, the electric field in the
MOSFET channel increases and, in the saturation regime, the high field
region near the drain occupies a large fraction of the device channel. This
leads to the so-called hot carrier effects which manifest themselves as a
superlinear increase of the drain current in the saturation regime and in the
degradation of device parameters with time.

The physics of impact ionization can be described asfollows: The
high electric field near the drain leadsto electron heating. Some electrons
acquire so much energy from the electric field that they can cause generation
of electron-hole pairs. The generated holes lead to a substrate current
whereas the generated electrons increase the drain current. The process of
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electron-hole pair generation can be described by a generation rate per unit
length o(F) defined by [2,34]
a(Fy)= Aexp(-B/F,) (2.4.35)

where F, is the tangential electric field, A and B are impact ionization
constants.

The substrate current, |y due to impact ionization can thus be
calculated by the following formula[38]:

Let
1= 1o Jo(F)x (2.4.36)
Lat —AL

Thetangential field is computed by its average value

_ Vs~V pssa
anv - AL (2437)

AL isthe length of the impact ionization region given by

AL =1 |{%) (2.4.39)

where | is aparameter which characterizes the electric field distribution in the
impact ionization region. | depends on T, and the junction depth y, and is
given by

£
| =

> Tox yj (2439)

(026

Equation (2.4.38) has been obtained by applying Poisson’s equation to the
saturated part of the channel (refer to Fig. 2.4) [39].

Substituting with equations (2.4.35), (2.4.37), and (2.4.38) into eg. (2.4.36)
we get

l«= Alp(Vbs-V pssa )eXp(_LI) (2440)

ps -~V bssat
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2.5 Narrow Channel Effect

The reduction of channel width causes an increase of the threshold
voltage[2]. Thisshift isrelated to the depletion region spreading laterally in
the substrate along the width (see Fig. 2.10). Assuming that the lateral
extension of the depletion region is approximately cylindrical, the tota
charge in the depletion region, Qg, isthus

Qo= ANALW Xa(1+2-22) (25.1)

This last equation shows that the bulk charge hasincreased by afactor of
(1+7Xe/2W). Therefore, the threshold voltage isincreased by

2
ﬂgcl\:lAV)\(/B: JT(ZS-:;C((DS;"'VS) (2.5.2)

AV =

where ¢4 is the surface potential referenced to the source potential at
threshold (=2¢x).

Similar to the effect of the DIBL, thisshiftisadded to the effective
flat-band voltage asin eq. (2.5.25).

[/ [ [/

Q QB,eff /

Figure 2.10 Depletion charge along the width of the transistor.
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2.6 Non uniform doping [40]

In the model discussed above, auniform substrate doping has been
assumed. For practical MOSFETSs this assumptionisnot valid, sinceions
are normaly implanted in the region between the source and the drain, to
control threshold voltage and punchthrough of the drain region to the
source. Implantation has two aspects, first, new ions are introduced into the
depletion layer. Second, these newly introduced ions modify the depletion
width. Both effects modify MOSFET behavior, in both strong or weak
Inversion regions.

2.6.1 Non uniform doping profile

In dealing with the enhancement mode MOSFET having an ion-
implanted channel, the impurity profile chosen plays a main roleinthe
prediction of the device behavior and also in the simulation time taken by
CAD tools especially for large numbers of devices. The most ssmple model
achieved using the so called box profile (step profile) is suitable for CAD
tools and is now implemented in BSIM3 model, but this profile proves to
give an error as large as a few tenths of avolt interms of the threshold
voltage at a substrate bias of the order of afew volts. Thisdiscrepancy is
quite large considering a usually designed threshold voltage in the order of
1 V. But aso the useof Gaussian profile which is of course in agreement
with the implantation process give rise to complicated cal culations required
by the simulator due to the presence of the error function as a direct result
of using the Gaussian profile in Poisson's equation. The chosen profileisa
power profile which for some order range gives a good agreement with the
Gaussian profile, it takes the following form :

N(y)=Nz +(No-Ng)(1-(x/D)") (26.1)

where Ng represents the bulk impurity concentration, N, represents the
impurity concentration at the channel surface, D represents the total depth
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of the implanted layer at the final step of fabrication, x isthein-depth
distance from the channel surface and n is a positive real number
determining the shape of the impurity profile.

Using Fig. 211 we may calculate the value of N, from the assumption of
constant implanted dosg; i.e.

Dose = IOEZN(y)— Ng)dx (2.6.2)

which yields N, in the form :

N, =(1+1/n)(Dose/D)+Ng (2.6.3)

1 10,\7 i T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T } T T T T ]
o b &—n=0.2 ]
810 o oo oo 50 |
o L | | j —<— Gaussian 1
_g, 810" I N o o - L I _
5 -\ | | | | | 1
g IR | | | | ]

2 A0® N T— F— T T
2 i ‘ | | | | 1
© i : S : : : f i
240 TN el T eSS o ]
0 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 t ]
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Channel Depih (microns)

Figure 2.11 Comparison between Gaussian profile and suggested profile
using equation (2.6.1) for n=0.2 and n=10

From Fig. 2.11itisclear that the value of n=0.2 will give a behavior close
to the Gaussian one, while n=10 will give a behavior close to the box
profile discussed earlier. So we shall take the value of n=0.2 in our model.
Now if we substitute by the impurity profile into the one dimensional
Poisson’s equation we may solve it to get the depletion width asfollow :
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1) ForwW<D
2 WmZ o i
n+2 N, D’ ( ) A (264)
i) ForW>D
W:D\/ PN B (2.6.5)
V' n+2° N;

where V=20 - Vg, V =qNgD%(2¢,) with Vg being the substrate bias, ¢ris the
Fermi potential, and &5 is the dielectric constant of the substrate material.
The depletion width will play amain role in our model aswill be shown in
the next section. The critical value of V a which W=D is determined by
direct substitution in (2.6.4) or (2.6.5), if we denote this value by V., we
obtain :

1
n+2° Ng

(2.6.6)

thro —

2.6.2 Model implementation

In our model we assume that the effect of the implanted layer isthe
modification of MOSFET parameters which is doping dependent such as
Fermi voltage ¢, and body factor +y. Of coursethisvariation isfrom high
bulk doping when the depletion layer width is much smaller than D to light
bulk doping when it is much greater than D, aso thisvariation must be
simple and continuous to fulfill the ssmulator requirements. So we use the
smoothing function discussed in Section 1.6 of the form SF(1,1/W,,m)

The parameters are suggested to vary according to the following ssimple
equation :

0=0,+SF(W,).(0,-6,) (2.6.7)
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where 6 represents the parameter of interest, which is doping dependent,
suffix | stands for lightly doped bulk (Ng), and suffix h stands for highly
doped bulk No.

The dependent parameters which are chosen in our model are Fermi voltage
(¢), body factor (y), and fixed oxide charge (N).

The high and low doping values will be shown below :

N
¢y = d)T-ln(n_F) (2.6.8)
NO
¢ =07.In( n (2.6.9)
v, = —“ZquN (2.6.10)
Yo = —“Zq(f'\' (2.6.11)
Now = Nox + Dose (2.6.12)
Noxh = Nox (2613)

where n; is the intrinsic concentration of the semiconductor material, ¢t is
the thermal voltage and C,, is the oxide capacitance.

2.6.3 Effect on threshold voltage

Now we shall use the proposed model to calculate the threshold
voltage dependence on the substrate bias and compare the results with the
experimental data.

The used formula is the usua formulafor large channel MOSFET
whichis:

Vi =Veg +20, +7./20, —V, (2.6.15)

where Vg is the flat band voltage which depends on Ny,
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We shall refer to the sample devices by MOS1, MOS2 and MOS3 where
their parameters are asshownin Table 2.2. The obtained results are shown
in Fig. 2.12, and the percentage error in Vy isplotted in Fig.2.13.

From Fig. 2.12 it is clear that, the results obtained using the proposed model
are in good agreement with the experimental results.

Sample MOS1 MOS2 MOS3

tox (Angstroms) 500 710 300

N (atom/er) 7x10™ 1.8x10" 2.5x10™
DOSe (aomcmd 1x10™ 2.2x10™ 5.5x10™
D (microns 0.3187 0.3586 0.3928

Table 2.2 Sample devices parameters

2.57“‘

! X Measured
. __ Simulated

v, ()

Figure 2.12 Obtained results for sample devicesin Table 2.2
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Figure 2.13 Percentage error in the threshold voltage cal culations for
sample devicesin Table 2.2.

Since the slope of the drain current in subthreshold region depends
mainly on the body factor, it is clear that this model will predict the
behavior in this region. Fig. 2.14 shows the drain current versus gate
voltage for the sample device MOS3, and Fig. 2.15 shows the body factor
variation for the same sample.

5
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-7 1 1 1 1 [ 1 \'7\’\4'77;\4\/\ 1 | 1 1 1 1 | 1 1 1 1 1 0
10 0.010
0 0.5 1 15 2 25
V)

Figure 2.14 Drain current dependence on the substrate bias at
subthrethold region .
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Figure 2.15 Variation of the body factor () parameter for sample device
MOS3

2.7 Temperature effects

MOS transistor characteristics are strongly temperature-dependent
[2,8,39]. Thethreshold voltage isfound to exhibit an almost linear decrease
with temperature, thus as temperature increases, the drain current also
increases due to the decrease in threshold voltage. The current is aso
affected by temperature through the carrier mobilities, since also the effective
mobility is decreased with temperature.

Temperature effects are included inthe model through the following
parameters. The parameter n;, the concentration of intrinsic carriers, Eg, the
energy gap and u,, the low field mobility, where all depend on temperat ue
through the following semi-empirical relations[2,39,41]:
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CHAPTER 3

Measurements and Parameter Extraction

3.1 Introduction

In the previous chapter the proposed model was presented, and the
model equations have several parameters. Some of these parametersare
process and technology dependent, others are fitting parameters, but all of
them play a mgor role in the determination of the device characteristics.
Our purpose in thischapter isthe determination of these parameter values,
to best fit our devices. The first step to achieve this purpose is the
development of an automated measurement procedure, the second step isto
present an extraction algorithm.

Finaly we develop an optimization algorithm to best fit the obtained
data. This optimization algorithm and its implementation will be discussed
In the next chapter.

3.2 Model Parameters

The mode parameters, defined by the equations of the preceding
chapter, arelisted in Table 3.1:



Chapter 3

Measurements and Parameters Extraction

Table 3.1 Model parameters.

Name Description Default | Units
L Channel length 20.0 um
W Channel width 20.0 um
DEL Lateral diffusion into channel from 0 um
drain and source diffusion
DEW | Total channel width reduction 0 um
] Source-Drain junction depth 0.5 um
Tox Oxide thickness 20.0 nm
Dose | lonimplantation dose 0.0 cm’?
D Implanted layer depth at final step of 0.5 um
fabrication
nimp Parameter to control the implanted 0.2 -
layer shape
mimp | Non uniform doping dependent 5 -
parameters knee factor
VTO® | Threshold voltage at V<=0, for alarge 0 V
channel length L
Gamma® | Body factor 0 Vo
PHI® | Surface potential at threshold 0 V
VFB Flat-band voltage 0 V
Nsub | Effective substrate doping 1.0E+16 | Lcm®
Nsd Effective source-drain doping 1.0E+19 | lcm®
Pms® | Work function difference (if Pmsis 0 V
not given, it iscomputed intern al ly
using the parameter TPG)
TPGY | Gate material type (metal: TPG=0, - -
P-poly: TPG=1, N-poly: TPG=-1)
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Table 3.1: (continued).

Name Description Default Units
Nox® | Effective number of the oxide charge | 1.0OE+10 | 1/cm?
density per unit area
Dit Interface trapped charge density (+ve: 0 1/em?-
donor like, and -ve: acceptor like). eV
Muo | Low field mobility 650.0 | cmi/V.-
Sec
THETA | Normal field mobility coefficient 0.05 N\
vmax | Maximum drift velocity of carriers 1.0E+7 | cm/sec
beta | Mohility lateral field knee factor 2.0 -
xsat | Saturation voltage knee factor 10.0 -
lleak | Leakage current of the source-drain 1.0E-12 A
junctions
Al | mpact ionization pre-exponential 1.0 W
constant
Bl I mpact ionization exponent constant 1.0E+6 V/cm
Rt Seriesresistance of the source and 10 Ohm
drain terminals
Ld® | DIBL characteristic length (if Ld is 0 um
not given it is calculated internally)
DSB | Bulk effect on the threshold voltage 3 -

(1) This parameter isoptional. If itisnot given, itiscaculated internally
using Vino = Ve + ¢s + U ¢s

(2) This parameter isoptional. If itisnot given, itiscaculated internally

using y =

)0.5.

VJ2.9.6,. Ny,

C

(026
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(3) This parameter is optional. If it is not given,itiscaculated using
NSU
Oy :d’r-ln(Tb)-

(4) Thisparameter isdiscarded if either VTO or VFB is given.

(5 If this parameter is not given, it is calculated internally using

STOXX
Id = /g—dep .
EoN

3.3 Measurement Procedure

In the next section we shall discuss the measurement requirements
which isthe first stage to get good parameter extraction scheme.

3.3.1 Required equipment and samples

In order to carry the required automated measurements, the following
equipment isrequired as shownin Fig. 3.1.

e IBM-PC with labVIEW" [42] (or HP VEE?) software

e A deviceanayzer (e.g. HP4142 Modular DC Source/Monitor)
e Probe Station (or suitable casing for device connections)
e Printer (optional)

note that: we may replace the HP4142 by the systemin Fig. 3.2

! Laboratory Virtual Instrument Engineering Workbench. © National Instruments Corporation.
2 Hewlett Packard Visual Engineering Environment. © Hewlett Packard Corporation.
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P e e — Y g ]

HP4

=

42

Sample

Figure 3.1 Automated measurement using HP4142

q

Voltage Meter HP3455A

)
|
|

Voltage Meter HP3438A

Programmable Power Supply

HESOO2A \ / Keithley Current Meter

Sample

Figure 3.2 Automated measurement connections
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Devices needed for measurements
One large size device and two sets of smaller size devices are needed,
asshowninFig. 3.3.

W
Large W& L
e o o o o o
.
Wmin ‘
N ®
L

T I—min
Figure 3.3 Distribution of device's sizes used for parameter extraction

The large sizedevice (W&L > 10um) is used to extract the parameters
which are independent of short/narrow channel effects such as V1, . One set
of devices with fixed large channel width, but different channel lengthsis
used to extract parameters which are related to the short channel effects such
as DIBL characteristic length (Ld) and maximum drift velocity of carrie rs
(Vmax). The other set of devices have a fixed, long channel length, but
different channel widths. This set of devices isusedto extract parameters
which are related to narrow width effects.

3.3.2 Measurement procedure

The measurement is done by an automated program written with the
G language implemented in the LabView program [42]. The program has a
simple user interface as shown in Fig. 3.4
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Power
oM
Beqin Stepl End
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] oo |
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valv]

Figure 3.4 User interface for the measurement program

3.3.3 Results
Now we represent the obtained results using the last procedure, and
we shall apply the optimization algorithm for them, in the next chapter.

120 10° ‘

100 10°
80.0 10°

60.0 10°

)

40.0 10°

20.010° |-

0.00 10°

v,

Figure 3.5 Drain Current versus Gate voltage for low drain voltage
(10mV) [WIL=50u/1.21]

65



Chapter 3 Measurements and Parameters Extraction
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Figure 3.6 Drain Current versus Gate voltage for high drain voltage (5V)
[W/L=50u/1.2u]
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Figure 3.7 Drain Current versus Drain voltage for Vps=0 [W/L=50u/1.24]
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3.4 Parameter extraction

By parameter extraction we mean: to find the model parameters
described in Section 3.2 which best fit a givenset of |-V data. Parameter
extraction is an important part of model development. Because without a
good parameter extraction algorithm, even a perfect device model is useless.

3.4.1 Extraction Strategy

There are two different strategies for extracting parameters. the single
device extraction strategy and group device extraction strategy [39].

Single device extraction strategy
In the single device extraction strategy, one uses the obtained data
from a single device to extract the complete set of model parameters.

Advantages.
I- It may be used even if one transistor only isavailable
li-  Thisstrategy can fit one device very well.

Disadvantages:

I- It may not fit other devices with different geometry.

li-  Thesingle device extraction strategy can not guarantee that extracted
parameters are physical. The only concern isto fit the given device.

In the next chapter we will consider this procedure (optimization).

The Group device extraction strategy

In the group device extraction strategy, we extract parameters using
obtained data from different devices with different channel lengths, and
fabricated by the sametechnology. Thisdataistaken in the same operating
region for each device.
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Advantages.

I- It can fit many devices with different geometries.

li-  The obtained parameters are near to the physical ones.

iii-  The complete set of model parametersis effectively a characterization
statement for a given IC processing technology. The electrical
performance of al device structures fabricated by this technology
should be accurately represented by this set of model parameters.

Disadvantages:
I- It may not fit each device perfectly asin the Single device extraction

strategy.
li-  Itcan't work if only onetransistor isavailable.

3.4.2 Parameters extraction procedure

In this section we shall use the second strategy, namely the group
device extraction strategy. But since required sample dimensions are not
avallable, we shall use MINIMOS [31] simulations instead of actual
measurements. The device parameters were: the gate type was chosen to be
N-poly, the oxide thicknessis 20 nm, the bulk concentrationis 5E16 cm’>, a
fixed oxide charge of 1E10 cm?is present, the junction depth computed by
MINIMOS is approximately 0.5 um, thegate widthislarge W=50 um and
the gate lengths are 20um, 6um, 2u, 1.5um, 1.2um and 1um.

3.4.2.1 Theory

Most parameters are obtained from the strong inversion region of
operation, thus we usethe simplified current expression in thisregion given
by eq. (24.31). After the substitution with u«; , aso if we operate at avery
low Vps (Vbs=0.05 V), we may neglect the velocity saturation effects to get

W
Ip= 2 Cor Ho

Ler [(1+9Q)+(e+t’vuocoxa)v1
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where Q=2)(¢s+Vy” and V=V Vir-Vgd 2.

The transconductance, g, is obtained by differentiating eg. (3.4.1)
W.r.t. Vs (Or V), such that

W 1
0= — 1, Cox rol Ve (34.2)
Ler [(1+ eQ)+(e+L*uocoxRt>V12
eff

From equations (3.4.1) and (3.4.2), theratio | p/(g.) " takes the form

|D _ W,uocoxvds
N [PYEEYS) Y, (3.4.3)

It is seen that the ratio Ip/(g.)” does not depend on R and is directly
proportional to V.

A) Determination of threshold voltage (Vo)

From equation 3.4.3 it is clear that, when Ip/(gm)” is plotted against
Vg We get a straight line with slope, my=(WioCoVed (Lei(1+ 6Q)))”* and the
intercept on the Vs axis equal (Vint+Vpd2) so if we use large device length we
obtain the threshold voltage for long channel device, V1,. (See Fig. 3.8).

B) Determination of AL
Consider the quantity:

1 _ (L-AL)(1+6Q) 44
rﬂ% W,UOCodes (3 . )

if itisplotted against the mask channel length L, the Slope, my, of this straight
lineisequal to

- 1) (34.5)
W‘Llo Coxvds
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and theintercept onthe L-axisis AL, alowing AL to be determined. (See Fig.
3.9).
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Figure 3.8 The variation of 1p/g.”~ as a function of gate voltage for
different channel lengths.

1/m?
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Figure 3.9 The variation of 1/my? as a function of channel length.
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C) Determination of the parasitic resistance (R,

From eg. (3.4.1) the output resistance, R,, defined by VI isequa to

1+ 6(V+ Q)

W i1, CoV (34.6)

Ro= R+ (L-AL)

When R, isplotted against the mask channel length L, for agiven value of V,
we get astraight line, the slope of such straight lineis

_1+6(V+Q) (34.7)
W i1, CorV o
and from the intercept we can determine the parasitic seriesresistance R, as :
R = Intercept + AL*m3 (3.4.8)
(SeeFig. 3.10).

3500
3000 f
2500 f

2000 f

R, (Ohm)

1500 F
1000 ©

500 f

L (um)

Figure 3.10 The variation of R, as a function of the mask channel length L

D) Determination of low field mobility parameters (u, and 6)

Dividing equations (3.4.5) and (3.4.7), we get the parameter 6 as

rrdeS _ 1

0= nbn\r;v (3.4.9)
Q- (V+Q)
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then using eg. (3.4.5) we can determine u, as

1+ 6Q
=_ % 3.4.10
:uo WCodesrnZ ( )

E) Determination of high field mobility parameters (Vimax)

The effective mobility e given by eq. (2.4.32) can be written as

Hq
()
Mot = — (3.4.11)
1 — (2 0X tV
* L it ( D )CarR
where
m Um
D= [1+(&VDS) ] (34.12)
eff Vmax
_ Hy
By = 1 a0v) 8(Q+V) (3.4.13)

The factor (D) represents the velocity saturation effect (refer to Section
24.2). Thus if the effective mobility isfound in strong inversion at agiven
value of V, using the strong inversion approximated current equation at high
Vps (but still in the linear region),uy,, and knowing i, and 8i.e. knowing g at
the specified V, and R, we can find vy Using

W
Uy (1-pu, T CuRV)
D= o

3.4.14
Ly, ( )

and eqg. (3.4.12).

F) Determination of the characteristic length of barrier lowering (Ld)

Referring to Section 2.4.3, we can find the parameter Ld by measuring
the dope of AVy, versus L, where AV, isdrawn on logarithmic scale. (See
Fig. 2.7 and Fig. 3.11).
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G) Determination of the I mpact ionization parameters (Al and Bl)

We may find these parameters, by referring to eg. 2.4.40, thiscurveis
bell shape, so if we find the point at which maximum bulk current occur
(Vgsm.lom) We find Bl from the relation

O (Vds _Vgsm + Vth )

Bl = ( | —1)(Vye —Vigen + Vi) (3.4.15)
dm
Al = Lo B (3.4.16)
lam(Vis =Vean +Vin )eXp(—m)

where  gnm and lg, are the transconductance and drain current at this
maximum point respectively. (See Fig. 3.12).
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Figure3.11 AV, as a function of the effective channel length.
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Figure 3.12 Determination of Impact ionization parameters

3.4.2.2 Extraction Results

From the above, we get the parameters valuesshownin Table 3.2.
Also we have made small manual optimization to the mobility parametersto
get best fit to the measured data.

Table 3.2 Obtained parameters

Parameter Value After Unit
Optimization

VTo 0.58 0.58 \Y

DEL 0.45 0.45 um
Rt 10 10 Ohm

Muo 610 670 cm/V.s ec

THETA 0.097 0.091 Y

vmax 7e6 1.2e7 cm/sec
Ld 0.155 0.155 um
Al 1.148e-6 1.148e-6 v
Bl 4.185e4 4.185e4 V/em

74



Chapter 3 Measurements and Parameters Extraction

Now to validate the used extraction method, we use the extracted
parameters for two different channel lengths 6 um (long channel), and 1
um (short channel), and we compare the obtained results with the
MINIMOS results. See Figures from 3.13to 3.18 for comparison, from
these figures we note the good agreement between the simulated results
and the experimental results, for both short and long channel transistors.

15107 ¢ | 1 6.010°
C X MINIMOS ! ! ! 1 1 3
F-- - Model Rl LSRR A ARy e - 5.010
s 10 107 Froreemen b e e | § - 4010°
8 : i ; ; 1 i ] L2
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o L . . . . . ] D
2 r | | | 1 2
T 5010° 12010°
TS S < R -4 1.010°
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0 1 2 3 4 5 6
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Figure 3.13 Drain current versus gate voltage for long device (6um)
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Figur e 3.14 Transconductance versus gate voltage for long device (6um)
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Figure 3.15 Drain current versus drain voltage for long device (6um)

1.210° | | | | | 1 24107

1.010° 1 20107
_ 8010* 1.6 107
g 5
% 6.010" 1210% g
> &
-~ 4.010° 1 8.010°

2.010" 1 4010°

0.0 10° 0.0 10°

0 1 2 3 4 5 6
V__(V)
GS

Figure 3.16 Drain current versus gate voltage for short device (1um)
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Figure 3.17 Transconductance versus gate voltage for short device (1um)
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Figure 3.18 Drain current versus drain voltage for short device (1um)
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CHAPTER 4

Optimization Algorithm and Results

4.1 Introduction

An optimization problem beginswith a set of independent variables
and/or parameters, a set of dependent variables, and the existing or
simulated functional relationship between the two sets. Thisrelation can
have various level of complexity andisinherently nonlinear in nature. In
general, its evauation consists of the execution of some underlying
simulation tools that involve highly complex solution technigues which are
computationally expensive. Furthermore, they are not suited for analytical
manipulation and the use of numerical approximation is normally required.
Typicaly, they have a continuous and well-behaved functional behavior.
These characteristics influence the choice of the appropriate solution
algorithm for any particular task.

It is clearly desirableto have a standard model formulation suitable for the
description of the diverse tasksalgorithms. In mathematical terms such an
expression takes the form:

Y=f(X.P) (4.1.2)
where

Y =[yn Y2 .o 5 Y (4.1.2)
X =[Xq, X2, +ovy X (4.1.3)
P=1[pw P2 ..., P (4.1.4)

are vectors of g model outputs, m independent variables and n model
parameters respectively. f can also be formulated in terms of the individual
output functions as:
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f=1Iff2 ..., fd (4.1.5)
where each
yi =fi(X,P) (4.1.6)

represent the model evaluation that relates the input and parameter vectors
to the i-th response.

In the rest of this chapter the used algorithm is presented and discussed. It is
a nonlinear least-squares optimization module which forms the nucleus of
our work.

4.2 Nonlinear Least Squares Optimization

Given acertain CAD model and a set of observations (i.e. data) that relate

the model independent variables (X) to its calculated responses(Y), the
problem of optimization consists of finding the model parameter vector (P)
that will result in the best possible fit between measurements and model
predictions. In the present work, the weighted sum of squares (F) isused as

ameasure of the accuracy of fit:

m

F=> S w2 (4.2.1)

j=1i=1

where w; and rj; are the weight and the residual for the j-th response at the i-
th data point respectively. The residual is defined as the relative error at that
data point:

_ XL P) -y5®

ji exp
Yii

(4.2.2)

where v;®? isthe measured j-th response at X;. The weight is a user-defined
positive value that increases or decreases the significance of adata point in
the overall fit. This can be related to the user desire to achieve higher
accuracy for a certain input or output variable range or to the prior
knowledge about the expected accuracy of the measurements. It isnoted
that this definition of the objectiveisavariation on the Chi-Square fitting
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criterion where the standard deviation of each measurement data point is
used in the formulation.

By defining R, avector of the n*q residuals, (4.2.1) can be written as:

F=R'WR (4.2.3)
where W is ang*nq diagona matrix whose elements W;; are the weights w;.

The solution of the nonlinear least squares problem reduces to minimizing
(4.2.1). In genera, the nonlinearity of CAD models dictates the use of
gradient based iterative methods. The present implementation is based on
the Levenberg-Marquardt (LM) agorithm [43-45] which has become the
standard of nonlinear least squares routines [46]. The Levenberg-Marquardt
method combines the inherent stability of steepest descent with the
guadratic convergence rate of the Gauss-Newton method as described in the
next section.

4.2.1 Algorithm Description

A Taylor series expansion of (4.2.1) around a nominal point P, can be
written as:

F(P, +AP) = F(P)) + gTAP+%APT HAP + O(|AP|) (4.2.4)
where
oF oF  OF
[ = 4.2.5
op,on, ) (1.25)

is the gradient of the objective function, and H is an m*m matrix of second

derivatives called the Hessian matrix whose elementsare given by:

2
H. = i
" b,

(4.2.6)

An intuitive iterative solution scheme consists of taking a step in the
negative gradient direction:
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AP=-g (4.2.7)

When the size of the step (o) is chosen appropriately, a monotonic
decrease in the objective function isensured. At each iteration, the size of
the step can be determined via a line search aong the negative gradient
direction using a one-dimensional optimization technique (e.g. Brent's
parabolic). The new values of the parameters are then calculated as:

Pyr1 = P + o AP (4.2.8)
This procedure is called steepest descent. It is areliable and inherently

stable method that will alwayslead to a minimum of F. Its disadvantageis
that the step often has to be so small that it results in a very slow
convergence especially as the minimum is approached.

An dternative solution technique is the Gauss-Newton method whichis
based on the premise that a quadratic approximation is an accurate
representation of F at P,. In this case, the O(AP[°) terms in (2.10) are
dropped, and the necessary condition for the minimum of F, namely that the
gradient must be zero, can be written as:

g+2*HAP=0 (4.2.9)
which yields the following equation for AP:

AP = _% Hg (4.2.10)

In the case of the least-squares objective F, the elements of the gradient and
the Hessian matrix can be expressed as:

oF o or
%= 21, L ( )
and
2 n 2
Hj = oF =ZZW(8“ My 2T ) (4.2.12)
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For sufficiently small residuals, the second termin (4.2.12) can be
neglected and the elements of the Hessian matrix are approximated as:

H. —) 4.2.13
K <9p 8 <9p &pk ( )
By introducing the n*m Jacobian matrix J whose elementsare the partial

derivative of the individual residual with respect to the parameters:

3, - %j (4.2.14)
(4.2.11) and (4.2.13) can be written in vector form as:

g=2J'WR (4.2.15)
H = 2J'WJ (4.2.16)

The above equations are the basis of the Gauss -Newton iteration scheme:

AP = —%(JTWJ)‘lJT\NR (4.2.17)

P. =P —%(JKTWJK)‘leTWRk (4.2.18)

Given an initial guess sufficiently close to the solution, the Gauss-Newton
method has a quadratic convergence rate. However, a poor starting vector
could cause the method to diverge due to the size of the neglected second
term in (4.2.12). Furthermore, the method alwaysfails when the Hessian
matrix becomes singular or ill-conditioned. Several modifications have been
proposed to the basic scheme to ensure convergence [47-48].

In the Levenberg-Marquardt method, the approximate Hessian matrix is
replaced by:

J'WJ+ AD (4.2.19)
and the iteration scheme becomes:

Ra=HF - (‘]I-(I—W‘Jk + AD)&J;VVRk (4.2.20)
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where A is a conditioning factor and D isadiagona matrix with entries
equal to the diagona elements of J'WJ. The essence of the Levenberg-
Marquardt compromise is that the step direction isintermediate between the
steepest descent and the Gauss-Newton directions. As A—0 the search
direction approaches the Gauss-Newton direction. Alternatively when
A—co, the method reduces to a steepest descent minimum search. A simple
strategy to update the valuesof A consists of decreasing its value when an
iteration is successful in reducing the sum of sguares fit criterion, and
increasing it when the iteration fails:

if Fei < Fe o A1 = Affactor
ese A1 = A* factor (4.2.21)

where factor is a user defined parameter (default of 5).

4.2.2 Calculation of the Jacobian Matrix

The calculation of the elements of the jacobian matrix requires the values
of the derivatives of the model function at the input data points. The used
model functions are generally smooth but their analytical derivatives are

unavailable. Numerical differentiation techniques are used to approximate

the derivative using forward differences formula:

(R +h) =1 (R)
ij = h

J

(4.2.22)

where h; represents asmall increment.

It was proven that the use of numerical approximation in the Levenberg-
Marquradt algorithm does not jeopardize its convergence properties [45].

4.2.3 Parameters Constraints
To avoid deviations outside the expected range of the parameters during

the initial stages of the solution, linear interval inequality constraints of the
form:
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L < P<U (4.2.23)

are enforced on the parameters. In the above equation L and U are vectors
of lower and upper bounds on each of the model parameters. The
constraints are incorporated into the Levenberg-Marquardt algorithm using
a simple technique based on the concept of active constraints. A constraint
becomes activeif it isviolated when the parameters are updated (i.e. if pi<l;
or if pi>u;). The parameters corresponding to the set of active constraints are
not allowed to change by enforcing that AP=0. Thisisaccomplished by
removing the appropriate equations from the linear system of (4.2.20).

4.2.4 Termination Criteria

The iterations are continued until convergence which is denoted by
either a small relative change in the sum of squares error (F), or by asmall
change in each parameter value relative to the previous iteration values.
Other termination criteria are indicative of error conditions that occur when
the optimization problemisill posed such as when:

e Thenumber of iterations exceeds a maximum number (Niter™ Niax)

e The conditioning factor exceeds a preset maximum value (A> Angy). IN
this case, the algorithm is failing to move forward even though the
method of stegpest descent is used.

e The norm of the gradient isvery small. Thisindicates the failure to
find a search direction:|g|<e.

As in other optimization problems, the convergence to a solution does not
guarantee that the global minimum of F has been reached.

4.3 Results

To validate our system, measurement programs, model functions and
optimization program we carry our measurements and characterization on
sample transistor with the following parameters gate mask length=1.2 um,
gate mask width=100 um, gate oxide thickness=28 nm, and bulk
doping=5E16 cm’>. We adopt the procedure explained in Section 3.4.2.1(G)

to determine the impact ionization parameters, the low field mobility
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parameters, threshold voltage, and series resistance are obtained by
applying the developed program for the least squares error discussed in this
chapter to the drain current vs. gate voltage at low drain voltage (10 mV),
finally the high field mobility parameters are obtained from the drain
current vs. gate voltage at high drain voltage (5V)

4.3.1 Obtained parameters

We present here the obtained parameters after optimization
procedure, which will be used beside the given technological parameters
mentioned above in our simulation.
Table 4.1 Obtained parameters

Parameter Value Unit
VTo 0.349 \Y
DEL 0.052 um

Rt 24 Ohm
Muo 532 cme/V s ec
THETA 0.093 UV
vmax 7€6 cm/sec
Al 6.693E-7 UV
BI 4.911E5 V/cm

4.4 Comparison with simulation results

Comparison between the measured data, and the obtained results from
our model simulations, is carried using the same set of the extracted
parameters.

Figs. 4.1,4.2 show the comparison of the Ip-Vgs Characteristics and the
corresponding transconductances, on both linear and logarithmic scales, of
the obtained measured data with those of our model at a small Vps (Vps=0.01
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V). Continuity of the current model and itsfirst derivative from subthreshold
to strong inversion is clearly demonstrated.

Figs. 4.3,4.4 shows the same results but a a high Vps Effect of
Longitudinal field on the mobility together with the series resistance effect
are adequately modeled as shown in Figures.

Fig. 45 demonstrates the effect of Vps on the threshold voltage
(DIBL). The ability of the model to predict the dc characteristicsin the
vicinity of threshold and in the subthreshold region under different drain bias
for short channel transistors is demonstrated by the results of thisfigure.

Fig. 4.6 showsthe |p-Vps characteristics for four values of Vgs (Veos=1
V, 2V, 3V, and 4 V). Continuity of the model from linear to saturation
operation is clearly demonstrated.  The modeling of saturation region
characteristics is more clearly shown by the corresponding output drain
conductance given in Fig. 4.7. Fromtheresultsitisclear that the model is
shown to fit the obtained datain all operating regions.

An additional test suggested by Tsividis and Suyama [12] is to
compare measured and modeled g,./lp versus Vgs. They point out that some
of the commonly used models show an anomalous spike as the drain current
crosses the boundary between weak and strong inversion. We have
performed this test and the result is shown in Fig. 4.8. The exponential
relationship between Ip and Vs results in a constant g./1p in the subthreshold
region. No anomalous spikeis observed at the transition to strong inversion
because in our model gy, is continuous across the boundary.
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Figure 4.3.b Drain current versus gate voltage for drain voltage=5V
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4.5 Other Models

Table 4.2 shows a comparison of the MOS Leve (2) (SPICE) [49],
BSIM [50], and aMOS [51] models with the proposed model. Thetable
shows that the proposed model has a small number of parameters compared
to the BSIM and aMOS models, while maintaining agood accuracy for the
drain current and small signal parameters

4.6 Conclusion

The model presented in thisthesisis aphysical, scaleable and efficient
model for VLS| analog/digital circuit ssimulation. It has built-in dependencies
on geometry and process parameters. Small-size and non-uniform doping
effects which are important in today's IC devices are built in the model. It also
has arelatively small number of parameters which can be easily extracted and
optimized. The continuity of the model reduces the number of iterations and
CPU time during circuit smulation. The automated measurements programs
presented in this work, make the measurements procedure more easier and
accurate, since we adopted a good measurement technique as thefirst step to
obtain good extracted parameters. Also the use of Levenberg-Marqudet
algorithm which has become the standard of nonlinear least squares routines
Is used to develop parameters optimization program, which give usmore
accuracy to our extracted parameters. The developed program can be used in
any other environment require least squares error method for optimization.
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Appendix A

Measurement program in G language

In this appendix we present the measurement program, which is
written in the G language and run under LABView program. Fig. A.1 shows
the control panel which represents the user interface to the program, while
Fig. A.2 shows the block diagram which representsthe program codein
graphic format.
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Figure A.2 Measurement program block diagram
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Appendix B

Model Formulation in

HDL-A' Language

-- |CL Model for MOSFET

ENTITY NMOSIS

GENERIC (
W,L,LDEL,DEW.,yj, Tox,VTO,Gamma,PHI,VFB,Nsub,Nsd,Nox,
Dit, TPG,PMS,MUo, Theta,vmax,beta,Rt,Ld,xsat, Neff,
DSB,AI,BI,l leak,Sleak,Dose,D,nimp,mimp :REAL );

PIN ( D,G,SB: ELECTRICAL );
END ENTITY NMOS,

ARCHITECTURE aOF NMOSIS

-- (* Constants *)
CONSTANT K,Eo,PHIt,q,ni,Eg,EGP :redl,;
CONSTANT Ko,Ks,Cox,PHIf,Vbi :redl;
CONSTANT PHIms,Dit1l,KP,EPSt :redl;

--(* Constant model parameter *)
CONSTANT VFB1,Gammal:real;
CONSTANT Leff,Weff,Rs :redl;
CONSTANT xep,EPS MIN,Ic :redl;
CONSTANT xdibl,K1,KW :redl;

-- (* Variables *)
STATE VGB,VGB1,VGB2,VGBD,VSB:ANALOG ;

STATE VDB,vDB1,vDB2,VDSVDS1,VDS2.ANALOG;
-- (* EPS calculation numerically *)

HDL-A is aHardware Description Language developed by ANACAD Electrical Engineering Software,
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VARIABLE ii: integer;
VARIABLE xd1,xd2:redl;
STATE EPSw1,EPSwW2,EPSW3,EPSW4:ANALOG;
STATE EPSst1,EPSst2,EPSst4:ANALOG;
STATE EPS1,EPS2,EPS3,EPS4:ANALOG;
(* NOTE: EPS with
(1) -> at the source without Dit
(2) -> at the drain without Dit taking the effect of Dit on Vth
(3) -> at the source with Dit
(4) -> at the drain with Dit *)
VARIABLE X1,X2:redl;
VARIABLE d2Qsc_dEP,d2Qit_dEP:red;
VARIABLE FFO,FF1,dFF1_dEP,d2FF1_dEP:redl;

-- (* Charges *)
STATE Qit_s1,Qit d1:ANALOG;
STATE Qvsl,Qvd1l:ANALOG,;

-- (* Currents *)
VARIABLE ED,ED1,ED2,ED32,ED12,EPSs,EPSd:real ;
STATE ID,IDD,IDS,| Ddiff,Iddrift :ANALOG;

—- (* Mobility model *)
STATE FG,FL,FL0,j:ANALOG:
STATE MU,MU1,MU2:ANALOG:

-- (* Saturation *)

(
STATEVTH1,VTH,VDSsat,Vss,Vs,A,BL:ANALOG,;
STATE DL,IDdrift1,lsat,bb,bbl,FB:ANALOG;

-- (* Impact ionization current *)
STATE Isub,Idam :ANALOG,;

-- (* Threshold shift + DIBL *)
STATE ddep,LAMDA,VGTH,V1,V2,k2:ANALOG,;
VARIABLE adaal,adaa?,alaa3,alaad,alaasnhl:red;
STATE DIBL,DIBL1,XDIBL1,XDIBL2:ANALOG;
STATE Vb _PHIsS3,Vb PHIsA:ANALOG,;
STATE PHIS3,PHIsA,L4,L5,L1,L2,L3:ANALOG;

-- (* Test variables *)
STATE reg,j2,n1,n2,n3,n4:ANALOG;
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BEGIN RELATION
PROCEDURAL FORINIT =>

-- (*Parameters' default values*)

W := 20.0e-4; -- (*Width (cm) 20 um*)

L :=20.0e-4; -- (*Length (cm) 10 um*)

LDEL :=0.0; -- (*Total Length shortening (cm)*)

DEW :=0.0; -- (* Total Width shortening (cm)*)

yj :=0.5e-4; -- (* Junction depth (cm) 0.4 um*)

Tox :=20.0e-7; -- (* Oxide thickness (cm) 20 nm*)

VTO :=0.0; -- (*OPTIONAL, Threshold voltageat VSB :=0
-- andfor largelL)

Gamma := 0.0; -- (*OPTIONAL, Body factor*)

PHI :=0.0; -- (*OPTIONAL, Surface potentia at threshold*)

VFB :=0.0; -- (*OPTIONAL, Flat-band voltage*)

Nsub :=1.0et+16;  -- (*Substrate doping (1/cm*3)*)

Nsd := 1.0e+19; -- (*Source/drain doping (1/cm*3)*)

Nox :=0.0; -- (*Oxide charge density (1/cnm*2)*)

Dit := 0.0; -- (*Interface trap density (L/cm"2.V*)

-- (*+ve -> Donor like
-- -ve -> Acceptor like *)

TPG :=0.0; -- (*Gate type: 0 := Meta (Al),

-- -1 :=NPOLY, +1 :=PPOLY™*)
PMS:=0.0; -- (*Work funcion difference (V)

-- O use analytica model*)
MUo := 650.0; -- (*Low field mobility (cm*2/V.s)*)
Theta:= 0.05; -- (* Gate effect on the mobility (1/V)*)
vmax := 1.0et7; -- (*Electrons saturation velocity (cm/s)*)
beta:= 2.0; -- (*Lateral mobility exponent (for electrons) *)
Rt :=0.0; -- (*Total seriesresistance (Ohm)*)
Ld:=0.0; -- (*DIBL charachteristic length (cm)*)
xsat :=10.0; -- (* Saturation velocity knee factor*)

-- (* Saturation *)

Neff := 1.0; -- (* Saturation slope factor*)
DSB :=3.0; -- (*DIBL dependence on the bulb voltage*)
Al :=1.2; -- (* Impact ionization multiplication coeff (V/-1)*)
Bl ;= 1.3€6; -- (*Impact ionization c/c field (V/cm)*)

-- (* BI postpones therise of the current,
-- Al controls the magnitude of the
-- impact ionization current *)
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| leak :=1.0e-20;  -- (*Leakage current (amp)*)
Sleak :=100.0; -- (*Leakage current division factor.

-- Determines the knee of |eakage current*)
Dose:=0.0; -- Doseincm?-3
D :=0.5e-4; -- Non uniform doping effective width in cm
nimp :=0.2; -- Control doping shape
mimp :=5.0; -- Non uniform doping knee factor

-- (*Constants*)
Eo := 8.854e-14; -- (*Permittivity of free space (F/cm)*)
K :=1.38066e-23; -- (*Boltzmann's constant *)
g:=1.6e-19; -- (*Magnitude of electron charge (C)*)
Ko:=3.9; -- (*SIO2 relative permittivity*)
Ks:=11.9; -- (*Si relative permittivity*)

-- (* Temperature dependent constants*)

PHIt := K* Temperature/q;  -- (* Thermal voltage (V)*)

Eg = (1.16-7.02e-4* (Temperature ** 2.0)/(Temperature+1108.0)) /PHIt;
- (*Si energy gap (eV)*)
-- (*Normalized to PHIt*)

ni := (1.45E10)* ((Temperature/300.0) ** 1.5)*exp((g* Eg* PHIt)
/(2.0*K)*(1.0/300.0-1.0/Temperature));

-- (*Intrinsic density (1/cm™3)*)

-- (* constant model parameters*)
Ic := sgrt(Ks/Ko* Tox*yj);

Rs:= Rt/2.0;
Leff .= L-LDEL; -- (* Effective channel length*)
Weff .= W-DEW,; -- (* Effective channel width*)

IF (PHI =0.0) THEN
PHIf := In(Nsub/ni); -- (*Ei-Ef in the bulk (V)*)
-- (*Normalized to PHIt*)

ELSE
PHIf := PHI/(2.0* PHIt);
END IF;
EGP := EG/2.0-PHIf;
EPS MIN:=20; -- (*Minimum EPSI allowed, ELSE current :=
| _leak*)
EPSt .= 2.0*PHIf;  -- (*Strong inversion surface potential (V)*)

-- (*Normalized to PHIt*)
Cox := Eo*Ko/Tox; -- (*Oxide capacitance/area (F/cn*2)*)
IF (Gamma=0.0) THEN -- (*Body factor (V/1/2)*)
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-- (*Normalized to PHIt"1/2*%)
Gammal := sgrt(2.0* g* Ks* Eo* Nsub/PHIt)/Cox;
ELSE
Gammal := Gamma;
END IF;

KW := pi* Ks* Tox/(K o* Weff);
-- (*Constants used in narrow channel effect*)

-- (* Threshold model *)
IF(VTO=0.0) THEN
IF (VFB =0.0) THEN

IF (PMS=0.0) THEN -- (*Use analytical model for PMS *)
-- (*Normalized to PHIt*)
IF(TPG=1.0) THEN -- (*PPOLY Gate*)
PHIms := EG/2.0-PHIf;
ELSE IF (TPG =-1.0) THEN -- (*NPOLY Gate*)
PHIms := -EG/2.0-PHIf;

ELSE -- (*METAL Gate*)
PHIms := -0.05/PHIt-EG/2.0-PHIf;
END IF;
END IF;
ELSE -- (*Usethe given PMS*)
PHIms := PMS/PHIt;
END IF;

VFB1 := PHIms-(g* Nox)/Cox/PHIt;

ELSE  -- (*VFB¥)
VFB1 := VFB/PHIt;
ENDIF;  -- (*VFB*)
ELSE - (*VTO¥)
VFB1 := VTO/PHIt-EPSt-Gammal* sgrt(EPSY):;
ENDIF;, - (*VTO¥)

IF (Dit =0.0) THEN

Ditl :=0.0;
ELSE IF (Dit > 0.0) THEN

Ditl := Dit;

Vbl .= Vfbl-(g*Ditl* (EG-EGP))/Cox;
ELSE

Ditl := -Dit;
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Vbl := Vfbl+g* Dit1* EGP/Cox;
END IF;
END IF;
-- (*Flat band voltage (V)*)
-- (*Normalized to PHIt*)
Vi :=In(Nsub* Nsd/ni/ni);
-- (*Built-in junction voltage (V)*)
-- (*Normalized to PHIt*)
KP := (Weff/Leff)* Cox* (PHIt ** 2.0);
-- (* Transconductance parameter (F.V/2/cm™2)*)
xep :=10.0; -- (*Knee factor for limiting EPSI in
-- Qit calculation *)

-- (* Threshold shift + DIBL *)
K1 := (PHIt)* (2.0* Ks* Eo)/(g* Nsub);
-- (*Normalized to PHIt (V/-1)*)
xdibl :=5.0; -- (*Diffusion current CLM knee factor*)
LAMDA :=Ld;

PROCEDURAL FOR DC =>
-- (* All voltages are normalized to PHIt, and are referenced to
-- the bulk potential VB*)

_— (*********************** Measjrethe pInS' Voltages************)
VSB = (S.v-B.v)/PHIt;
VGB :=(G.v-B.v)/PHIt-VFB1-KW* (EPSt+V SB);
VDB :=(D.v-B.v)/PHIt;
VDS = (D.v-S.v)/PHIt;

-- (*NOTE: VDB1, VGB1, VDSI are used in strong inversion, while
-- VDB2,VGB2, VDS2 are used in weak inversion *)

IF (VDS =0.0) THEN
IDdiff :=1_leak/Sleak;
IDdrift :=1_leak/Seak;
ELSE

IF (VGB <=0.0) THEN
REPORT "V G-VB-Vfb is negative, the deviceisin
accumulation™ SEVERITY WARNING;
|IDdiff :=1_leak/Sleak;
|Ddrift :=1_leak/Sleak;
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ELSE

-- (**** Threshold shift + DIBL using the threshold surface potential ****)
EPSs := EPSt+real (V SB);

|IF (Ld =0.0) THEN
ddep := sgrt(K1* EPSs);
LAMDA :=0.1* ((yj*rea(ddep)* Tox) ** (1.0/3.0));
ELSE IF (B.v /= 0.0) THEN
k2 := (re (LAMDA) ** (DSB))/EPSt;
LAMDA := (real(k2)* (EPSs)) ** (1.0/DSB);
END IF;
END IF;

alaal := exp(Leff/real (LAMDA));

aaa2 := exp(-Leff/rea (LAMDA));

alaal := exp(Leff/(2.0*rea (LAMDA)));
alaad := exp(-Leff/(2.0*real (LAMDA)));
alaasnhl := (alaa3-alaad) ** 2.0;

V1 :=Vbi+VSB-EPSs,
V2:=V1+VDS,

DIBL :=(2.0*real(V1)+rea (V2)* (1.0-daa2)+2.0* sgrt((real (V1) **
2.0)+rea(V1*V1)* (daal-1.0)))/dlaasnhl; -- (*DIBL with VDS¥)

VGB2 :=VGB+DIBL;
-- (*VGB to be used in the diffusion component*)

-- (*Local bias dependent constants*)
FB := 1.0+GAMMA1/(2.0* sgrt(1.0/PHIt+V SB+EPSt));
-- (* Saturation voltage division factor
--asin Tsividis*)

VTH1 := (EPSt+V SB+Gammal* sqrt(EPSt+V SB)-DIBL)* 2.5;
VGTH :=rea(VGB2/VTHL) ** 5.0;
XDIBL1:=1.0-VGTH/(1.0+VGTH); -- (*Used in VGB1¥)

VTH1 := (EPSt+6.0+V SB+Gammal* sqrt(EPSt+6.0+V SB)-DIBLY);
VGTH := rea (VGB2/VTH1) ** 15.0;
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XDIBL2 := 1.0-VGTH/(LO+VGTH);  -- (*Used in VDB2*)

VGB1 :=VGB+DIBL*xdibl1*1.2;
-- (*VGB to be used in the drift component*)

- (FrFxxExRx* Initial Guess for the surface potentials * * * * * ** x k% xkxk k)
-- (* Weak inversion estimated maximum surface potential *)

IF ((Gammal/2.0) ** 2.0 + VGB2-1.0 < 0.0) THEN
REPORT "Weak inversion Surface potential is negative"
SEVERITY WARNING;
IDdiff :=|_leak/Sleak;
|Ddrift ;= |_leak/Sleak;
ELSE

--  (* Estimated EPSW without Dit *)
EPSw1 :=VGB1+(Gammal ** 2.0)/2.0-Gammal*
sort((Gammal/2.0) ** 2.0 + VGB1-1.0);
- (*usedin EPS1 and EPS2*)
EPSW2 = VGB2+(Gammal ** 2.0)/2.0-Gammal*
sgrt((Gammal/2.0) ** 2.0 + VGB2-1.0);
--  (*used in EPS3 and EPS4*)

--  (* Estimated EPSW with Dit *)
|F (Ditl /= 0.0) THEN

X1 :=1.0+g*Ditl/Cox;

X2 :=rea(VGB2)-g*Ditl* (-real (V SB)+In(1.0+exp(-
(rea (EPSW2)+EGP-real (V SB)))))/Cox;

EPSW3 := (X1* X2+(Gammal ** 2.0) / 2.0 - Gammal*
sgrt((Gammal/2.0) ** (2.0) + X1*X2 - X1 ** (2.0)))

[ (X1** 2.0);

X2 := real (VGB2)-g* Dit1* (-real (VDB2)+In(1.0+exp(-
(real (EPSW2)+EGP-real (VDB2)))))/Cox;

EPSW4 ;= (X1* X 2+(Gammal ** 2.0) / 2.0 - Gammal*
sgrt((Gammal/2.0) ** (2.0) + X1*X2 - X1 ** (2.0)))

[ (X1** 2.0);
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ELSE
EPSw3 := EPSwW2;
EPSw4 := EPSwW2;
END IF;
EPSwW2 := EPSwW1;
-- (*EPS Check*)

if ((EPSw1<= EPS_MIN) OR (EPSw2 <= EPS MIN) OR

(EPSw3 <= EPS MIN) OR (EPSw4 <= EPS MIN)) THEN

REPORT "EPSW is negative" SEVERITY WARNING;
|Ddiff := |_leak/Slesk;
|Ddrift := |_leak/Sleak:

ELSE
-- (* Strong inversion estimated surface potential  *)

IF (abs(VGB1-EPSt-VSB) < 1.5) THEN

EPSst1 := EPSt+VSB+2.0;
ELSE

EPSst1 := EPSt+V SB+2.0* In(abs(V GB1-EPSt-V SB)/Gammal):
END IF;

-- (Continuous estimated surface potential (first approximation, empirical))

xdl1 := 9.0+9.0*real (VSB)* PHIft;
xd2 := 9.0+9.0*real (VDB)* PHIt;

--  (* xd :=9inthe above calculations the error in epsi isless than 0.08%
-- in therange of Nsub := 1e15-1e18 and Ditl :=0-3ell *)

EPSL := real (EPSw1)/(1.0+(real (EPSw1)/real (EPSstl)) **
xd1)**(1.0/xd1);
EPS3 := real (EPSw3)/(1.0+(real (EPSw3)/real (EPSst1)) **
xd1)**(1.0/xd1);

-- (* To compute EPS2 and EPS4 we must take into account the saturation
-- effect by calculating VDSsat *)

-- (*Normal field effect on the mobility *)
EPSs :=rea (EPSL);
113



Appendix (B) Model Formulation in HDL-A Language

EPSd := real (EPSL);
ED2 := (EPSd+EPSs)/(2.0):

FG := 1.0+Theta* PHIt* (VGB1-ED2);
MUL := MUO/FG,;
-- (* calculation of pre-VDSL1 saturation for EPS2 and EPS4 cal cul ation™)

Vss .= vmax* Leff/(MU1* PHIt);
VTH := EPS1+Gammal* sqrt(EPS1-1.0);
bb := w/Leff* MU1* Cox;
Vsl ;= (VGB1-VTH)/FB;
bbl :=
sqrt(1.0+2.0*real (bb)*real (Vd)* PHIt* Rs+(real (Vdl)/real (Vss))
** 2.0);

Isat := (bb1-(1.0+bb*Vs* PHIt* Rs))/(bb*
(1.0/((real (bb)* real (Vss)* PHIt) ** 2.0)-(Rs** 2.0))):

VDSsat ;= 0.01+(Vs* PHIt+(Rs-1.0/(bb* VVsst PHIt))* I sat)/PHIt;

VDS := (read(VDS)/(1.0+(rea (VDS)/real (VDSsat))* *
xsat)** (1.0/xsat));
VDB1:=VDS1+VSB; -- (*VDB taking saturation into effect*)

VDS2 := VDS1*(1.0-Xdibl2)+VDS* Xdibl2;
VDB2:=VDS2+VSB; -- (*VDB taking saturation into effect*)

- (* EPS2*)

IF (abs(VGB1-EPSt-VDBL1) < 1.5) THEN
EPSst2 := EPSt+VDB1+2.0;
ELSE
EPSst2 := EPSt+VDB1+2.0* In(abs(VGB1-EPSt-
VDB1)/Gammal);
END IF;

EPS2 = real(EPSW2)/(1.0+(real (EPSw2)/rea (EPSst2)) ** xd2) **
(1.0/xd2);
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- (* EP4*)

--  (* For EP4 the drain saturation voltage is equal to VDS in weak
--  inversion and VDSlat in strong inversion*)

IF (abs(VGB2-EPSt-VDB2) < 1.5) THEN
EPSst2 := EPSt+VDB2+2.0;
ELSE
EPSat2 := EPSt+VDB2+2.0* In(abs(V GB2-EPSt-
VDB2)/Gammal);
END IF;

EPS4 .= real(EPSw4)/(1.0+(real (EPSw4)/rea (EPSst2)) ** xd2) **
(1.0/xd2);

—- (*EPS Check*)

if (EPS1 <= EPS MIN) or (EPS2 <= EPS_MIN) or
(EPS3 <= EPS_MIN) or (EPS4 <= EPS_MIN)) THEN
REPORT "EPSes is negative" SEVERITY WARNING,;
IDdiff :=1_leak/Sleak;
IDdrift :=1_leak/Seak;
ELSE

--(* Continuous estimated surface potential (second approximation,
-- second order Newton-Raphson) *)

Qusl := real (EPS3)/((1.0+(real (EPS3)/(EG-EGP+real (VSB))) ** xep)

** (1.0/xep));
Qud1 := real (EPS4)/((1.0+(real (EPS4)/(EG-EGP+rea (VDB2))) **

xep) ** (1.0/xep));

FORIii IN1TO2 LOOP -- (*Using 2 iterations*)

-- (* Compute EPS3 and EP$4 used in the calculation of the diffusion
component*)

-- (*Normal field effect on the mobility *)
EPSs :=rea(EPS)L);
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EPSd :=red (EPS2);

ED := EPSd-EPSs;

ED2 := (EPSd+EPSs)/(2.0);

ED32 := (EP<d) ** (1.5) -
(EPSs) ** (1.5);

IF (ED = 0.0) THEN
FG := 1.0+ Theta* PHIt* (VGB1-ED2);
ELSE
FG := 1.0+Theta* PHIt* (VGB1-
ED2+(1.0/1.5)* Gammal* ED32/ED);
END IF;

MU1 := MUO/FG;
-- (* calculation of VDS saturation for EP34 calculation*)
Vss .= vmax* Leff/(MU1* PHIt);
VTH := real (EPS1)+Gammal* sgrt(real (EPS1)-1.0);
bb := w/Leff* MU1* Cox;
Vd ;= (VGB1-VTH)/FB;
bbl :=
sgrt(1.0+2.0* real (bb)*real (Vd)* PHIt* Rs+(real (Vdl)/real (Vss)) ** 2.0);

Isat := (real (bbl)-(1.0+real (bb)* real (VS)* PHIt* Rs))/
(real (bb)* (1.0/((real (bb)* real (Vss)* PHIT) ** 2.0)-(Rs** 2.0)));

VDSsat := 0.01+(Vd* PHIt+(Rt/2.0-1.0/(bb* Vss* PHIt))* | sat)/PHIT;
VDSL = (red (VDS)/(1.0+(rea (VDS)/rea (VDSsat)) ** xsat) **
(1.0/xsat));

VDB1:=VDS1+VSB; -- (*VDBLI1 taking saturation into effect*)

VDS2 := VDS1*(1.0-Xdibl2)+VDS* Xdibl2;
VDB2 :=VDS2+V SB; -- (*VDB2 taking saturation into effect*)

IF (Ditl /= 0.0) THEN
_— (*************Epss**)

X1 := exp(-(EGP+rea (Qvsl)-real (VSB)));
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d2Qit_dEP := -g* Dit1* (X U(1.0+X 1))* (L.0-X 1/(1.0+X 1)):

X2 := exp(real (EPS3)-2.0* PHIf-real (V SB));
FFO := sgrt(rea (EPS3)-1.0+X2);
d2Qsc_dEP := -Gammal* Cox/(2.0* FFO)* (X2-((1.0+X2)
** (2.0)) /(2.0*FFO ** 2.0));
FF1 :=real (EPS3)-real (V GB2)+(Gammal* Cox* FFO+g* Dit1*
(real (Qvsl)-rea (VSB)+In((1.0+X1))))/Cox;
dFF1 dEP :=1.0+(g*Dit1*(1.0-X1/(1.0+X1))
+Gammal* Cox/(2.0* FFO)* (1.0+X2))/Cox;
d2FF1_dEP :=-(d2Qsc_dEP+d2Qit_dEP)/Cox;

EPS3 := EPS3-(FFL/dFFL_dEP)/(1.0-(FF1*d2FF1_dEP)/
(2.0*(dFF1_dEP) ** 2.0));

. (*************EPS4**)

X1 := exp(-(EGP+rea (Qvdl)-real (VDB2)));
d2Qit_dEP := -g*Dit1* (X1/(1.0+X1))*(1.0-X 1/(1.0+X1));

X2 := exp(real (EP$4)-2.0* PHIf-real (VDBZ2));

FFO := sgrt(((real (EP4)-1.0)+X2));

d2Qsc_dEP := -Gammal* Cox/(2.0* FFO)* (X2-((1.0+X2)
** (2.0)) /(2.0*FFO ** 2.0));

FF1 := real (EPH)-real (V GB2)+(Gammal* Cox* FFO+g* Dit1*
(real(Qvdl)-real (VDB2)+In((1.0+X1))))/Cox;

dFF1 dEP:= 1.0+(g*Dit1*(1.0-X1/(1.0+X1))
+Gammal* Cox/(2.0* FF0)* (1.0+X2))/Cox;

d2FF1_dEP :=-(d2Qsc_dEP+d2Qit_dEP)/Cox;

EPS4 := EPSA-(FFU/dFFL_dEP)/(1.0-(FF1*d2FF1_dEP)/
(2.0*(dFF1_dEP) ** 2.0));

_— (**************Qit**)
Qusl := real (EPS3)/((1.0+(real (EPS3)/(EG-EGP+red (VSB))) **

xep) ** (1.0/xep));
Qudl :=real (EPS4)/((1.0+(red (EP4)/(EG-EGP+real (VDB2))) **

xep) ** (1.0/xep));

Qit_sl :=-g*Dit1*(Qvsl-V SB+In(1.0+(exp(-EGP+V SB-Qvsl))));
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Qit_d1 :=-g*Dit1* (Qvd1l-VDB2+In(1.0+(exp(-EGP+VDB2-
Qvdl))));

ELSE —- (*Dit :=0.0)
_— (*************EPS3**)

X2 := exp(real (EPS3)-2.0* PHIf-real (V SB));

FFO := sgrt(((real (EPS3)-1.0)+X2));

d2Qsc_dEP := -Gammal* Cox/(2.0* FF0)* (X2-((1.0+X2)
** (2.0)) /(2.0*FFO ** 2.0));

FF1 := real (EPS3)-real (VGB2)+(Gammal* Cox* FF0)/Cox;
dFFL_dEP := 1.0+(Gammal* Cox/(2.0* FFO)* (1.0+X2))/Cox:
d2FF1 dEP:= -(d2Qsc_dEP)/Cox;

EPS3 := EPS3-(FFL/dFFL_dEP)/(1.0-(FF1*d2FF1_dEP)/
(2.0* (dFF1_dEP) ** 2.0));

. (*************EPS4**)

X2 := exp(real (EP4)-2.0* PHIf-real (VDB2));

FFO := sgrt(((real (EP$4)-1.0)+X2));

d2Qsc_dEP := -Gammal* Cox/(2.0* FF0)* (X2-((1.0+X2)
** (2.0)) /(2.0*FFO ** 2.0));

FF1 := real (EPS4)-real (V GB2)+(Gammal* Cox* FF0)/Cox;
dFFL_dEP := 1.0+(Gammal* Cox/(2.0* FFO)* (1.0+X2))/Cox:
d2FF1 dEP:= -(d2Qsc_dEP)/Cox;

EPS4 := EPS4-(FFL/dFFL_dEP)/(1.0-(FF1*d2FF1_dEP)/
(2.0* (dFF1_dEP) ** 2.0));

Qit_sl1:= 0.0;
Qit d1:= 0.0;
END IF;

-- (*The effect of Qit on the threshold for the drift component*)

VGBD = VGB1+Qit_sl/Cox;
118



Appendix (B) Model Formulation in HDL-A Language

-- Compute EPS1 and EPS2 used in the calculation of the drift component
_— (*************EPSZ**)

X2 := exp(real (EPS2)-2.0* PHIf-real (VDB1));

FFO := sgrt(((real (EPS2)-1.0)+X2));

d2Qsc_dEP := -Gammal* Cox/(2.0* FF0)* (X2-((1.0+X2)
** (2.0)) /(2.0*FFO ** 2.0));

FF1 := real (EPS2)-real (V GBD)+(Gammal* Cox* FF0)/Cox;
dFFL_dEP := 1.0+(Gammal* Cox/(2.0* FFO)* (1.0+X2))/Cox:
d2FF1 dEP:= -(d2Qsc_dEP)/Cox;

EPS2 := EPS2-(FFL/dFFL_dEP)/(1.0-(FF1*d2FF1_dEP)/
(2.0* (dFF1_dEP) ** 2.0));

_— (*************EPS:L**)

X2 := exp(real (EPS1)-2.0* PHIf-real (V SB));

FFO := sgrt(((real (EPS1)-1.0)+X2));

d2Qsc_dEP := -Gammal* Cox/(2.0* FFO)* ((X2)-(1.0+X2)
** (2.0)/ (2.0*FFO ** 2.0));

FF1 := real (EPS1)-real (V GBD)+(Gammal* Cox* FF0)/Cox;
dFFL_dEP := 1.0+(Gammal* Cox/(2.0* FFO)* (1.0+X2))/Cox:
d2FF1 dEP:= -(d2Qsc_dEP)/Cox;

EPSL := EPS1-(FFL/dFFL_dEP)/(1.0-(FF1*d2FF1_dEP)/
(2.0*(dFF1_dEP) ** 2.0));

END LOOP; -- (*End of iteration loop*)

—- (*EPS Check*)

IF ((EPSL <= EPS MIN) or (EPS2 <= EPS MIN) or
(EPS3 <= EPS MIN) or (EPS4 <= EPS MIN)) THEN
REPORT "EPSis negative" SEVERITY WARNING;
IDdiff := 1_leak/Sleak;
|Ddrift := |_leak/Sleak:
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ELSE

. (************************ Moblllty *****************)

-- (* Lateral Mobility model *)
EPSs :=rea (EPSL);
EPSd .= real (EPS2);
ED := EPSd-EPSs;
ED2 .= (EPSd+EPSs)/(2.0);
ED32 .= (EPSd-(1.0)) ** (1.5) -
(EPSs-(1.0)) ** (1.5);

FLO := (PHIt*MUZL/(vmax))* (abs(ED))/Leff;
FL := (1.0+real (FLO) ** beta) ** (1.0/beta):

MU2 := MULFL;

-- (* Series resistance effect*)
|F (ED = 0.0) THEN
j1:= 1L.0+W/Leff*MU2* Cox* Rt* PHIt* (VGBD-ED2
-2.0* Gammal* sgrt(EPSS));
ELSE
j1:= 1L.0+W/Leff*MU2* Cox* Rt* PHIt* (VGBD-ED2
+(1.0/1.5)* Gammal* ED32/ED-2.0* Gammal* sqrt(EPSSs));
END IF;

MU :=MU2/j1;

_— (*************************** Current Components************)

-- (* Drift current *)

EPSs := rea (EPS));

EPS := real (EPS2);

ED := EPSd-EPSs;

ED2 := EPSd ** (2.0) - EPSs** (2.0);

ED32 .= (EPSd-1.0) ** (1.5) -

(EPSs-1.0) ** (1.5);

|Ddriftl := KP*MU*(VGBD*ED-0.5* ED2-

(1.0/1.5)* Gammal* ED32);
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-- (* Channel length modulation *)

-- (* Saturation CLM*)
A = g*Neff*Nsub* (Leff ** 2.0) / (Eo* Ks*PHIt);
B1 := 2.0*(In(yj/1.0e-6)-1.0)/(g* Neff* Nsub* vmax* W*yj);
DL = (sgrt((real(Vss) ** 2.0) +
2.0*rea (A)*(1.0+rea (B1)*real (IDdrift1))* (real (VDS)-real (VDSL)))
-rea(Vss))/(rea (A)* (1.0+real (B1)*rea (IDdrift1)));

—- (* Subthreshold *)

PHIS3 := EPS3-V SB;
PHIs4 := EPS4-VDB;

n4 :=1.0;
Vb_PHIS3 := n4*In(1.0+exp((Vbi-PHIs3)/n4));
Vb _PHIsA = n4*In(1.0+exp((Vbi-PHIs4)/n4));

L4 := sgrt(K1* (Vb_PHIS3));
L5 := sgrt(K1* (Vb_PHIs4));

--  (* Preventing the DIBL from diverging *)
L4 :=rea(L4)/((1.0+(rea (L4)/(Leff-0.2* Leff)) ** xdibl)
** (1.0/xdibl));
L5 :=rea(L5)/((1.0+(real (L5)/(Leff-real(L4)-0.1* Leff)) ** xdibl)
** (1.0/xdibl));
L2 :=Leff-2.0*L4;

L3 := Leff*(1.0-DL);
L1 :=L2*xdibl2+L3*(1.0-xdibl2);

|Ddrift := IDdrift1* Leff/L1;

-- (* Diffusion current *)

EPSs := real (EPS3);

EPSd :=red (EP$4);

ED1 := EPSO-EPSs;

ED12 := sort((EPSd-(1.0))) -

sart((EPSs-(1.0)));
IDdiff = KP*(Leff/L1)*MU*(ED1+Gammal* ED12-(Qit_d1-
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Qit_s1)/Cox);

|F (IDdrift<l_leak/Sleak) THEN
IDdrift :=1_leak/Seak;

END IF;

|F (IDdiff<l_leak/Sleak) THEN
IDdiff :=1_leak/Sleak;

END IF;
ENDIF;, - (*IFVDS := 0 *)
ENDIF;, - (* IFVGB2<0.0 *)
ENDIF;, - (* IFEPSW <0.0*)
ENDIF;, - (* IFEPSW1<0.0%)
ENDIF;  --(* IFEPSES<0.0*)
ENDIF;,  --(* IFEPS<0.0*)

-- (* total current *)
ID := (IDdrift+IDdiff);

-- (* Impact ionization current *)

IF (VDS-VDSL > 0.0) THEN
Isub := Al*(VDS-VDS1)* PHIt*ID* exp(-BI*Ic/((VDS-
VDSL)*PHIt));
IDam := Al*(VDS-VDSL)* PHIt* | D/Leff* exp(-BI*Ic/((VDS-
VDSL)*PHIt));

ELSE
Isub :=0.0;
IDam :=0.0;
END IF;

-- (* Drain and source currents *)
IDD :=1D+(1.0-2.0/Sleak)* | _leak+Isub+IDam;
IDS :=-ID+(1.0-2.0/Sleak)*|_leak-IDam;

-- (* Application of currents*)
D.i %= 1DD;
S.i %=1DS;
B.i %= -Isub;

END RELATION;

END ARCHITECTURE g;
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