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Foreword

This course material is part of the module: "Design of MOS analog integrated circuits",
intended for first-year students, Academic Masters, option: "Microelectronics". This handout is
developed with the aim of enabling the student to master the Design Flow of analog integrated

circuit design.

This methodological module is credit 3, coefficient 2 with a weekly hourly volume of 03 hours
at the rate of one course session and one supervised work session per week and a semester

hourly volume of 37h30 hours.

This handout covers all the fundamental concepts of MOS analog integrated circuit design,
starting with an introduction to the MOS transistor (some concepts of MOS capacitance and
MOS structure are provided). The document is structured into three chapters, each developing

a specific theme.

The first chapter: The MOS transistor: deals with the NMOS and PMOS transistor with
enhancement and depletion: structure and operation, the model of the MOS transistor: linear
model, quadratic model, operating regimes, the effect of substrate, electric field and channel

modulation, and the Pspice model of the MOS transistor.

The second chapter: Basic analog circuits using MOS technology: focuses on current mirrors:
analysis of different types of current mirrors, the offset circuit, the common source amplifier,

differential amplification and the operational amplifier.

Finally, the third chapter, "Mask Technology and Design,” covers the MOS technology
manufacturing process, design rules, and mask design for a resistor, a MOS transistor, and an

analog circuit.

Each chapter offers several exercises with fully detailed solutions.

Dr.Aissa Bellakhdar



Introduction to the MOS Transistor

Introduction

This introductory section lays the essential foundation of MOS technology. It presents the
fundamental principles related to MOS capacitance, the structure of the component, and the
operation of the NMOS transistor. It also introduces the different families of MOS transistors,

giving readers a broad overview before delving into more technical aspects.

The MOS (Metal Oxide Semiconductor) transistor, or MOSFET (Metal Oxide Semiconductor
Field Effect Transistors) is the most widely used semiconductor device at the base of every
analog or digital circuit. It is present in high density in integrated circuits such as
microprocessors or memories. It is therefore particularly important to understand the operation

of: the MOS capacitor, the structure that is the basis of this MOS technology.

1- MOS Capacity
1-1 Structure

It consists of a metal-oxide-silicon stack.

A layer of insulating oxide (SiO2) with a thickness of "Xox" is sandwiched between a layer of metal

(Al or highly doped silicon) and a silicon substrate.

<— gate metallization

silicon

<— Silicon dioxide (SiO2)

<— Mmetallization

Fig.1
1-2 Operating regimes

Different regimes are defined depending on the polarization between these two electrodes.
Example of MOS capacitance on a P-type substrate.
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Accumulation regime

Accumulation of majority carriers on

P-type silicon at the silicon surface

Fig.2

Depletion regime

Vg>0

+++ 4+ +++++++

%////////////////////////////////////////////////////////% \l/ Depletion regime

or
CEONCECONCONONONGC) X4

+ o+ 4+ 1\ depletion at the silicon surface :
P-type silicon \l/ \l/ \l/ = The majority carriers are pushed

back in depth

=>» The “fixed” negative ions remain
Fig.3

Inversion regime

Vg>0

+ + 4+ + 4+ + 4+ + + + +

Ve oty cariers An inversion layer is

CHNCECRCHECECHNCNS) created on the surface of
P-type silicon the silicon
=» channel of the future

MOS transistor
Fig.4
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1-3 Electrical model of MOS capacitance and C(V) curve

The MOS capacitance is equivalent to two capacitances in series: the oxide capacitance ( Cox ) and the

semiconductor capacitance ( Csc).

7

7
L

0 ) 7 0 7
) ) ) oX

silicon
CSC
Fig.5
The total equivalent capacity (per unit area) is writtenas: |1 — 1 , 1
C Cox Csc
With C,x =constant = Z"—x (er_ox=3.9)
ox
Csc==5&sc (er_sc=~11.7)
Xd
Accumulation Depletion Inversion
Vs<0 Ve>0 Vg>0
bottddttss A+ttt

CNCNCNCNCONCONCONG
+ o+ +

P-type silicon \l/ \l/ \l/ P-type silicon

P-type silicon

Fig.5

l
Cox Csc Coc—T(Ve)

1.1, 1 _1
C Cux CSC,min Chmin

Csc>>Cox

C=Cox=Cmax

OIH
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.................... Cmax = Cox

Crnin foeeeeeereereereees o

>

Fig.6 Vg
2- The MOS Structure
The N-channel MOS transistor (or MOSFET for Metal-Oxide-Semiconductor Field Effect
Transistor) is a quadrupole device consisting of a gate electrode (G), source (S), drain (D) and
substrate (B). The length of the transistor, denoted L, corresponds to the length of its gate and its
width is denoted W. Conduction is ensured by the minority carriers of the substrate (electrons in the

case of an NMOSFET), at the interface between the gate dielectric and the substrate.

As its name suggests, the operation of the field effect transistor (MOSFET) is based on the action of
a vertical electric field. This field makes it possible to locally modulate the concentration of carriers
in a semiconductor zone called the conduction channel or inversion channel, located between two
charge reservoirs (the source and the drain). The electric field is governed by a control electrode,
called the gate, through an insulating layer that constitutes the gate dielectric (Figure 7).

There are two types of MOS (Metal Oxide Semiconductor) transistors:

» N-type or N-channel MOS transistors (NMOS) with P substrate
» P-type or P-channel MOS transistors (PMOS) with N substrate
An N-type transistor (NMOS) consists of:
- Substrate (silicon, Si) doped "p"
- Drain and source doped "n"
- Insulating layer (Si02)
- Gate (aluminum or polysilicon).



Module : Design of MOS Analog Integrated Circuits Dr.A.Bellakhdar

Somrce (5) Gate (&) Drain (D)

Oxide (5i02)
(thickness =7}

|~ Oxide (5i0) o I Chanel &
Tegion
e

p-type substrate
(Body)

(Body) _ I
| Body
ragi @)

(k)

Metal

Fig.7 Physical structure of MOSFET, a) perspective view b) Cross sectional view

Pin2|D o
Drain ilr;liltn

—

—q
Source O Source Q
Drain (2 N-Channel P-Channel
rain (2) MOSFET MOSFET

Electrical symbol of MOSFET

Fig.8 MOSFET: Metal Oxide Semiconductor Field Effect Transistor

In an N-doped zone, the majority charge carriers are electrons (they are holes in the case of a
.P-type zone). For a P-type transistor, the dopings are reversed.

3- How NMOS Transistor Works ?

Let's apply an electric field E between grid and source, we can have 3 operating regimes
e Accumulation Regime
e Depletion Regime

e Inversion Regime
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3.1- Accumulation Regime

If VVgs < 0, the electric field E attracts the holes on the surface of the SC (oxide/SC interface),
there is accumulation of positive charges, so that electrical neutrality is maintained. Therefore,

electrons appear under the gate.

pix)

s8/C G
Qs> 0
i Metal -
ox ide I — Vegs<0
> Ox jde +

-
Qu<0 I i A+
metal sfc (P)
|
s

Fig.9 Polarization and charge density in a MOS structure (Accumulation Regime)
3.2- Depletion Regime

If\VVgs >0, and Vgs < VT (threshold voltage), the electric field E repels the holes on the surface,
there will be creation of a space charge zone (SCZ) empty of free carriers and negatively
charged by fixed ions, because the acceptor atoms are no longer neutralized by the holes. There

is therefore the appearance of positive charges to satisfy electrical neutrality.

M
plx)
Qu>0
G
oxide S/C Metal +
— — Vgs=10
metal r X Oxide -
SCE
Qs<0 E
s/c (P)
s L |

Fig.10 Polarization and charge density in a MOS structure (Depletion Regime)
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3.3- Inversion Regime

If Vgs >0, and VVgs > VT (inversion threshold voltage), the resulting low intensity electric field

E:
- Repels the majority carriers (holes in our case) in the bulk, creating a space charge zone (SCZ)

- But it also attracts the minority electrons at the surface. Thus, an N-type channel (inversion

channel) is created.

pix) G

Metal +
— Vgs=0

Oxide )

""" scz W
E
. e @ | N

inversion laver s | nversion channel

Fig.11 Polarization and charge density in a MOS structure (Inversion Regime)

4- Different Types of Transistors

Depending on the type of semiconductor constituting the Substrate, we can distinguish two
types of transistors; NMOS transistors or N-channel transistors designed on a p-type substrate

and PMOS transistors or P-channel MOS transistors designed on an n-type substrate.

Dra ino D 1'aino
l_ l_
Gate | Gate I
— —
Source© Source O
N-Channel P-Channel
MOSFET MOSFET

Fig.12 NMOS and PMOS Structure
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4.1 N-channel MOS transistor (NMOS) (Vbs > 0)

In the case of N-channel NMOS transistors, the gate is biased by a positive voltage Vg, in
order to create a depletion zone populated by electrons at the SC/Insulator interface. The source
and drain are connected by a channel formed by electrons. The potential difference between the
drain and the source, called Vps, is positive, the direction of the current is from the source to

the drain.

Gate (G)

Source (S) Drain (D)

Metal

4

Oxide (SiO,)

Depietion Region

L
P-Type Substrate

ST

Body
N-Channel Depletion Type MOSFET

D D D

— —
G—lk—B G—ll_ G—l-

— — ="

(= S S

NMOS used in
Analog circuits

NMOS transistor
as four terminal

NMOS used in
Digital circuits

device -
Circuit Symbol for n-Channel Enhancement Type MOSFET
lgs 4 )
Ohmic
D regime
\l}'I)S g ; e Vs
/_Satumted regime
Slope [ : = v
| : —  Vga3

<=—-B |VDs

S
NMOS

Circuit symbol

Fig.13

1/Rgsom f
\ﬁ—_ B

f *Vos
Vae < Vi

I-V characteristics of NMOS Transistor

: N-channel MOS transistor
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Transistor NMOS conduction equations

e Blocked regime:

Ves < V1 (electric insulation between drain and source)

e Saturated regime:

Ves > VN

- If Vbs < (Ves-VTn) ohmic regime

V052
IDS :ﬂN (VGS _VTN )VDS T4

2
- If Vps > (Ves-V1n) saturated regime, Vn : threshold voltage

IDS zﬂTN(VGs —Von )2

W
ﬂN = /unsCox T
1
;BN (VGS _VTN )

R

DSON —

4.2 P-Channel MOS Transistor (PMOS) (Vbs < 0)

For P-channel PMOS transistors, the gate is negatively biased, the depletion zone at the
SClInsulator interface is populated by holes, the conduction channel is formed by holes, and
the Vps voltage must be negative to drain these holes. The current flows in the same direction

as the hole movement, i.e. from source to drain.

Source (S) Gate (G) Drain (D)

Oxide (Si0,) Metal

A

P
Bt pt

Depietion Region L

N-Type Substrate

—

Body
P-channel Depletion Type MOSFET
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& D D

I
G_l' I—l _1I—

D S S
PMOS used in PMOS transistor PMOS used in
Analog circuits as four terminal Digital circuits
device

Circuit symbol for p-channel EMOSFET

Ves > Ve
: D
v * Ips
Gs1
Vasz o G l B |Vbs
Voss
Vas
v — — ] S
= Saturated regime Ohmic
regime PMOS
Circuit symbol I-V characteristics of PMOS Transistor

Fig.13 : P-channel MOS transistor
PMOS transistor conduction equations

e Blocked regime:

Ves >Vrp (electric insulation between drain and source)
e Saturated regime:
Ves < Vrp
- If Vps > (Ves-Vp) ohmic regime
V 2
los =—Ps ((VGS —Vip )V DS _%]
- If Vps < (Ves-V1p) saturated regime, Vp : threshold voltage

I DS _IB?P(VGS _VTP )2

10
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w
ﬂP = lupscox T _ 3
Hy = /ups

1
psor IBP (VGS _VTP)

R

Summary :
1- Structure :
The MOS transistor changes state depending on the gate voltage Vg (control voltage) relative

.to the threshold voltage V (technological constant).

» Vg < V7 == blocking case: the source and the drain are isolated by the PN

junctions (diodes).

Ve=0 Vs=0 Ve <Vt Drain (D)

Fig.14 Blocking Transistor

» V0> V7 sy passing case: free electrons from the substrate (minority carriers)
are attracted under the gate sy polarity iNVersion sy flow of current Ip in

the N-type layer between the drain and the source.

- V. =T
1||r|,| ={ 1Hr5 - ﬂ I'_|-. IIIIII:I 1:}

1 ‘

T — R I." -
NP/ :' '. n_. T
: ) B N '|I. LT E |
] SCL \
'r P N-tvpe channel ;

Fig.15 Passing Transistor
11
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Conclusion :

This introductory section lays the essential foundation of MOS technology. It presents the
fundamental principles related to MOS capacitance, the structure of the component, and the
operation of the NMOS transistor. It also introduces the different families of MOS transistors,

giving readers a broad overview before delving into more technical aspects.

12
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Chapter I: The MOS transistor

Introduction

This chapter explores in detail the structure, operation, and modeling of the MOS transistor,
focusing on NMOS and PMOS in both enhancement and depletion modes. It also provides a
clear classification of the different operating regions (saturation, linear, cut-off), while
addressing significant secondary effects such as the substrate effect and channel length
modulation. The SPICE model is explained with a complete methodology to simulate the

transistor behavior, making this section fundamental for any circuit designer.

The two basic types of MOSFETs are depletion MOSFETs (D-MOSFETs) and
enhancement MOSFETs (E-MOSFETs). Within each type of MOSFET, we can distinguish
between N-channel MOSFETS (current comes from the movement of electrons) and P-channel

MOSFETSs (current comes from the movement of holes).
There are two types of MOSFET field-effect transistors:

v N-channel MOSFET (enhancement- or depletion-mode)
v P-channel MOSFET (enhancement- or depletion-mode).

1.1 The NMOS and PMOS enhancement-mode transistor: structure and operation

The enhancement-mode MOS (Metal Oxide Semiconductor) transistor is a field-effect
transistor. It consists of two doped regions of identical polarity integrated into a region of
reverse polarity. The space between these two regions defines the MOS channel. A gate exactly
overlaps the channel. This gate is insulated from the channel by a thin layer of silicon oxide
(Si02). An electrode is connected to each end of the channel. A third electrode is connected to
the gate. The substrate that serves as the physical support for the element is connected to a
fourth electrode. This electrode is most often connected to the source electrode. As with JFETS,

two structures are possible: n-channel and p-channel enhancement-mode MOS.

gate gate
source drain source drain
= T[II“.lT S0 = T -—HT = SiI02
G . CH .
p n
l substrate isubs.t'ate
a) Structure of n-channel MOS transistor Fig 1.1  b) Structure of p-channel MOS transistor

13
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e Voltage-current relationship:

L |D
* The drain-to-source current is controlled by the gate-to-source voltage.

* The gate-to-source voltage can be negative or positive.

« If the gate-to-source voltage falls below a certain value,

V7 (called the threshold voltage), the drain-to-source current is interrupted v
T
* A gate-to-source voltage greater than VT increases the drain-to-source current.

b- Electrical symbol :

G G
OB R
c) n-channel MOS transistor d) p-channel MOS transistor

c- Production and technology

Like diodes, these elements are most often made of silicon. They are used to make amplifiers, but
especially to make the digital circuits that make up most of today's electronic devices. They are also

frequently used for power control (motors, lamps, etc.).

1.2 The NMOS and PMOS depletion transistor: structure and operation

The MOS (Metal Oxide Semiconductor) depletion transistor is a field-effect transistor. It consists of
a doped semiconductor channel and a gate that exactly overlaps the channel. This gate is insulated
from the channel by a thin layer of silicon oxide (SiO2). An electrode is connected to each end of
the channel. A third electrode is connected to the gate. The substrate that serves as the physical
support for the element is connected to a fourth electrode. This electrode is most often connected to
the source electrode. As with JFETS, two structures are possible: n-channel and p-channel depletion
MOS.

lsubstrate lsuhstna!e

a) Structure of n-channel MOS transistor Fig.l.2  b) Structure of p-channel MOS transistor

14
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e Voltage-current relationship:

e The drain-to-source current is controlled by

the gate-to-source voltage.

« The gate-to-source voltage can be negative or positive.

e A negative gate-to-source voltage decreases

the drain-to-source current.

o & |

{ lbss

Vo

« A positive gate-to-source voltage increases the drain-to-source current.

« If the gate-to-source voltage exceeds a certain value V-t (called the threshold voltage), the

drain-to-source current is interrupted.

b- Electrical symbol :

¢) n-channel MOS transistor

c- Production and technology

d) p-channel MOS transistor

Like diodes, these elements are most often made of silicon. They are used to make amplifiers.

Note: The most commonly used transistor is the enhancement-mode MOSFET (N-channel).

Conduction conditions

The conductive channel exists if the gate voltage is higher (case of the NMOS transistor) or lower

(case of the PMOS transistor) than a threshold voltage Vth, and this is for an enhancement transistor

(Table 1.1)

Tableau 1.1 : MOSFET conduction condition

Channel Type Carriers Conduction condition
N Enhancement Electrons Vgs = Vth
N Depletion Electrons Vas = Vasoff
P Enhancement Holes Vgs < Vth
P Depletion Holes Vs = Vasoff

15
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Below is a table resulting from the different types of transistors with their output and transfer

characteristics (Table 1.2).

Types Cutput characteristics Transfert characteristics
MNMOSFET (normally off)  § I
o V=4V 8 ]
enhancement //' e
G o -+ f,r - .
Ilr'//_.'_ 2
J .
e T | » v
o Vo =0 v x O
r
MNMOSFET (normally on) 1 I
. o - V. = lV D
depletion //' =
G+ D+ /
- f B ]
/
L / i
. v )
Nt =S, N7 = Vg _ T Vg
n — 0 -
b
PMOSFET (normally on) Vo—3 ¥y
. - o G
depletion & + D- | P
- -
[ pe o= pv : -
L &= Y S -
N
PMOSFET (normally off) -V +
-1 Ve
G— D- 2
? é ! ;.
-
YV =V — -—"’/
s
[

Table 1.2: Output and transfer characteristics of different types of MOSFETSs

1.3 MOS transistor model: linear model, quadratic model
I-3-1 Calculation of the current flowing in the channel of a MOSFET

The conductance of an infinitesimal channel element of length dx, width W and thickness dy, at

point M(x,y) (see figure 1.1) is written :

dy
W.q.,u.n(x,y).a (L1)
By integrating this equation from 0 to yi(x) (see figure), we obtain the conductance of the slice of

length dx and thickness yi(x) :
16
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dG = q- == [ n(x,y) - dy (12)

Donc la résistance d’un ¢élément du canal d’épaisseur dx comprise entre x et x+dx est :

dx
K= e® (-9
When : Q/(x)=—q- foyl n(x,y) (1.4)

represents the charge at the abscissa x of the inversion layer. It can be expressed as :

Qi(x) = —Cox - Wgs —Vr —V(x)) (1.5)

Cox being the capacitance of the oxide layer per unit area .

\'._0 VDS>O

Fig 1.2 MOS transistor model

The infinitesimal element dx being assumed to be equipotential, Ohm's law applied to the terminals
of this element is written :

av
Replacing dR with its expression given by the equation (1.3), we obtain :
av
Ip =W -y - Coy - (VGS - V(x) - VT) ) dix) (1.7)
This equation can be put in the form :
ID cdx =W - Un - Cox ) (VGS - V(x) - VT) ’ dV(x) (1.8)

The integration of the 2 members of this equation between x =0 (V(0) =0) and x = L (V(L) = Vbs)
given :

Jy Ip-dx = [ W pn - Cax - Wos = V() = V) -dV () (19)

17
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; ; . w Vs
Wthh gIVGS . ID = Iln.Cox-f [(VGS - VT) VDS - T] (IlO)
. w
We put : K, = Un.Cox-Z (1.11)

The current can then be put in the form :
Ip = Kn[2(Vgs — Vr). Vps — VDZS] (1.12)
We will consider two operating cases: the unpinched regime and the pinched or saturated regime.

e Unpinched regime : Vbps < Ves— VT

In this case, the inversion layer exists at every point in the channel.

o For very low drain voltages such as :

Vps & (Vgs — Vp) then Vi¢ & (Vgg — Vi ).Vps (1.13)

The inversion layer is practically homogeneous (see figure), in this case we are in the ohmic regime, and
the expression can be put in the form :

ID - ZKn(VGS - VT)'VDS (|14)

The current in this case varies linearly with the voltage applied to the drain .

. Inversion layer " "

Fig 1.3 MOS transistor model, unpinched regime

« For low or medium drain voltages, the inversion layer is no longer uniform (see figure ..), the

2
drain current increases less quickly than the drain-source voltage because the term (%) IS
no longer negligible in the expression of the current and we have :

Ip = K. [Z(VGS - VT) - VDS]- Vps (|-15)

For  ( Vps = Vgs— Vi = Vpssar ) the inversion layer disappears at the end of the drain. We
enter the pinched or saturated regime.

18
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Vas > Vs

Fig 1.4 MOS transistor model, pinched regime

e Pinched or saturated regime : Vps > Vgs - V1

The saturation therefore begins for the drain-source voltage Vpssat = Ves — V1. Le courant de drain
peut alors étre mis sous la forme :

Ip = K. (VGS‘ - VT)Z (|-16)

oreven:
= 2
Ip = Kn- VDSsat (1.17)

In this case the channel pinches at the drain as shown in the figure ...

Voe >V

v

V psar

Fig 1.5 MOS transistor model, saturated regime

Table II1.2 provides information on the design rules used by MICROWIND.
19
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e Modz¢le petits signaux simplifié

G Ip D
<
Vs Om Ves @ 1/gq Vos
_ S
Fig.1.6

gm: transconductance m = ;’L”S
GSlypg=cste

ga: conductance du canal 9a = —;,ID |
DSlyg=cste

Régime ohmique (linéaire) Régime de saturation

W card-Vpe <<1
da = “TCoxVDS bs

w
Im = :LLTCOX(VGS - VT)

2w

Im = MTCox\/I;

(1.18)

I1-3-2 Current-voltage characteristics in the ideal case

From the expressions for drain current as a function of drain-source voltage, we can plot the output
characteristics of the MOSFET, which are given in Fig 1.7 We have limited the unsaturated region
to the region to the left of the dotted curve, and the saturated region to the right.

In the ideal case, and after saturation, the Ip (Vbs) characteristics are horizontal.

20
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Iy

unsaturated saturated zone
zone i

i > 7
ale. Vose > Vass

Fig 1.7 In(Vps) characteristics in the ideal case

In saturation mode and based on the expression (1.16) we can draw the Ip(Vps) transfer

characteristic given in Fig 1.8.

Vr

Fig 1.8 transfer characteristic

I-3-3 Characteristic parameters of a MOSFET
I-3-3-1 Transconductance

Transconductance is defined by :

Alp
Im = 2ves

Vps =cte

e Inunpinched regime :

Im = (un.Cox-¥) Vbs

Table II1.2 Design rules used by MICROWIND

21
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gm IS independent of Vgs but varies linearly with Vps .

N-Well

Ina pinc rl01 Minimum well size 125, o E £ 3 :
rl02 Between wells 125 : ; : :
rl10 Minimum well area 144 5° ' RIO! 1 R0l : :

‘e Sle o '
L i< e 1 :
gm Vvaries lingarl ] i : :
I-3-3-2 Output _ - —
DinEfusinductan o
1201 Minimum N+ and P+ diffusion width 45 E Nuell H
1202 Between two P+ and N+ diffusions 4) ! polerizsiion H
r203  Extra nwell after P+ diffusion 6 : E
r204: Between N+ diffusion and nwell 6 ! 20 208 }
r205  Border of well after N+ polanzation 25 i Po it b2 pe i -
r206 Between N+ and P+ polanzation 03 :E g
In pinched reg| 1207  Border of Nwell for P+ polarization 6 ! > & :
210 Minimum diffusion area ,4'; y 3 01 a0 '
should be zerp T R S S I
rh)li 207
The existence ¢ '
A N+ & e
paragraph (1.3. Pe P+ polarization
>
r206

1. 4 MOSFET wpurwuniny » vy

B&y@m& on 1 Fa0 . Polysihicon width 8

H i
: i
:  linad R302  Polysilicon gaie on e 1 i -
regimes: linear a——— : :
RA03 Palysilhcon gale on 4 : H
difTusion for high i H
volinge MOS ; i
30 Batween twa 3a : :
palyzilicon boxes L H
R3304 Polvsilicon vs. other 31 === sEsmssssssEssEs
dhiMusan
[T i Tusasn aller 4 A
polysilicon \\ ,.ff
K3n7 Exra gate aller 3 a
polysilicon b s ‘!r
rin Binimum surface L _,ff \-\_\_\

P07

High voltage MOS

| y i Vgs ™ Vy + AV

Contact 41 Contact widih 33 s
402 Between two conlacts 5L A2 .
403 Extra diffusion over contact 2 J, .:_'
(201 [REILIYE | pelyrilicium
r404 Extra poly over contact 2% — —
405 Extra metal over contact 2h o e =y
App|y|ng an el rd06 Distance between contact L “‘" - .
I and poly gate G A b
407 Extra poly2 over contact 2h metal
1.10 shows an gube

weak inversian regime.

« Minimum width of PolySi and diffusion line 21
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501

Metal 1 r501 Metal width

ra02 Between two metals 4 2 mital riind matad
r510 Minimum surface 163
o,
| I T I Il .
Via g, 601 Via width 22 o604
riil2 Between two Via 55 -
rb(3 Between Via and N via . Sracked via over
contact awtall contact
rill1 hen rell3 is 0
ri4 Extra metal over via 25 e e

o I

rbil5 Extra metal? over via 2 .
condact

Fial-10 Bal d dianram nf an NI_LAMNACLCET trancictar (2) in flat hand ranimao and in (hY waaals invarcinn

Metal 2" S
h 701 Metal width F
regime. r etal wi 45 1701
702 Between two melall 4 i
metall L1 1] metall
Let xsi bethe 710  Minimum surface 16 3° >
of the condugt

the work fungtions ot the metal and the semiconductor, ®s 1S the Fermi 'potentlal'. Y5 1S the potentllal

difference between the surface and the bulk (the surface potential).
The Fermi level is given by : Ep = E;_q®f (1.23)

The Fermi level @+ is given by the following equation in the case of moderate doping :

KT, Ny

Q)f =7ln (|.24)

n;

k is the Boltzmann constant, T is the temperature , g is the elementary charge and n; is the

intrinsic concentration of carriers in the material.
1.4.1 Triode regime

a- b -Vps characteristics

For Ves > Vtn and Vps < Vgs — Vin :

» Minimum width of metal line 3\ because metal lines extend over a more uneven surface
than other conductive layers to ensure continuity.
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: A Vos = Ves = Vi
g, (A “u

. i
_— triode —=

Fig I.11. Ip -Vps Characteristics in triode regime

Ip=k' % [(VGS = Ven)Vps — V%ZS]
With ky = 1, Cox
K’n NMOS gain factor [uA/VZ]
un electron mobility [cm2/Vs]

_ €ox
Cox i
ox

Cox : Gate surface capacity [F/cm?]
tox gate oxide thickness [nm]

gox permittivity of SiO2 [F/m]

b- Linear zone

For Vps << 2(Vgs - Vtn)
Ip=k" = (Vgs = Ver) Vs

_Vos_ 1
DS TT7T T W
Ips k' T (Vos = Ven)
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ip (mA)
N

Vps (V)

Fig 1.12. Ip -Vps characteristics in linear zone

1.4.2 Satureted regime
a- Io — Vs charactéristics

For Vgs > Vtn and Vps > Ves — Vin :

1., W
Ip zgk T(VGS—th)Z

ip (mA)

\
;  Vps=V¥gs -V

zatureted

(1.29)

Fig 1.13. Ip — Vps characteristics in satureted regime.

b- Ip — Ves caractéristics

For Vgs > Vtn and Vps > Ves — Vin :
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The transconductance has a constant drain voltage Vps, it is given by :

Gm =2 (1.30)

Vps

ip (mA)

V.= cte

DS

v«.l:- = V"Jb - th

V.. 2 Ves (V)

Fig 1.14. Ip - Vs characteristics in satureted regime

1.5 Body effect, electric field effect, channel modulation effect
1.5.1- Body effect
What is the body effect in MOSFETS, and how does it impact the threshold voltage ?

So far, we have been ignoring the substrate (or bulk or body) of the transistor and assumed that is it

tied to the source (figure no body effect). However, we cannot always make that assumption.

— In integrated circuits, body is common to many MOS transistors and channel is connected to most

negative (positive) supply for nMOS (pMOS) transistors.

« The resulting reverse-bias voltage between the source and substrate affects device operation (figure
body effect).

— Reverse bias will widen the depletion region and reduces channel depth — which can be modeled

as changing the threshold voltage.

The body effect in MOSFETS occurs when there is a voltage difference between the source and the
substrate (bulk). This difference changes the threshold voltage of the transistor. As the source voltage

becomes more positive relative to the substrate, the threshold voltage increases. This is because the
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depletion region between the source and the substrate widens, requiring a higher voltage to turn on

the transistor.

ot S — — — —— — — ———

No Body Effect Body Effect

D
G o—I%q_B
+ Ve
S

Figure.1.31 NMOS symbol with body effect
In simpler terms, the body effect means that the voltage needed to turn on a MOSFET can change
based on the voltage difference between the source and the bulk. This is significant in circuits where
the source voltage is not the same as the substrate voltage, leading to a variation in the threshold

voltage, which can affect the performance and behavior of the circuit.

Ve=Vio +v[y20; +Vsp —/20/] (50
y = JZaNess y is typically 0.5.v*2

Cox

where :

e Vyo: threshold voltage at zero substrate bias (Vsg = 0)
e y:Dbody effect coefficient and is of 0.35 V for silicon
e ¢f Fermi potential

e Vsg: substrate-to-source bias voltage

e & Semiconductor permittivity

e (: electron charge

o NA: substrate doping concentration

« Cox: gate oxide capacitance per unit area

v" As Vsg increases, V: increases which affects the transistor’s I-V characteristics.
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v A higher body effect coefficient indicates a stronger dependence of the threshold voltage on

the substrate bias
v" Devices with lower substrate doping and thicker gate oxides typically have smaller body
effect coefficients.
1.5.2- Electric field effect

The basic idea of the field effect transistor (FET) is to control the density of mobile electric charges
by means of an electric field. When the charges are induced between two electrodes they can conduct
an electric current. The structure of a FET as shown in Fig. 1.32 is basically a three-terminal
capacitor, where one of the two plates consists of a material which is not a conductor but allows
mobile charge carriers (e.g. electrons) to exist at room temperature (such a material is also referred
to as semiconductor). This plate is contacted at either end so that electrons can flow from the electron

source to the drain.

metal
msulator
semiconduictor

Figure 1.32: Abstract field effect transistor

Normally, the mobile charge density in this plate is zero, but when a voltage Vg > V7 is applied to
the control gate (with Vo = Vs =0 V) the vertical field E), = (V; — Vr)/ti,s inthe insulator with a
permittivity of € induces an areal charge density Q' = & (Vg — Vi) /tins = Cox (Vg —Vy) inthe
lower plate, which then forms a conducting channel between source and drain. The threshold
voltage V7 is caused by fixed negative charges Q’a in the lower plate: V; = t;,,Q4 &5/€; , Where & is
the permittivity of the plate material. Now, when a voltage Vp > 0 is applied to the drain (with Vs=
0) a current Ip will flow through the cannel, which is controlled by the gate voltage. To calculate
this current we write the charge density and the lateral field Ex as a function of the channel potential v
(x) , where we assume that the lateral field is small compared to the vertical field, i.e., |E,|<< |E, |

(gradual-channel approximation, GCA):
Q' (x) = Cox (Ve = Vr — 9 (x)) (1.32)
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d(x)
E.(x) = —% (1.33)
where :
Cox = &i/tins
is the capacitance per area. The current can then be written as :
_ r _ r dy(x)
In = WQ'(X)uE,(x) = WHCox(VG —Vr = ll’(x)) — (1.34)

dx

where U is the charge carrier mobility. Integrating (1.34) from x=0 to L finally gives

2

wo V3
Ip = 7 HC oy ((VG = VpVp — _D>, (1.35)

which holds for Vp < Vg- V1. As the current varies linarly with the control voltage V¢ this is also
called the linear region of operation. As the channel potential rises towards the drain the charge
density decreases, i.e., the channel gets thinner at the drain side.

When Vp > V- V1 the charge density Q'(x) would approach zero before the drain at some x = L'
< L which is called the pinch-off point, requiring an infinite lateral field to maintain the current.
However, the model loses its validity before this point as the lateral field was assumed to be small
compared to the vertical one. Further analysis of Poisson's equation without the gradual-channel

approximation, i.e., including aterm & 92 /dx?

in the charge density does not lead to an analytical current expression, but it shows that
both Ex and Q' remain finite and the current saturates at about
_ W uCox

Ip =—=>*Ve = Vr)?, (1.36)

The channel length modulation L'/L is neglected. Therefore, this operating region is also called the
saturation region.

(1.35) and (1.36) are most widely used throughout literature. Yet, whenever using these equations it
should be kept in mind that they were derived from the rather simple structure in Fig. 1.32, which

may not reflect the physical behavior of the considered devices.

1.5.3- Channel modulation effect
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Channel length modulation (CLM) is an effect in field effect transistors, a shortening of the length
of the inverted channel region with increase in drain bias for large drain biases. The result of CLM
Is an increase in current with drain bias and a reduction of output resistance. It is one of several short-

channel effects in MOSFET scaling. It also causes distortion in JFET amplifiers.

The channel gets pinched-off only when the MOSFET reaches saturation, beyond which only
channel length modulation has direct effect on the drain current. This is because channel length

modulation reduces the effective channel length by AL afterwards.

Now for the ideal case, in the saturation region, Ips becomes independent of Vps i.e. in the saturation
region channel is pinched off at the drain end and a further increase in Vps has no effect on the
channel’s shape. But in practice increase in Vps does affect the channel. In the saturation region,
when Vps increases, the channel pinch-off point is moved slightly away from the drain, towards the
source as the drain electron field “pushes” it back. The reverse bias depletion region widens and the
effective channel length decreases by an amount of AL for an increase in Vps. Thus the channel no
longer “touches” the drain and acquires an asymmetrical shape that is thinner at the drain end. This
phenomenon is known as channel length modulation.

« Thus channel length modulation can be defined as the change or reduction in length of the channel

(L) due to increase in the drain to source voltage (Vps) in the saturation region ».

In large devices, this effect is negligible but for shorter devices AL/L becomes important. Also in the
saturation region due to channel length modulation, Ips increases with increase in Vps and also
increases with the decrease in channel length L.

The voltage-current curve is no longer flat in this region.

in ‘

Triode Fe>l<— Saturation e
|

— = e — . . T ———————

Vi= —l\ 0 Ups

Fig 1.33: The channel-length modulation effect causes the iD-vDS characteristics to change for different VVgs
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The drain current with channel length modulation is given by:

Ips = Ip = Ipgqe (1 + AVpg) (1.37)

To account for the dependence of Ip on Vps in the saturation region, replace L by L — AL. We know

that in the saturation region, drain to source current (Ips = Ip) is given by:

Ip = 2= (Ves = Vr)? (1.38)
o = (3) (25) Wes = V)2 (1.39)
b= (5) <L__WATL> (Ves — Vy)? (1.40)
Assuming (AL/L) < 1
I = (57) (L +%) Vas — Vr)? (1.41)

Since AL increases with increase in Vps

where, ) : is process technology parameter with unit xm/V.

I = (S5 (1 +222) (Vs — V)2 (1.43)
Therfore :

Ips = Ip = Ipgqe (1 + AVpg) (1.44)

Where, A /L = A = process technology parameter with unit pm/V.
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kw
Ipsat = (Z) (VGS - VT)Z ('-45)

Vps = —1/A =V, ( Early tension) (1.46)
Va est un parametre valant typiquement 100 a 300V.

As a result, the output resistance of the MOSFET operating in the saturation region is finite and

can be expressed as:

Triode regime | Vgs 2 VinandVos < Ves — Vin

| Body (p)

Source (5) Gate (&) Dwain (D )
Satureted regime : vgg = V), anaVps = Vas — Vin

Channel pinch at saturation limit

[ Body (p)

Source (S)  Gate(6) Brain (B ) Satureted regime - Vas 2 VinanaVos > Vas — Vin
Pinched canal, modulation of its length

K — L-AL
With AL T qd vps T dotip T with wvps

= T, is finite

Fig.1.34 Cross-sectional view of an n-channel (nMQS) transistor, (a) operating in the linear region, (b)
operating at the edge of saturation, and (c) operating beyond saturation.

1.6 Pspice model of the MOS transistor

The SPICE circuit analysis program is used to simulate more complicated circuits and to make much
more detailed calculations than we can perform by hand analysis. The circuit representation for the
MOSFET model that is implemented in SPICE is given in Fig.1.35, and as we can observe, the model
uses quite a number of circuit elements in an attempt to accurately represent the characteristics of a

real MOSFET. For example, small resistances RS and RD appear in series with the external MOSFET
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source and drain terminals, and diodes are included between the source and drain regions and the

substrate.

Con "—l Ii
i

o D G C) ) Dos B
o— l In O

& Fi) !-)_S' B

L LI S | HS . D
1, -

5

-

Rg Csp
Cor 1 g

Fig.1.35 SPICE model for the NMOS transistor.
As many as 20 different MOSFET models of varying complexity are built into various versions of
the SPICE simulation program, and they are denoted by “Level=Model Number”. The levels each
have a unique mathematical formulation for current source ID and for the various device
capacitances. The model we have studied in this chapter is the most basic model and is referred to
as the Level-1 model (LEVEL=1). The LEVEL=1 model is coded into SPICE using the following

formulas, which are the similar to those we have already studied.

Table 1.3 contains the equivalences of the SPICE model parameters . Typical and default values of
the SPICE model parameters can be found in Table 1.3. A similar model is used for the PMOS
transistor, but the polarities of the voltages and currents, and the directions of the diodes, are

reversed.
. . , W Ups
Triode region: in = KPT vgs — VT — — vps(1l + LAMBDA - vps)
. ) , KP W 3
Saturation region: ip = TT{L‘,;,-;; — VT) (1 + LAMBDA . vpg)

Threshold voltage: VT = VTO + y( \,,fl-'_w; 4+ PHI — v’P[—I]}
(1.47)
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Notice that the SPICE level-1 description includes the addition of channel-length modulation to the

triode region expression. Also, be sure not to confuse SPICE threshold voltage Vt with thermal

voltage V7.

Table 1.3 Equivalences of the SPICE model parameters

SPICE Parameter Equivalences

PARAMETER QUR TEXT SPICE DEFAULT
Transconductance K, or K, KP 20 pA/V?
Threshold voltage Vry or Frp VT —
Zero-bias threshold voltage Vra VTO 1V
Surface potential 2¢r PHI 06V
Body effect ¥ GAMMA 0
Channel length modulation A LAMBDA 0
Mobility [y OF i uo 600 cm®/V - s
Gate-drain capacitance per unit width Cepo CGDO 0
Gate-source capacitance per unit width Caso CGSO 0
Gate-bulk capacitance per unit length Caro CGBO 0
Junction bottom capacitance per unit area C, Cl 0
Grading coefficient MJ MI 0.5 V03
Sidewall capacitance Crsw CISW 0
Sidewall grading coefficient MISW MISW 0.5V03
Oxide thickness Tox TOX 100 nm
Junction saturation current s IS 10 fA
Built-in potential &y PB 08V
Ohmic drain resistance — RD 0
Ohmic source resistance — RS 0

The junction capacitances Cj are modeled in SPICE by a generalized form of the capacitance
expression in (1.49).

CJO CISWO
G = W and  Cisw = 1+ )Mjsw
PB PB (1.48)
The capacitance of the reverse-biased pn junction is given by :
d C;,A 3 S
C; = 2 = J where C;, = e F/cm”
dl‘g 14+ L'_R Wio
V ¢
(1.49)

where A is the cross-sectional area of the diode and wd is described by (1.50)
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in which Cjo represents the zero-bias junction capacitance per unit area of the diode. Equation

(1.49) shows that the capacitance of the diode changes with applied voltage. The capacitance

decreases as the reverse bias increases, exhibiting an inverse square root relationship.

/ Ur I."I 2 Ex 1 1
Wi = Wy, V" 1+ .;!T where Wip = \.‘I ? h‘p,_’ + i"'.'_ gf)j
SRE ' S (1.50)
SPICE has four MOS transistor models:
1) Level 1 model (LEVEL = 1): Shichman and Hodges quadratic type, this is the default model.

2) Level 2 model (LEVEL = 2): This is an analytical model that takes into account second-order and
small-scale effects.

3) Level 3 model (LEVEL = 3): A semi-empirical model particularly intended for very small MOS
transistors.

4) Level 4 model (LEVEL = 4): Related to manufacturing process parameters.
1.6.1 Describing MOSFETS To Spice

MOSFETSs are described to Spice using two statements; one statement describes the nature of the
FET and its connections to the rest of the circuit, and the other specifies the values of the parameters
of the built-in FET model. The following outlines the syntax of these two statements, including some
details on the built-in “"Level 1" MOSFET model of Spice.

Metal-Oxide-Semiconductor FET (MOSFET)

Element Spice Description
drain
ate G I Mname drain gate source substrate MOS_modelname L=value W=value
Mieme wbstrate  MODEL MOS.modeLname NMOS ( parameter_name=value .... )

Bouree
BOUTCE

ae € | Mname drain gate source substrate MOS_modelname L=value W=value
substrate MODEL MOS_model_nome PMOS { parameler_name=value .... J

drain
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Fig. 1.36: Spice element description for the NMOS and PMOS MOSFETSs.

Also listed is the general form of the associated MOSFET model statement. A partial listing of the
parameter values applicable to either the NMOS or PMOS MOSFET is given in Table 1.4.
Enhancement or depletion mode of operation is determined by the values assigned to these

parameters.

Table. 1.4: A partial listing of the Spice parameters for the LEVEL 1 MOSFET model.

Symbol ﬁ-‘;:::z Model Parameter U|I1its Default
Level Model type 1
uCox kp Transconductance coefficient AJV? 20p
Vig Vto Zero-bias threshold voltage vV 0
A lambda  Channel-length modulation v-l 0
¥ gamma  Body-effect parameter vi/2 0
205 phi Surface potential \Y 0.6
™D Rd Drain ohmic resistance 0 0
Tg Rs Source chmic resistance 0 0

1.7 Method for simulating the characteristics of a MOS transistor using Pspice

e Simulation

In the simulation section, create the diagrams by following the steps:

a- Open Orcad Capture CIS
b- Click on “File” and New Project

B Capture CI% - (Sescon Logl

) Fle] view Edr Optisas Window Help

e New 3
Open .
| sove Cri«%
Sove As
P renvt Cerle P

Prnt Setup

Import Design

1 CAUsers\..\NMOSTARAC T.0¢y

2 ChAUsers\.A\blas\blas.cir

§F SCHEMATICL sch.orp

4 COUsers\..\blassim

3 CAORCADVABREAKOUT.OLB

B CoUsers\.\inversend sal .op)

7 CAORCAD\LAPSPICEVANALOG,OLE
B CAORCADN.ASPECIALOLE

5 CHRORCADAAPSPICE\SOURCEOLE

Tt

Project.
Cesign..,
Librasy.,
VHDL File
Verilog File
To File.,

36

Fig.1.36



Module : Design of MOS Analog Integrated Circuits

Dr.A.Bellakhdar

c- Give a name and click on “ok”

-
Mew Project

Miane ILI

[Paraos Cancsl |
Create a New Project Using Help I
=
% & Analog or Mised 540

b Tip for New Users
E ™ PC Board Wizad Create & new Anslog or

Mined A/D project. T he
v project may be blank
or copied from an exizhing
template

nk- " Progammable Logic ‘Wizard
i'_' Schematic

Los=-atior
C-MUzers\B akbti- PC\D esktop \pe pice-progecttarves sen

Erowea. .. I

d- Select “Create Blank Project” and click “OK”

Fig.1.37

& Capture CIS - [CA\Users\Bakhti-PCh\Desktop'pspice-projectiinverser\NMOS.

EM File Design Edit View Tools PSpice

Accessones Reports O

olsl|al @ &=l ol e

| SCHEMATIC -bias

=1 alol rl= 2lvlal

£ Fie | %8, Hieranchy

I:] SCHEMATICL

1 L@ PAGEL

m i Design Cache
A C3 Library

;-3 Outputs

- CO PSpice Resources

Fig 1.38

e - Take the necessary components from PSPICE library and click on “OK”

I
A
1

9]

‘,|2l|.7

ﬂ|2l‘.7

* PolySi—PolySi space 2
» Metal-Metal space 2
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Part Lisk
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SOURCE = |
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f- Connect the components with « wire »

L
4 '_\
I

I
Mbreak
R Vgs y
ovVdoc—
=0 ]

g- Configured the Continuous sources by clicking PSPICE menu

Fig 1.40

Fig.1.39
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“ﬁ'dil!-: = 9 =1 BB - < RBE
SCHEMATIC) cacsetibes =] wim| p (6] Sferlid @IV [T wi

T 1 = ﬂ
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o
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= =
BEs & 0609 = m & =] AL e
Fig 1.42
h-Simulation

If there are no design errors, we will have curves Ids = f(\Vds) similar to the one in the figure below.

1k

)
s

TR

_nin

Fig 1.44 characteristic Ids = f(\Vds)
i- Question

A - Analyze the characteristic Ids = f(\Vds) and calculate the resistance of the ohmic part for each voltage
Vgs. What can we conclude from this?

B - Plot and discuss the characteristic 1ds = f(\Vgs).
C- Study the effect of the shape on the transistor characteristic (L, W, Kp, Kn).
D- Repeat the same task with a PMOS transistor.

1.8 Exercises

Exercices 1 : Consider an N-channel MOSFET (NMOS) whose characteristics are :
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V1 =0.75V ; W =40um ; L = 4um ; pn = 650 cm?/V.s ; tox = 450.10"° m ; goeox = 8.85.1014.3.9

F/cm. We propose to calculate the current in saturation regime and for Ves = 2.Vr.

Solution 1: in saturation regime the expression of the current is given by the relation :

Ipsar = Kn. (VGS - VT)Z

K. C w

n — |vln. OX'ZL
C.. = £0&ox _ 8.85X10714x3.9 . C.. =767 um
0X ™y, 450x10-10 7 Tox T v H

Kn= 650 X 7,67 X 10— | K, = 0.249 mA/V?

I, = 0.249 x (0.75)2; Ip=0.14mA

Exercice 2 : Consider an NMOS fabricated in a 0.18-um process with L=0.18 um and W = 2um.The
process technology is specified to have Cox = 8.6 fF/um? ,j, = 450 cm?/V.s, and Vtn = 0.5V.
Find Vgs and Vps that resullt in the MOSFET operating at the edge of saturation with Ip = 100uA.

Solution :2
First we determine the process transconductance parameter :
K'n =Hn.Cox = 450x10* x8.6x10°x 102 A/V? = 387TuUA/V?2
and the transistor transconductance parameter kn, kn = k'n (W/L) = 387. (2/0.18) = 4.3mA/ V2
with the transistor operating in saturation,
Ip = (1/2) Kn.(VGs-Vin)?

Thus, 100 = (1/2) x 4.3x10°3x(Ves-Vin)?
witch result in (Ves-Vin) = 0.22V
Thus Vs =0.22 + Vin =0.22 +0.5 = 0.72V

and since operation is at the edge of saturation,
Vbs = Ves-Vin = 0.22V

For Vbs> Vpssat, the pinch point moves towards the source by a length AL. The channel remains
under tension Vpssat, e€xcess voltage ( Vops - Vbssat) is established at the limits of the S.C.Z.  The
drain current substantially retains its value Ipssat except for short channels where the decrease in
length of the quantity AL not negligible in front L, causes a variation in the conductance resulting

in an increase in the drain current which can be expressed by :

1
Ip = Ipssat-—3T
=7
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Exercise 3: What are the values of SPICE model parameters KP, LAMBDA, VTO, PHI, W, and L

for a transistor with the following characteristics: V= 1V, Kn = 150pA/VZ, W = 1.5um, L = 0.25um,
2=0.0133 V-1, and 2¢F = 0.6 V?

Solution 3: 150 pA/V2; 0.0133 V-1; 1 V; 0.6 V; 1.5 um; 0.25 um (specified in SPICE as 150u ;
0.0133; 1; 0.6; 1.5u; 0.25u).

Conclusion

This chapter enables the reader to master the theoretical and practical foundations of the MOS
transistor. Understanding the physical and electrical models, combined with simulation via PSpice,
forms an indispensable basis for designing complex MOS circuits.
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Chapter 11 : Basic analog circuits using MOS technology

Introduction

This chapter demonstrates how MOS transistors can be used to implement essential analog circuits
such as current mirrors, level shifters, common-source amplifiers, differential amplifiers, and
operational amplifiers. The analysis of each structure is rigorous, combining theory, analytical

equations, and schematic representations.

1.1 Current mirrors: analysis of the different types of current mirrors
I11.1.1 The current mirror function (Simple current mirror)

Objective = constant current and independent of circuit parameters and voltages.
Several possible uses:

e Current sources

e Static transistor biasing

e Active load (synthesis of high-value virtual resistors) f
e Changing the signal attachment point

The simple current mirror is the basic element used for replication, addition is the subtraction of current.
It only works with unipolar current. Considering the current mirror consisting of two MOS transistors
shown in Figure 111.4.

The parameters of the circuit shown in Figure Q1 are Vpp =5V, R1 =520 kQ, R2 = 320

kQ, Rp = 10 kQ, and Rsi = 0. Assume transistor parameters of Vtn = 0.8 V, Kn =0.20

mA/V?2, and A= 0.

(a) Determine the small-signal parameters gm and ro.

Yo
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Vdd
l'ref
lq
<0
Vs | M1 |:Iv[2 Vos2 “VesVra
VGST

Fig I1.1 Simple current mirror
The current mirror uses the following principle: if the gate-source potentials Vgs of two MOS
transistors M1 and M2 are identical, the currents flowing in their respective channels must be equal
for the saturation regime (high \Vds).

Let Irer be the input current and Iq the output current, also called the image of Iret

Vs =Ves (11.51)

Assuming that : Vs, 2Vas Vi (11.52)

So Vbs: is greater than (Vth) with this statement allows the use of the equations of two transistors in the

saturation regime:

1 w
| et ZEﬂlcole_l(VGs _Vthl)2 (1+/N051)
' (11.53)
1 W, 2
Iy :Eﬂzcole__(ves _Vth2) (1+/Nosz)
2

wrand p : electron mobilities of transistors M1 and M2,

C.,C,., : Capacité de I'oxyde mince (grille),

I, - Courant de référence,
I, : Courant de drain de transistor M2,
W1, L1, W2, L2 : les dimensions géomeétriques de deux transistors M1, M2,

). - Coefficient de modulation de longueur du canal en ¥~ |

V

"2V - Les tensions de sewl de deux transistors M1, M2,

Vs; - La tension d entrée grille-source,

Vps1.Vps, - La tension de sortie drain-source de deux transistors M1, M2.
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2
- | LW, |V =V 1+ A C
Thereportl—d is given by : —¢ :[ : Zj[ &8 “j ( i D“](ﬂz ‘“j (1.54)
| e | et LW, J\Ves Vi 1+ NV ps: J\4C o

For current mirror components fabricated in the same integrated circuit, the physical parameters such

as Vi ,Cox, pare identical for both transistors so we can simplify the equations:

Id — LWZ 1+NDSZ (“55)
I ref L2\N1 1+ N DS1
o ! l, (LW,
Finally, if V s, =V ¢,, the report — becomes : ——= = (11.56)
ref I ref LZVVl

11.2 Shift circuit
Bidirectional Logic Level Shifter Circuit

A logic level shifter, or a voltage level translator, is used to translate signals from one logic level to
another. Nowadays, most of the system runs on 3.3V or 5V. Logic level is simply a HIGH and LOW
level of voltage for a certain board or IC. Knowing this, a logic level shifter is necessary to create a
path between processors, sensors, or boards of different voltage levels.

A simple bidirectional logic level shifter is built around a single transistor and, as the switching speed

is not an issue, is a very handy and convenient circuit.

+5V +3.3V

10k 10k

High TTT

Low

BIMES Fig.11.2

When HIGH (pin) is logicl (i.e., 5V at that pin), the drain and source of the MOSFET are pulled
high. Gate voltage will be lower than the source voltage in this case and so MOSFET is in the cut-
off region (i.e., inactive). Thus, the LOW pin is pulled at 3.3V as no current flows through the gate.
When HIGH is logicO0, the gate voltage is greater than the source voltage which will pull the LOW

pin output down.

Similarly, when LOW is logicl, then Vgs (gate-source voltage) will be 0 and so the transistor
will be inactive pulling the HIGH pin to +5V. When LOW is logicO, the gate voltage is again higher

than the source voltage and the HIGH pin is pulled down.

11.3 Common source amplifier

The amplification function (Simple Amplifier)
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“Common source” assembly: let’s replace the drain resistor with an NMOS transistor (M2).

R % Vb

] (5)
s I e

Fig II.3 Simple MOS Amplifier

Voltage transfer characteristic: We are in the context of the 2 Transistors in saturated mode.

v, M, off, M, sat
Voo b

- M,. M, sat

| M, res, M, sat

VDS(:;al') __r __________________ ; =

’ >
A%

V1 V V]

1(sat)

Fig. 11.3 Voltage transfer characteristic

W 2 W 2
lor = #4,C o ==V, -V ) =1y, = 1,.Co, =2V op -V, -V, ) (I1.57)
2L, 2L,

W, /L
which gives for the output voltage :  V, =V, -V, - /Wl—?l_l V,-v,) (11.58)
2 2

o dv W /L
Let's say a dynamic gain in voltage: A, =—%2=— |-~ (11.59)
dVl WZ/LZ

Approach Small signals: :

(b) Find the small-signal voltage gain vo/vi.

(c) Calculate the input and output resistances Ri and Ro.
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Vi T ( g Vi 1/gps, v,

Fig 1.4 Small signal diagram of a MOS amplifier

The law of output nodes : g, V,+09,V,+ Va (Y2 g (11.60)
Vg1 Vo
Let the voltage gain be: A, Ve I (1.61)
Vl gm2+gdsl+gd52
Output resistance: R = ! (1.62)

ng +gdsl+gd52

11.4 Differential amplification
The differential amplification function (The MOS differential pair)

The objective : of this differential amplifier is to compare two analog signals and amplify their
difference. It is one of the most important building blocks of electronics.

Interest :

e High immunity to noise and interference,
e Ease of polarization,
e Better linearity.

An electrical signal is usually measured relative to ground (i.e. a fixed potential):

| } A

E :

t

Fig.11.5
A differential signal is measured between two nodes having equal and opposite voltage excursions
with respect to a fixed potential (the common mode):
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Vourr

Z Z
—1 —1
—_ —_
Vel i i}‘r
v

s1
$av
VDIFF

COTES MAALE

Ay

"t

mode  y INCANCAN A
5
commun

de plus vg, + v, = 2V,

Fig.11.6
The MOS differential pair

a- Presentation :

v" Mnl and Mn2 are identical
v Vertical axis of symmetry
v" Polarization by an ideal current source (r0= ) and polarized in saturated mode.

Obijectives :

v" Amplify the difference between 2 signals
v Do not amplify the average value of the same 2 signals

e

Fig 1.7 MOS-based differential pair

b- Operation with a common mode input voltage

47



Module : Design of MOS Analog Integrated Circuits Dr.A.Bellakhdar

=Vs1=Ve, =V (1.63)
VDD
3l J»
| Vo1 _ Vorrr, Vo2
Y I,/2 I,/2Y
'—| l: Mn1 Mn2 :l
VCM[ V} Vs 4’1;‘
I
Fig.I1.8
According to Mn1 and Mn2 identical and by considerations of symmetry:
loi=1p,=1,/2 (11.64)
We have : V¢ =V, -V suchas:
, 1, W 2
Lok (Ve -V
2 2 "L Vos V) (11.65)
Let: Vou =+/lo/k, W /L) (11.66)
At the drain level: Vo=V, =Voo —IEORD (11.67)
m==) The output differential voltage:  V, =V, -V, =0 (11.68)

The differential pair does not respond to a common mode input signal, we speak of common mode

rejection (in the presence of faults such that Mn1#Mn2 this is no longer true).
Figure Q1

Solution 2:

—PAl— — | 3n|— - Polysilicon

« Diffusion space-PolySi A to prevent lines from overlapping to form an unwanted capacitor
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2 transistors a sources couplées (M, M,)

© sowsedecourat y (M, My ).

2 entrées (V.,, V,,) grilles de (M, M,).

Fig.11.9

c- Differential Mode and Common Mode:

Vi =Vi-V, Differential Ve =Voi Vo,
V.. :V—”;V‘Z Common V. =V—°1;V°2

Fig.11.10

Gain equation of the differential pair:

Vg =AWV g AV (11.69)

 The metal lines can pass through both the diffusion and the polySi without any electrical
effect. Where no separation is specified, the metal lines may overlap or cross.

49



Module : Design of MOS Analog Integrated Circuits Dr.A.Bellakhdar

objective

+ Adcvic . harmful

Voo = Acd vid 2y Accvic

oc
(1.70)
d- Common Mode Rejection Ratio
A
TRMC =20log,, (Aij ~ 60dB (1.72)
dc
Differential Mode Gain Abp
v \/ §
Vid/2 C) gsl @gm gl RL Vodi
J:‘ Fig.11.11
M1 and M2 identical = Symmetrical assembly
10 constant = virtual ground
Neglect:
v Drain-Source resistance 1/gDS
v’ Parasitic capacitances.
R
We obtain:: V., —ngLv y (11.72)
Let globally : A, J\jﬂ —_g R, (11.73)
id

Abc Common Mode Gain
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Vjc Vgs grnvgs § RL v[“:
2 R,
= Fig.11.12
Voltage vi; = 0 = M2 grid is connected to ground = Vi1 = Vic
Impossible to neglect the parallel resistance of the current source Rss.
Vv g.R
common mode gain : A, =—"%=——"1 (11.74)

V., 1+2g Ry

IC

large Rss resistance, common mode gain is low.

Common mode rejection ratio:  TRMC =20log,, (1+29,Rs)  (11.75)
11.5 Operational amplifier

Two-stage MOS operational amplifier :

This two-stage diagram contains the following 3 circuits:

\ \

c
|

Rem i san i

Fig.11.13

e st stage: Differential input pair

\ A\ A\

REF
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Fig.I1.14

2nd stage: common source amplifier

: T “ ||— Mp5 ||— Mp8
{ lrﬂ
- ||—_.~.’.:'_ Mpz | v
Laer ; ;:
W i A Wy
A r.3‘_ - ‘_'\.-'.*4 [:M.H?
W W w
. ™ L™ Vo
Fig.11.15
e Polarization
lI'I ) lI'I 1] ll'I 1]
— |
Mpt | ] T {[ mps ’—{lgl;ps
) L
. |r__.1’.:: Mpz | .
IRI-F 1
— s
- L]
Mz ||— Mnd ™.
w L 4
» L L™
Fig.11.16
y [
E:” w00
v ’ i
' £y = ihg)

AI = _gm:{";l: /! 'Pm}
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Fig.11.17

11.6 Exercises

Exercise 1: (Current Mirror)
The diagram below shows the simplest current source structure in MOS technology. The NMOS
transistors; Mnl and Mn2 are assumed to be saturated. The general form of the drain current is:

1 w

l,==uC, —

D 2/un ox L

1- We will consider Channel Length Modulation (A = 0): ideal case.

(Ves =V )" (1+ AVps)

a) Express Ip: and Ip2 the drain currents of Mnl and Mn2 respectively.
b) Establish a relationship between lo (Ip2) and Irer (Ipo1). When do we speak of a current
mirror or a current source?

c) Design a current source capable of giving a reference current Irer = 120uA,

= 15 pA.V2 | lo (charging current)= 120pA, V1 =1V, Vesz = 2V.

0oXx

1
Kn=Z=4C
2'un

2-_We will consider the Channel Length Modulation (A # 0) real case.

a) Establish the relationship between lo and Irer.

b) What is the value of this relationship between lp and Irer in the case where Mn1 and Mn2
are identical?

c) What is the condition for the current source 10 to be stable (considering: AVDS1 << 1).

d) What should be the output resistance r0 of the current source, if Irer = 120pA and A =1/Va
=0.015 V..

 The metal lines can pass through both the diffusion and the polySi without any electrical

effect.

« It is recommended to leave A between a metal edge and a polySi or diffusion line to which it
is not electrically connected.
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Vyp =33 V
R
:
]
I
1]
Mnl :_' I—:H Mn2
Ves Vo

Solution 1:
1- We will consider Channel Length Modulation (A = 0): ideal case.
a- 1oy =loer =k (Vs Vo ) (1)
|mz:|o:kn2(ves -V )2(2) Ves1 =Vasz =Ves

IREF (VV/L)Z

=>1,=—=I

knl 0_(VV/L)1 REF

b- of (1) et(2), I,=k,,

We speak of a current mirror or current source if :
knl:anQ(\N/L)lz(\N/L)g:)IOIIREF
c- Design of the current source:
» For Mn2 transistor

1 I
We have : |0=§,uncox(VV/L)Z(VGsz_VT)Z:)(\N/L)z:]_ ;

E:uncox (VGSZ -V, )2

120(uA)
HA N ?)x(2-1)(v ?)

=8=>W, =8L,

(\N/L)2=15(

» For Mnl transistor

| rer Z%/uncox(vv/l‘)l(v(351_VT )ZD(W/L)lz 1

E:uncox (VGSl -V, )2

REF

120( uA )

w /L)l:15(,uA N ?)x(2-1)(v ?) ~e=WL =tk

2- We will consider the Channel Length Modulation (A # 0) real case.

11.4.4.2 Layout of a CMOS Inverter in Microwind
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1
| rer ZEﬂnCox (\N /L)l(ves -V, )2 (1+/ND51)

a- In this case : 1
I ZE/unCox (W /L)z (Ves -V, )2 (1+/ND52)

Then_ Io :kn2(1+/1VDSZ):| — kn2(1+ND52)
- 0 REF *
REF knl(1+ND81) kn1(1+NDSI)
. . 1+ AV
b- If Mn1 and Mn2 are identical , =k, =k, = 1, =l o ( os:2)
(1+ AV ps1)
c- For lo (current source) to be stable: It is necessary that: . = d\I/—O tends towards 0.
DS 2 0
That is, the output resistance ro of the current source is large.
- dh . —Irer _ 1 —Va
We have : AVpg; K1 = Woes Mppp = P ad Sl

Sofor : 4l — 0= r, : must be higher

DS 2

d- If Irer = 120pA, A= (1/Va) =0.015(VY) ,1/ro = Irer/ Va= A Irer = 0.015(V1)x120 pA,

ro = 0.5MQ
Exercuse 2 :
‘R (320 . ]
yo=| 22y - 5)=1.905V
® “ IR +R, ‘ m l 5204320 J{ )
Ipg = 0.20(1.905-0.8)" = 0.244 mA
£ = 2K, I5p = 24/(0.2)(0.244) = 0.442 mA/V
?;_" = o
() 4 =-g, R, =—(0422)(10)= 422
(© R =R R =520]/320=198 K
() R,=R,=10K
Conclusion

This chapter illustrates the power of MOS transistors in analog design. It reinforces the
understanding of fundamental principles and acts as a bridge to more complex architectures, while

developing the engineer's intuition for circuit analysis.
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Chapitre 111 : Mask technology and design (Layout)

Introduction

This chapter introduces the manufacturing processes in MOS technology, design rules, mask
symbolization, and layout techniques for basic components (resistors, transistors) and analog

circuits. It connects the electrical schematic to the physical reality of the chip.

I11.1 Manufacturing process using MOS technology

The process starts with the oxidation of silicon substrate (figure a) in which a relative thick silicon
dioxide layer also called as field oxide is created on the surface (figure b). Then, the field oxide is
selectively etched to expose the silicon surface on which the MOS transistor will be created (figure
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c). Following this step, the surface is covered with a thin, high-quality oxide layer, which will

eventually form the gate oxide of the MOS transistor (figure d).

Si - substrate | (a)

SO, (Oxide) -
Si - substrate ®)
SIO, (Oxide) — | /
Si - substrate ©
Thin oxide — e  EreerrE—— il
SiOg (Oxide) Iijhx,uggmgu;uslguwalam:ﬁuﬁ '
Si - substrate @

On top of the thin oxide layer, a layer of polysilicon (polycrystalline silicon) is deposited (figure €).
After deposition, the polysilicon layer is patterned and etched to form the interconnects and the MOS
transistor gates (figure f). The thin gate oxide not covered by polysilicon is also etched away, which

exposes the bare silicon surface on which the source and drain junctions are to be formed (figure g).
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Polysilicon
Thin oxide ——=
5“:"2 (Oxide) " ; ulh;nl il
(e)
Si - substrate
Polysilicon
Thin oxide ——» g
SiO, (Oxide) —— | e R
. Si - substrate (ﬂ
. Polysilicon
8i0, (Oxide) —
Si - substrate ©

The entire silicon surface is then doped with a high concentration of impurities, either through
diffusion or ion implantation (in this case with donor atoms to produce n-type doping). (Figure h)
shows that the doping penetrates the exposed areas on the silicon surface, ultimately creating two
ntype regions (source and drain junctions) in the p-type substrate. The impurity doping also
penetrates the polysilicon on the surface, reducing its resistivity. Once the source and drain regions
are completed, the entire surface is again covered with an insulating layer of silicon dioxide (figure
1). The insulating oxide layer is then patterned in order to provide contact windows for the drain and

source junctions (figure j).
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Polysilicon

Si0, (Oxide) ——»-

Insulating

oxide \\

$I0, (Oxide) — = [

Insulating
oxide \‘

SO, (Oxide) ——»

The surface is covered with evaporated aluminum which will form the interconnects (fig. k). Finally,

the metal layer is patterned and etched, completing the interconnection of the MOS transistors on

the surface (fig. i).

(h)
(M
Si - substrate
EHEENEHEIRIRHENENRNE i‘llf||EE|E'=||5||:=|I5|'|'-:F:'||E'||§5|'
:FEJIu"II.quums, i
e
)}

Si - substrate
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.

Metal (Al)

[EE [iéiie i
(OO I Il

~ 8i0, (Oxide) — >
(k)
Si - substrate
Metal
contact \\*
: - =
Si0; (Oxide) ——»
0]
Mask Layout Diagram:-
B S G D
D
G —| :— B
P-select
S
Schematic symbol
w
- |N-sclect
r l Cross-sectional view
. <>
Body (substrate or bulk) connection L
to ground. \
N
N =
FOX FOX FOX

p-substrate

Fig. I11.1 The steps of the NMOS transistor manufacturing process
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111.2 Drawing rules

1 Mask drawings (Layout)

Layout is a step in the integrated circuit design cycle. In this step, the representation of each
component in the circuit is converted into a geometric representation. This representation is actually
a set of geometric models that perform the intended function of the corresponding component. The
connections between the various components are also expressed as geometric models. The exact
details of a layout depend on design rules, which are guidelines based on the limitations of the
manufacturing process and the electrical properties of the manufacturing materials.>» Un circuit
numerique est constitué principalement de transistors reliés par des fils conducteurs gravés sur un
substrat.

»  All elements must respect positioning rules (size, distance, overlap, density, etc.)

»  Each technology (process) imposes its own rules.

Example : — Techno ES2 1um » 90 rules
— Techno ST 90nm » 400 rules
» A new process is created every 18 months.

»  Circuit design is a very delicate activity and everyone tries to preserve the result so as not to have to
redo everything each time.
List of levels : The founder (manufacturer) expects a series of masks (from the designer) allowing the
creation of each layer:

e N-well (possibly P-well)

e active zone

e polysilicon

¢ N-implantation

e P-implantation

e metall cuts (holes from metall to wells, polysilicon, or implantations)

e metall

e metal2 cuts

metal2, same as metals 3, 4, 5, 6, etc.
e passivation
‘ A total of about twenty layers.
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2. Ratings :

layer color stick notation color code
n-diffusion Green
p-diffusion

wellow

red

metala ] blue

polysilicon

Il'll'_'tc.:ll— =

dar}c IJll.Il:_' or P'LJI'PIE

contact cut - black
via = black
demarcation line =~  secccmmmmmmmeeo brown
Buried Contact S green

Rule 1: When the same material (on the same layer) touches or crosses each other, they are
connected and belong to the same electrical node.

Rule 2 : When polysilicon passes through N or P diffusion, an N or P transistor is formed.
- The polysilicon is drawn above the diffusion.
- Diffusion must be achieved by connecting the source and drain.

- The gate is automatically self-aligned during fabrication.

— -

Rule 3 : When a metallic line is to be connected to one of the other three conductors, a contact break
(via) is required.
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contact
PN, or pdiff ti=diff poly
metl Polysilicon

Rule 4 : In CMOS, a dividing line is drawn to avoid touching p-diff with ndiff. All pMOS must be

_l_

on one side of the line and all nMOS must be on the other side.

\ Line de démarcation

3. Mask drawing rules (layout)

The mask layout stage is the longest and most tedious phase of integrated circuit design. To ensure
proper operation, a number of technological rules regarding the dimensions and spacing of these
patterns must be respected. The mask design must be done in such a way as to ensure that the
drawn structures function correctly after manufacturing. To achieve this, there are a number of
constraints to respect during the design: the drawing rules. These rules are highly dependent on

the manufacturing process and vary from one manufacturer to another.

3.1 Drawing Rules (DRC)
To verify that the layout is error-free, we use DRC (Design Rule Checking) programs. There are four
types:

e Width : minimum width allowed for each layer

e Spacing : minimum separation between unconnected areas

e Overflow : minimum overlap of one layer beyond another

e Overlap : minimum overlap distance between two layers

espacement

t recouvrement

1 débordement

Design rules? Interface between the designer and the founder
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In VLSI design, as the process becomes more and more complex, the need for the

designer to understand the manufacturing process and interpret the relationships between the
different photolithographic masks is really troublesome. Therefore, a set of layout rules, also
called design rules, has been defined. They serve as an interface or communication link
between the circuit designer (Designer) and the process engineer (Founder) during the
manufacturing phase. The objective associated with the layout rules is to obtain a circuit with
optimal efficiency (functional circuit versus non-functional circuits) in the smallest possible
area without compromising the reliability of the circuit.

Two major approaches :

— Rules « Micron » : All minimum sizes and spacings specified in microns.

— Rules « Lambda » : All minimum sizes and spacings specified in lambda parameters.

4. Lambda-Based Design Rules A

e Rules for an example process

EZZZA % = :* Métal 1 Caisson n
=2h cia
EZZ2
RESSNINY :IY =3k
q v =2 Meétal 2
RN
N { - 2.
% =3 PolySi
=2In
[r——— Diffusion /P
=k “tan | () f {m] Vs
Contact Contact Via
Poly-M1 Diff-M1 M1-M2

e Drawing of a MOS transistor
A layout of a MOS transistor is identified by memorizing the following rule: each
intersection between the polysilicon (POLY1) and diffusion (DIFF) layers corresponds to a MOS
transistor (fig 11.41).

POLY1 DIFF

Fig.111.2 Definition of a MOS transistor.
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The grid length (L for length) and the grid width (W for width) are read directly on the layout and

correspond to those of the POLY1 - DIFF intersection.
5. Example: some design rules for 1.2um technology
(default technology in Microwind) Layout design rules.

» The operation of the MICROWIND software is based on a lambda grid, not a micro
grid.
» The value of lambda A is half of the minimum gate length L in polysilicon. L = L/2. Table

I1.1 gives the correspondence between lambda and micron for all CMOS technologies
supported by Microwind (simulation software for mask design).
Table 111.1 Correspondence between technology and the value of lambda A in um

Technology Minimum grid length | The value of lambda
Cmosl2.rul 1.2 um 0.6 um
Cmos08.rul 0.7 um 0.35 um
Cmos06.rul 0.5 pm 0.25 pym
Cmos035.rul 0.4 pm 0.2 ym
Cmos025.rul 0.25 um 0.125 um
Cmos018.rul 0.2 ym 0.1 pm
Cmos012.rul 0.12 pm 0.06 pm
Cmos90n.rul 0.1 um 0.05 um
Cmos65n.rul 0.07 pm 0.035 um
Cmos45n.rul 0.05 um 0.025 um

111.3 Symbolic drawing

We first laid out an NMOS transistor and then a PMOS transistor. Then combining these (CMOS)
we constructed an inverter gate.

N type enhancement mode transistor

STICK DIAGRAM

Ofw LW
S ‘ D G S D
S
G
P- diffusion~__
LW -
-
s D ————
G N diffusion ;Q'
SYMBOL

MASK LAYOUT
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N type depletion mode transistor

STICK DIAGRAM

s % ) R LW

] = " e s e
s l .

s W N (%::1W=

Y 1)

= =] %%
& g O N
[ SN

SYMBOL
MASK LAYOUT

P type enhancement mode transistor
in cmos p-well process

(g ‘ LW

A RS S RSNt Qs
Demarcation line

| =3
H
S D

SYMBOL R I
p* mask

%

N type enhancement mode transistor
in cmos p-well process

Demarcation line

A > o
o

SYMBOL

4

W
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NnMOS depletion load inverter

green

Y out

Vin _I

GND
Schematic

Stick diagram

nMOS enhancement load inverter

Vad
Vaa
Vv
Vm.n b
Y =1
Vss
GND

Vad Vad
v,
out th
Vin —
VSS
GND
Schematic

Stick diagram
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CMOS INVERTER

substrate connection

T Vvdd .
[ 1
Vin ] b \OUL i

—{[ B

d
S
—A x p-well connection

Mask layout — CMOS INVERTER

Substrate contact]

nwell

Substrate contact

Fig.111.3 Symbolic drawing for MOS Transistor
111.4 Mask drawing of a resistor and a MOS transistor
111.4.1 Mask drawing of a resistor
The principle is to create, in a given level, a strip long enough to obtain the desired value.

e Resistivity of a material :

e- density:m [I'll‘ll b

ay

Fig.111.4 Sheet Resistor
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Elementary volume charge : |Q| = nqabc
Speed of e- (assumed uniform) : |V;| = ulE| = u%v, M : is a mobility

Transit time of an e- through the volume : 7 = l;;'
d

[ b
Resulting current : I = @ = naae

Ohm's Law : I = GAV

= nqac|V,| = nqac,u%v

AR N N NN

We therefore find a conductance of the form : G = a% with ¢ = nqu, material conductivity

. R=Ry >
The resistance is therefore worth : R = b with p = 1/0 (resistivity) : then,

(111.1)
e Drawing of a resistor

There are two types of built-in resistors :

Polysilicon R =qql0W

n- well R, =qq kW (but more significant nonlinear effects)

Coils are generally made to save space.

N

0.15 O+
contact

Exemple :
R=7*R/®+4*055*R/®+2*0.15*R/= +2* Rcnt

The integrated resistors are temperature-dependent because | varies with T.
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111.4.2 Mask drawing of a MOS transistor

The effective size of the transistor is

much larger than the useful area
(W*L).

The layout introduces parasitic
.elements: additional capacitors and resistors

From the designer's perspective, we will operate with three representations of MOS circuits as shown
in Figure 4.8.

These three representations are:

* Schematic diagrams.

« Stick diagrams representing the integrated circuit topology.

* Circuit layout representing the exact geometry of the integrated circuit.

The circuit geometry must have its dimensions specified in relative units called A.

Transistor aMOS Transistor pMOS
X nm or 2A technology AN 52N p/ ¥

¥ calsson N
A : smallest mask design size
Canal transistor :2A Lo

A
\ W 1/
Polysilicium caivon \
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Fig. 4.8 les Trois représentations de la circuiterie MOS : schémas, diagramme et layout.

111.5 Mask drawing of an analog circuit

- N
CMOS Layout

N Well
s Contacts
77 POI’}" Metal
N diff
P Substrate
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By Microwind 2 - example L | oS

File View Edit Simulate Compile Analysis Help
e SF S &S0 0 £ n2 8 AT EKE| 2

% i

Add text "A". visible at location 27 38, [ CMOS0.12um - § Meta

Figure 11.42 Layout de I’inverseur CMOS dans Microwind

I11.6 Questions and Exercises:

1- Questions :

1
2

Define the Lambda design rules used for layout ?

What is the need for design rules?

w
1

Define any two layout design rules.

ANSWEers :

1- Lambda rule specify the layout constraints such as minimum feature sizes and minimum
allowable feature separations are stated in terms of a single parameter (A) and thus allow
linear, proportional scaling of all geometrical constraints.

2- Design rules are the communication link between the designer specifying requirements
and the fabricator who materializes them. Design rules are used to produce workable
mask layouts from which the various layers in silicon will be formed or patterned.

3- Micron design rule:

Micron rules specify the layout constraints such as minimum feature sizes and minimum
allowable feature separations are stated in terms of absolute dimensions in micrometers.
Lambda design rule:
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Lambda rule specify the layout constraints such as minimum feature sizes and

minimum allowable feature separations are stated in terms of a single parameter (A) and

thus allow linear, proportional scaling of all geometrical constraints.

Exercice : Draw the layout diagram for NAND and NOR gate for CMOS inverter.

Answer :

Conclusion

This section is crucial for transitioning from logical design to the physical implementation of
the circuit. Mastery of layout directly impacts performance, reliability, and silicon area. The
chapter emphasizes strict adherence to design rules and provides a foundation for using CAD

tools.
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General Conclusion

This handout offers a comprehensive and structured training on MOS transistor design and
their use in analog circuits. Starting from the physical and technological fundamentals, it
gradually guides the student toward mastering modeling, simulation, circuit analysis, and
physical design. Each chapter builds a key skill and prepares the reader to face the challenges
of modern microelectronics. With the integration of practical examples, exercises, and
simulation methods, this material is an effective educational tool for students in electronics and

integrated circuit design.
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