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Goal of this chapter

0 Present intuitive understanding of device
operation

0 Introduction of basic device equations

Q Introduction of models for manual
analysis

a Introduction of models for SPICE
simulation

a Analysis of secondary and deep-sub-
micron effects

Q Future trends
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The Diode

Cross-section of prjunction in an IC process

One-dimensional .
representation diode symbol

Mostly occurring as parasitic element in Digital ICs
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(a) Current flow.

(b) Charge density.

(¢) Electric field.

(d) Electrostatic
potential.
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Diode Current
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Forward Bias

Pn (WZ)

p-region n-region

diffusion
Typically avoided in Digital ICs
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Reverse Bias
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The Dominant Operation Mode
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Models for Manual Analysis
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(a) ldeal diode model (b) First-order diode model
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Junction Capacitance
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abrupt junction
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m = 0.5: abrupt junction
m = 0.33: linear junction
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Diffusion Capacitance

Excess Minority Carrier Charge
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Secondary Effects

0.1
<
= 0
0.1 —
~25.0 ~15.0 50 0 50

Vb (V)

Avalanche Breakdown
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Diode Model
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SPICE Parameters

Parameter Name Symbol EallﬁeE Units I:f;lal:ﬂt
Saturation current I IS A 1.0 E-14
Emiszion coefficient 11 N - 1
Series resistance Rz RS () 0
Transit time Tr TT seC 0
Zero-bias junction Cio CJ0 F 0
capacitance
Grading coefficient m M - 0.5
Junction potential dp Al v 1

First Order SPICE diode model parameters.
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What is a Transistor?

A Switch! - >  An MOS Transistor

Sp_%_l\;n\m/\/_nD — —e
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The MOS Transistor

Gate
Oxide ™__

Field — & iy
Oxida =

Saurce [/ Drain
P-Type Regions
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MOS Transistors -
Types and Symbols
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Threshold Voltage: Concept

n-channel

p-substrate

Dépletion
Region
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The Threshold Voltage
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The Body Effect
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Current-Voltage Relations
A good ol’ transistor
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Transistor in Linear

P
=

p-substrate

L B

MOS transistor and its bias conditions
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Transistor in Saturation

Pinch-off
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Current-vVoitage Keiations
Long-Channel Device

Linear Region: Vpg <Vgg - V1

”
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o= o = My ox Process Transconductance
n - Ma“ox # Parameter

Saturation Mode: Vpg = Vg - V1
Channel Length Modulation
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A model for manual analysis
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with

Vp = Vo tr( 205+ Vgl - [F20])
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Current-Voltage Reiations
The Deep-Submicron Era
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Velocity Saturation

Vgat = 10°

Constant velocity

Constant mobility (slope = p)

' -
e =19 & (V/um)
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Perspective

Long-channel device

Short-channel device
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I, versus V¢
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I, versus Vg
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A Unified moael
or manual analysis

I, =0 for V<0

: ) -
I, = k'f(VGTme = ir;m)(l + AV ps) for Vir2
S ’—<:>—‘ D
with V.. = mm(Ver Vs, Vipsar)
: Var = Ves=Vr

and VT — VTO + FY(/\/‘_2¢F+ VSB| BN, ‘_2(1)17‘)
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Simple Model versus SPICE
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A PMOS Transistor

-4

0 x 10 ‘
VGS =-1.0V
-0.2
VGS =-1.5V
0.4}
<
- VGS = 2.0V .
0.6 Assume all variables
negative!
08" ygs=25v
-1 » | ! ‘
-2.5 -2 -1.5 -1 -0.5 0
Vps (V)

© Diaital Intearated Circuits2nd Devices



Transistor Model

for Manual Analysis

Table 3.2 Parameters for manual model of generic 0.25 pm CMOS process (minimum length

device).
Vg (V) 7 (V?) Vpsar V) k' (AV?) A OVh
NMOS 0.43 0.4 0.63 115% 1078 0.06
PMOS 0.4 -0.4 -1 30%x107° -0.1
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The Transistor as a Switch

Ves > Vr
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The Transistor as a Switch

5
x 10
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The Transistor as a Switch

Table 3.3 Equivalent resistance R, (W/L= 1) of NMOS and PMOS transistors in 0.25 pm CMOS
process (with L = L.). For larger devices, divide R, by WIL.

Vop (V) 1 1.5 2 2.5
NMOS (kQ) 35 19 15 13
PMOS (kQ) 115 55 38 31

© Diaital Intearated Circuits2nd Devices



%
D
Q
-

=
Q
(S
Q.
(S

&

n

O

-

o
S
>
©
<
o,
o0
O
S
c
2




Dynamic Behavior of MOS Transistor
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The Gate Capacitance

Polysilicon gate

Gate-bulk
overlap

Top view

Gate oxide

Cross section
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Gate Capacitance

G G G
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Operation Region Cop Cos Cod
Cutoff CoxWilom 0 0
Triode 0 CodWLym!2 CoxWLog!2

Saturation 0 (23)C, WL, & 0

Most important regions in digital design: saturation and cut-off
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Gate Capacitance

WLC,, | Coc
WLC,, | Coc Coes = Coep
2
I
Vs

Capacitance as a function of VGS
(with VDS = 0)
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Capacitance as a function of the

degree of saturation
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Measuring the Gate Cap

Vs
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Diffusion Capacitance

Channel-stop implant
N 41

Side wall

N~
Channel

Substrate N 4
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= CLgW+ Gy (2Lg+ W)




Junction Capacitance

2.0

abrupt junction
15} T—
1.0}

C, (F)

linear junction

05 \
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Vp (V)
o= Cjﬂ m = 0.5 abrupt junction
J (1- VD ..,.%)m m = 0.33: linear junction
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Linearizing the Junction Capacitance

Replace non-linear capacitance by
large-signal equivalent linear capacitance
which displaces equal charge
over voltage swing of interest

_ &Qj _ Qj(th'gh)_Qj(maw) - F C

Ce - e 0
! AVD th’gh_ﬂaw i

-0§

K =
“ (th'gh_Vﬁow)(l _m)

[(¢'U o th’gh)l — = (¢'D o Vﬁaw)l —m]
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Capacitances in 0.25 ym CMOS
process

o 5 f 5 j ¢'E:' stw mjsw ¢'b5w

({F/pm?) | {@F/pm) [ EF/pm’) ) (fF/pm) )

NMOS 6 0.31 2 0.5 0.9 0.28 0.44 0.9
PMOS 6 0.27 1.9 0.48 0.9 0.22 0.32 0.9
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"he Sub-Micron MOS Transistor

a Threshold Variations
a Subthreshold Conduction
Q Parasitic Resistances
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Threshold Variations

Long-channel threshold
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Threshold as a function of
the length (for low Vpg)
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Low V5 threshold

\

VDS

Drain-induced barrier lowering
(for low L)
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Sub-Threshold Conduction
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The Slope Factor
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is AV ¢ for I,/ 15, =10

S = n(k?]) In(10)

Typical values for S:
60 .. 100 mV /decade
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Sub-Threshold I, vs Vg
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Sub-Threshold |, vs Ve
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Summary of MOSFET Operating
Regions

a Strong Inversion Vs >V
= Linear (Resistive) Vs <Vpear
= Saturated (Constant Current) Vs > Vpgar

a Weak Inversion (Sub-Threshold) V5 <V,
= Exponential in V;gwith linear V5 dependence
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Parasitic Resistances

Polysilicon gate

Drain
contact
G Lp /
>
Vs efr [ | '
S T i
| !
RS RD - \\
Drain

© Diaital Intearated Circuits2nd Devices



.
[P T T e
'

[k O ol Bl hup

© Diaital Intearated Circuits2nd

;
(1] Edquivasiernl crreus

Devices



Future Perspectives

25 nm FINFET MOS transistor
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