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O Present intuitive understanding of device operation
0 Introduction of basic device equations

Q Introduction of models for manual analysis

Q Introduction of models for SPICE simulation

0 Analysis of secondary and deep-sub-micron effects

Q Future trends



The Diode

One-dimensional _
representation diode symbol

Mostly occurring as parasitic element in Digital ICs



O

(
-
'.

N Re

on

D
Q

Large Holes

hole diffusion
Small Electrons

electron diffusion
-

Small Holes
Large Electrons

| (a) Current flow.
p T Pe® L
O & ®
hole drift
electron drift >
Chdrge | p
Der s? -
VA Xp  (b) Charge density.
] Distance
Electrical g
Fielc * X (e Elaptrie finld
’ \U} —ICuULIIV 11CIuU.
\V
Potentjal
(d) Electrostatic
potential.

P
\»

Built-in potential



J
=)
lq
-
D)
o

{
(
{
u
(
[ |
u

2.8 107
1.5 10+
£ s
o =
0.5 110 .
) 2.3 ¢ Videcade current
-0.58 ' . . 105 . . . . . .
-1.0 -0.32 0.0 0.2 1.0 a0 02 0.4 0§
Vo (V) Yo (V)
(21 Onalinear scale. (b Ona logarithmic scale (forward bias).
I, = 1fe 24Ty
D h



-
O
—
=
—
O
o

A
A
=3
o Pno
v N e
+—
Lp
Npo
>
) _Wl 0 W2 X
p-region n-region
Forward voltage lowers the potential barrier
—> diffusion currents increase diffusion

Typically avoided in Digital ICs
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Reverse voltage raises the potential barrier -
- diffusion currents reduce diffusion

The Dominant Operation Mode



Vo Vi Vo, = 0.7V
= 0.6~0.8V

(a) Ideal diode model (b) First-order diode model
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Junction Capacitanc

Forward bias 1> potential barrier | = depletion region |- cap. 1
Reverse bias 1> potential barrier 1 - depletion region 1> cap. |

2.0
abrupt junction
15} T
= 1.0}
G
linear junction
0.5} \ L C
0.0 -y S ¥ E— T
Vp (V)
All diodes in Digital IC o
. o= 70 m = 0.5: abrupt junction
are reverse biased i m = 0.33: linear junction
':1 - VD fqbﬂ)m



All diodes D tal IC
Secondary Effects wre reverss biased
0.1
Breakdown voltage \
: o
-0.1
-25.0 -15.0 -5.0 0 5.0

Vp (V)

Avalanche Breakdown

High reverse voltage - E-field 1 - carriers are accelerated to high velocity

—>High energy carriers create electron-hole pair in the depletion region
—> carriers increase -»> currents increase
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SPICE Parameters
- C, Tl .
i = IS (eV/nVT _1) C, = T F;.;%}m . ;T.‘iﬂv,.,f by
Parameter Name Symbol S;HIISEE Units I:f;la;l:t
Saturation current I IS A 1.0 E-14
Emission coefficient 11 N - 1
Series resistance e RS 9. 0
Transit time T TT seC 0
Zero-bias junction Cio CT0 F 0
capacitance
Grading coefficient m M - 0.5
Junction potential 0 VI v 1

First Order SPICE diode model parameters.



An MOS Transistor

A Switch!
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MOS Transistors -Types and Symbols

D D D
A . o
S S S
NMOS with NMOS Enhancement NMOS Depletion
Bulk Contact D

PMOS Enhancement

If the fourth terminal is not shown,
It is assumed that the body is connected to the appropriate supply
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The Threshold Voltage
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Current-Voltage Relations

X 10_4
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Vés=25V
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Resistive . Saturation
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V=15V ]
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Quadpratic
Relationship
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MOS transistor and its bias conditions
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Pinch-off

Vbs > Vs - V1
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Current-Voltage Relations
Long-Channel Device

Linear Region: Vpg <Vg - V1
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Bo=pC. = 30X rocess Transconductance
1 nTox # Parameter

o

Saturation Mode: Vpg = Vg - V1
Channel Length Modulation
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Current-Voltage Relations
Deep-Submicron Era (Short Channel Devices)
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Constant velocity

Constant mobility (slope = )
E-field 1 = velocity 1

& (Vium)

E-field 1 - critical value - carrier velocity saturates due to scattering effect
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Long-channel device
Ves = Vpp

| Short-channel device

| >
/VDSAT Ves - V1 Vps

Short channel devices = Vpp | = look like long channel devices
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A unified model
for manual analysis

I, = 0 for V5,50
174 Viﬂ'n
I, =k (VGTV )(1 + AV ) for Vi 20

mm

with V. = mm(Vern Vog Viogar)s
Var=Ves— Vo,

and VT — VTO + PY(/\/|_2(I)F+ VSB‘ o ’\/|_2(I)F|)
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Transistor Model
for Manual Analysis

Table 3.2 Parameters for manual model of generic 0.25 pym CMOS process (minimum length
device).

Vg V) ¥ (V") Vpsar V) K (AVY AV
NMOS 0.43 0.4 0.63 115%x10°¢ 0.06
PMOS —0.4 -0.4 -1 30 % 1078 -0.1
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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.

Vpp (V) 1 1.5 2 2.5
NMOS (k€2) 35 19 15 13
PMOS (k£2) 115 55 38 31




MOS Capacitances
Dynamic Behavior
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The Gate Capacitance

Polysilicon gate

Overlap capacitance

Gate-bulk
overlap ox

Top view

Gate oxide

Cross section
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Operation Region Cop Cos Coa
Cutoff CoxWlom 0 0
Triode 0 CoxWLym!2 CogWLym! 2

Saturation 0 23)C WL & 0

Most important regions in digital design: saturation and cut-off
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Measuring the Gate Cap
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Channel-stop implant
N s

Side wall

Source
Np

Bottom
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< . Channel
Ls Substrate N,
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C; (fF)

1.0}

05

0.0

linear junction

abrupt junction
T

270 27 00
Vp (V)
o CjD m = 0.5: abrupt junction
J (1- - f%)m m = 0.33: linear junction



Capacitances in 0.25 gm CMOS

ProCess

o 5 CD Cj 5 mj ¢'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




The Sub-Micron MOS Transistor

ad Threshold Variations
a Subthreshold Conduction
a Parasitic Resistances



Threshold Variations

V V
T . T 4
Long-channel threshold Low Vpg threshold
. >
L VDS
Threshold as a function of Drain-induced barrier lowering (DIBL)
the length (for lowVpg) (for lowL)

Short channel effect?
Narrow channel effect?

Drain-induced barrier lowering (DIBL)?
Punch-through?



Nt carrier effect
1 1UVL UVAATTIVI ViUV UuUlL
16.0m r
Solid: Fresh — . -
Dot: Degraded 32" Stress time = 100 minutes
5 =03pm, T, =42 A
1200m - Stress V, = 4.3V, Measurement V= 2.5V
{.'ﬁ[d“d}lin = 14%. {_ﬁl /1 = 2.4%
< somp S ol
~ A = 06pum, T,y = 140 A,
] Stress Vg, = 7.7 V. Measurement ¥V, = 5V
40m (AL = 14.2%, (Aly/lg)y = 1.2%
00 : | | | |
0 1 2 3 4 5
Vi (V)




Linear

Quadpratic

5 (A)

ponential

0.5 1 1.5 2
Vs (V)

2.5

The Slope Factor

qVes C
~ kT — D
I, ~1,e™ , n=1+—=

OX

Sis AV g tfor I, /15, =10

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

Typical values for S:
60 .. 100 mV /decade
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Subthreshold M0S Characteristics — EEL4l 0.25u process

Date/Pime run: OL/21702 0D:33:59 Temperature: 27.0
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Subthreshold MCS Characteristics — EEL4L 0.2%u process
Date/Time run: OL/30702 le:2a:le Temperature: 27.0

{A] nmosWIbsim3_0250TdVds.dat (active)
18nn
.//
.-—"I
T
Vicfrom (Q to 03V
DAY —
,ﬂ‘fﬂf -a——'_'”_'_'_'_#_‘_
.—'—'—"'_'_F'_‘_H_F
[ ]
[ —]
— — -
[ L]
}1 T R R S S
_,—-—-'—'_'__'_'__
_,—H-—-'—_'_"_'_'__._'_F_._'_
{/ __Fﬂ_._F——'__F_'_ e
===
OA
Qv 0.5V 1.0v 1.5V 2.0V
o LO{mZ}
v
ODate: January 30, 2002 Page L Timea: 16:27:29



Summary of MOSFET Operating
Regions

a Strong Inversion V55 >V
» Linear (Resistive) Vg <Vpgat
= Saturated (Constant Current) Vg > Vpeat

aWeak Inversion (Sub-Threshold) V55 <V
= Exponential in Vg with linear V5 dependence



Parasitic Resistances

Sheet Resistance

I‘S,D

RS,D — Rsh + Rc

Polysilicon gate

Contact Resistance

R
]

TR. Scale down - shallow junction & small contact > R 1
Metal over S/D = silicidation > R |
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(a) Origin of latchup
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(b) Equivalent circuit




25 nm FINFET MOS transistor



