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Goal of this chapter

Q Present intuitive understanding of device
operation

Q Introduction of basic device equations

a 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

Cross-section of pn -junction in an IC process
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One-dimensional :
representation diode symbol

Mostly occurring as parasitic element in Digital ICs



PN Junction
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Diffusion Current vs. Drift Current

Q Diffusion current
= Random motion
= Occurs at all times and places 5&
» Resembles Brownian motion
= From high concentration to low concentration

a Drift current
= Unidirectional movement
» By electric field




What is Depletion Region ? (1/4)
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What is Depletion Region ? (2/4)
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What is Depletion Region ? (3/4)
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What is Depletion Region ? (4/4)
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An Animation

When we bring P-type & N-type together a
gepletion zone is created around the junction
This produces a barrier, blocking charge flow.

©J. C.G. Lesurf Univ. 8t. Andrews
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Diode Current
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Minority carrier (hole) [</EW i fi,
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Forward Bias
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Forward Bias carrier flow

Recombination
N— cathode

Depletion region —

P+ anode \

Holes Electrons

Recombination

Carrier flow in a forward-biased PN Junction
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Models for Manual Analysis

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




HW3-1

0 Please describe the following terms
* Forward Bias
» Reverse Bias



Junction Capacitance

2.0

abrupt junction

1.0}

C; (fF)

linear junction
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Diffusion Capacitance

Excess Minority Carrier Charge

Pno

e



Secondary Effects
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Avalanche Breakdown



Avalanche Breakdown

Avalanche - Occurs at moderate to high
voltages
(afew volts to thousands of volts)
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Diode Model

Y =i

"y
Application: Varactor Tuner % 3
Vg hr-lflﬁubt
conlral volbuge I

http://hyperphysics.phy-astr.gsu.edu/hbase/electronic/varactor.html
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Schematic Symbols for Diodes

£ 1+ 2 0 %

: ZEMELN waractar vacuurn tube
diode dinde dinde diode LED



SPICE Parameters (Diode)

Parameter Name Symbol Sgallﬁf Units I:f;laliﬂt
Saturation current Iz IS A 1.0 E-14
Emission coefficient 1 N - 1
Series resistance fe RS €2 0
Transit time Tr TT seC 0
Zero-biags junction Cio CIT0 F 0
capacitance
Grading coefficient m M - 0.5
Junction potential oy VI V 1

First Order SPICE diode model parameters.

ii” |i - ond i .
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Digital or Analog ?

r'ﬂ AvanWaves 1999.4 (19991220)

Help
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Voltages

dn 6n 8n 10n 12n 14n 16n 18n 20n 22n 24n

BEAD: v (vout)

dn 6n 8n 10n 12n 14n 16n 18n 20n Z22n

DO:AD:v{xspice0].ni

dn 6n 8n 10n 12n 14n 16n 18n 20n 22n Z4n

wavefomm for input

26n
Time (lin) (TIME)
yeform for output

24n 26n
n) (TIME)

waveform for intemal node

Z6n 30n 32n

ZGn 30n 32Zn

26n 28n 30n 3Zn

Time (lin) (TIME)

34n

34n

34n

J6n 38n

J6n 38n

36n 38n

40n  42n

40n 42n

40n  42n

44n

44n

44n

46n  48n

46n  48n

46n  48n

aln

aln

aln

a2n

azZn

azZn
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2 Digital or Analog ?

GSI 95.1 (941204) - Graph Hindow
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HW3-2

2 What are the applications of Diodes ?
= Symbol
* Function
= Applications

» Real products (Company and model
names Is needed) S

!

SEMICONDUCTOR™

Zener Diode l"“” -

e W RS 0L A

1N4722A

a typical P-N Junction, 26



Relationship between a silicon foundry, and

IC design team, and a CAD tool provider
Design rules VIA
UMC ——— ELAN
TSMC Simulation models
Silicon | and Parameters IC Holtek
Foundry | Mask layout | Design | VWinbona
" Integrated Circuits] team [ Sunplus
Myson
Weltrend
Media Tek
CAD RealTek
: 1 Tool Sonix
Process information rovider Software tools PowerChip
SpringSoft
Syntest 27
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IDM (Integrated Device Manufacturer)

o MOSEL
QSIS

0 Winbond
a MXIC




HW#3-3

2 IC Design Houses

» Please find out the websites of 15 IC
design houses in Taiwan stock market.

» Please write down their English and
Chinese names.

» Please find out the logo of each company.

www.tsmc.com

i
’F' (WPFREEREE  TSMC (Taiwan Semiconductor Manufacture Company) tﬂﬁﬁ I%ﬁ
Lid




What Is a Transistor?

A Switch! - - An MOS Transistor

Ron
S

—M\oD .

30




The MOS Transistor

Polysilicon

Aluminum

H-|-

Saurce / Drain
| P-Type Regions




MQOS Transistors - Types and Symbols

D D
SN |
S S
NMOS Enhancement NMOS Dep|eti0n
D D
S S
PMOs Enhancement NMOS with Bulk Contact
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Threshold Voltage: Concept

n-channel Depletion
Region

p-substrate

| B




Operation Regions of a MOS Transistor
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The Threshold Voltage V;

Cp sz “r
VT B ¢'m3_2¢'F C" 'S 'S
ox  Tox Q V= Q/C
S\ [ L s ac=c A
gﬁqul;fmu::ztmn Surface Charge . F,%[J Odee EJ Fi ?
Depletion LayerCharge
" Cox 1
Body Effect Coefficient Vv \L
|
‘VTZ er”'th’?"‘:«ﬂ 205+ Vgg| = 1208 ‘ " Vit
i d Vgg 1

QED QSS QI

_ . m \/
Tﬂ ¢ﬂ’IS ¢'F C GGI GGI T /T
and

_P954%4 V., = Threshold voltage for Vg=0

Y=
CIS'I
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The Body Effect
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Basic CMOS gates

a 2NAND 2NOR AB+C
A /B S Ay \ C
{* [
LY . [ Y
N G G Al )
> o Cq
N
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Old
-V Relations: A good ol’ transistor

, 2
|, = KWT((VQS -V, )VdS —V%j . :KW(Vgs _Vt) IB(Vgs _Vt)2

5 X 10_4\ l
\7és= 25 Vl A
5+ / ]
Resistive Saturation
4 - _
VGS=2.0V Quadratic
2, Relationship
[a) —_
- Vps = Ves - Vr
21 ~ |
VGS=15V
1} Iy ‘
VGS=1.0V
FEZEN gy T Y
0
0 0.5 1 1.5 2 2.5
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Transistor in Linear Region

VGS DS

p -substrate

| B

MOS transistor and_its bias conditions
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Transistor in Saturation Region

Vis

Vps > Ves - V1

Pinch-off

40



-V Relations: Lona-Channel Device

Linear Region: Vpg <Vgg - V1

W Vﬂ
In=1¥k, L((VGE:‘ Ve ps= _252]
with

o= o, M Box Process Transconductance
n - Meox # Parameter

Saturation Mode: Vpg > Vg - V7
Channel Length Modulation

i v

Fi
In=57(Vag VP +ar,

o~ 2 1 Was I

41



A model for manual analysis

Vg™ Vags— Vr

l'!;:-:-f

__rW 2
ID 2 L(VGS_ T) (IH“VDS)
Vg = Vs — Vr
”
W Dse
Ip =&, L((VGS_VT) DT j

with

V= VTG+T(J|—2¢F—I— VSB|—J|—2¢F1)
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Current-Voltage Relations
The Deep-Submicron Era

-4
x 10
2.5 .
: ) VGS=25V
Early Saturation A
2" ! -
VGS=20V |
1.5
% ] Linear
-l VGS=15V | Relationship
057 VGS=1.0V |
0 ‘ ‘ ‘ ‘ ) Fp N — o
0 0.5 1 15 2 25  FEEN g BT
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Velocity Saturation

v, (M/S)

A

Ugat = 10°

Constant velocity

Constant mobility (slope = )

Ge = 1.9 & (V/um)
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Long Channel vs. Short Channel (1/3)
*Vor = Vg - Vy

*Vpsar = K (Vgr) Vor ‘
*Short Channel k (VGT) < 1, /4% * Saturation,

((MTERL Vps [ 2 Vs = V)
Long-channel device

IDA

Ves = Vpp

Short-channel device

Vpsar  Vgs - Vg Vps s



Long Channel vs. Short Channel (3/3)
| Versus Vgq

-4
10
6X T T T T 2_ 10
5/ il
4 , linear
quadratic L
2 &
Ey <
l,
2,
0.5
17 .
quadratic
0 ' ‘ ‘ 0 ‘ ' ‘
0 0.5 1 15 2 25 0 0.5 1 15 2 2.5
Vee(V
VGS(V) GS( )
Long Channel Short Channel



Long Channel vs. Short Channel (3/3)

| Versus Ve

-4 -4
6% 10 ‘ ‘ , )/GS_ e o X 10 . )
— VGS=2 5V
5¢ « , 1 )
Resisti ration
A esistive Saturatio: vas= 20l
VGS5=20V :
<. )
o3 B -
2l VGS=15V
1 . VGS=1.0V
VGS=1.0V
0 — . . - . 0
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Vps(V) Vos(V)
Long Channel Short Channel
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A unified model
for manual analysis

I, =0 for V;,<0

2
e
with Vmin - mln( VGT9 VDS’ VDSAT)9

Var=Vas—Vr,
and VT — VTO + Y(,\/‘_2¢F+ VSB| N |_2¢F|)

SKip...



Simple Model versus SPICE

x 10
25
Vbs=Vpsar
21 . -
Velocity
15| Saturated
z Y Ok
A Line
1 L
Vpsar™=Ver
05
GT Saturated
0 ) )
0 05 1 15 2 25
VDS (V)
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A PMOS Transistor

-4

me all variables
ve!

x 10
0 ‘
VGS = -1.0V
0.2
VGS = -1.5V
04"
<
[a)]
< VGS = -2.0V
0.6 Assu
negat
08" ygs=-25v
1 .
25 2 15 1 0.5

50



Transistor Model
for Manual Analysis

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

Vg (V) ¥ (V") Vpsar V) k' (AVY AV
NMOS 0.43 0.4 0.63 115 % 10°¢ 0.06
PMOS 0.4 -0.4 -1 30 % 1078 -0.1




The Transistor as a Switch
MOS 4L [FLEHE I 2

b A
Ron VGS :VDD

| | >VDS
Vpp/2 Vbp
v Vo l2 v
R, = 1[ DD H oo/ ] -3 VoD (1 _§}\VDD]
2 IDSHT(1+>\VDD) J[]I'E';'S’_r'éli”(l +>\VDD;2) 4IDSHT 0




The Transistor as a Switch

(Ohm)

R

1.5 2 2.5
Vo (V)

DD

Fig. 3.28 Simulated equivalent resistance of a minimum size NMOS
transistor in 0.25um CMOS process as function of V5 (Vgs =Vpp !

Vps=Vpp) 2 Vpp/2
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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 (k£2) 35 19 15 13
PMOS (k£2) 115 55 38 31
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HW3-4

0 Please describe the following things:
» Linear Region of a MOS Transistor
= Saturation Region of a MOS Transistor
= Short Channel effect of a MOS Transistor
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Dynamic Behavior of MOS Transistor

G

. |
s T :
@ _J
CSB | CGB
B
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The Gate Capacitance

Polysilicon gate

Gate-bulk
overlap

Top view

Gate oxide

Cross section

Lateral Diffusion
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Gate Capacitance

Csc= Total capacitance

G G G

s T 5 =D s

Operation Region Cop Cos Coa
Cutoft CoxWilops 0 0
Triode 0 CoxWLysi2 CoaWhlyz!2

Saturation 0 (23)C WL, & 0

Most important regions in digital design: saturation and cut-off
ﬂ%éf% Text Book: Table 3-4 (Page 109)
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Diffusion Capacitance

Channel-stop implant
Nal

Side wall

Source
Np

Bottom

- , Channel
Ls Substrate N
Ciitr = Chortom+ Cop = C;XAREA+C, X PERIMETER

= CLgW+C;y (2Ls+ W)

JEw
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Junction Capacitance

2.0

abrupt junction
15} T—a
1.0}

C, (F)

linear junction

05} \

0.0 ) ' 1 ' 30

_ 70 m=
. ey

oo

5. abrupt junction
.33: linear junction

61



Capacitances In 0.25 gm CMOS
process

Cox 5 CD Cj 5 mj ¢'E:' stw mjsw ¢'b5w
(F/pm’) [ EF/pm) | EF/pm’) ) (fF/pm) 7)
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
I Il . | | | I- . I ‘ i . 62



The Sub-Micron MOS Transistor

ad Threshold Variations
a2 Subthreshold Conduction
d Parasitic Resistances
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Threshold Variations

V+ Vi

Long-channel threshold Low Vpg threshold

Ve —

. >
VDS
L
Threshold as a function of Drain-induced barrier lowering
the length (for low Vpg) (for low L)
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I (A)

Sub-Threshold Conduction

ponential

Linear

K

0.5 1 15 2 2.5
VasV)

&

The Slope Factor
Ves
| ~le™  n=l+oo

10),¢

Slope Factor

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

Typical values for S:
60 .. 100 mV /decade

¥4 60 MV, 7 i3 410 = 65




Sub-Threshold |, vS V¢

aVes _QVps

|D=|0e nkT 1_e KT

Subthreshold MOS8 Characteristics — EEI4I 0.25u process

Date/Timse run: D0L/31/02 02:33:50 Temperature: Z7.0

(A} nmosWIosimd 025u.dat [active)

A0

1 | |

_.-
1. 0uh
10na
100pA.
m 0 tp 0.5V

L.Opn
100LA

o oL 2V 0. 4w 0.8V o.av 1.0W

o 1D{m2}
Vid
Tima: 09:36:16

Datem: January 31, 2002 Page 1




Sub-Threshold |, vs. Vs

qVes _QVps

l,=1,e™ |1-e ¥ |1+4-V,)

Subthreshold MCS Characteristics — EEL4l 0.2%u process
Date/Time run: O0L/30/702 1E6:26:16 Temperature: 27.0

{A) nmosWIbsim3_ 025uldVds.dat (active)
15nn
..-“’-;
_,‘__.zr
f 0 to 013V
Vi from Q to
B o)
el — el
.—'—'—'—'_'_F'_—H_’
____-E—"‘ﬂ_"_ﬂ_ﬂ__
Snn
.;—'—'_'_'_F
[ 1
}1 T [ R B
_.—-—-'—'_'__'_'_'_ -
_—n-—-'—_'_"_'_'__'_'d
===
R4
oW 0.5V 1.0% 1.5¥ 2.0
o [D{mZ}
il
Date: January 30, 2002 Page 1 Time: 16:27:29
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Summary of MOSFET Operating
Regions

a Strong Inversion Vg > V-
* Linear (Resistive) Vs <Vpgat
= Saturated (Constant Current) Vs = Vpsat

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

Polysilicon gate
Drain

G 1 contact
, — /
Vs eff / 7 ' ‘
o L= i;
Rs Rp , N

Drain
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Rgsls

CMOS Latch-up |

Yin —
w—— [ 1" L :
n+ \_pli_\( ﬂ | n+ n+|| p+| a1
Rl ~ aiz,_
P | / 02
P-S ubstrake o
vertical PNP lateral MPM &jn W
TRl E R EIGND pfj noise spike |
SHT: Ry FP1|- WRIEORGE  OF
9#@[52%5 il (E 2 Vg T > Turnon Q2 - Q2 ”qujﬁT

- Q2 pv current ffi Ry FRVESET
éLF“ﬂE#B%ﬁfED Q1 v Vg 1 = Turn on Q1 (PNP)
> P T Q2 1 VB T

ii- . || |i- . i ‘ i . 70



Latch-up in CMOS circults

0 CMOSP&I%%{B}% “Well” process, iﬁ*“ﬁf’?‘% i
S ERSEERSPY junction, — [EI'E junction, Diode,
Bipolar, Resistor ¥y e
ST 6 iﬁ’?‘}VDDé'?VSSFEE — {[d “low-
resistance conducting path”

a Latch-up (¥ induce:

= 1)glitches on the supply rails
» 2)incident radiation
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Remedies for the latch-up problem (1/2)

] %Eﬁ,jsubstrated/doping level, drop the R,

a Reducing R, by control of fabrication
parameters and by ensuring a low contact
resistance to Vqq

a Guard ring

a Trench Isolation: #|J*'|Dry Etching, = NMOS
K PMOS[H]{Z— fE’L Trench,™1F SiO,
a SOI
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Remedies for the latch-up problem (2/2)

Q= [ substrate & well ?ﬁﬂ{%‘l? | contact

Q= [ substrate » well [ contact ﬁﬂ{%‘l}%’
Il Vo 59 Vss

Q=) f[ﬁ{s}ubstrate K well [V contact ﬁﬂ%l[’%%
E145 3T source

Q=P 5-10 [ Tr. £IF— [ substrate
contact

anTr. %lf}%ﬁ Ve, p TT. %lf}%ﬁ Vip
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Future Perspectives (1/2)

25 nm FINFET MOS transistor



Future Perspectives (2/2
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HW3-5

0 Please describe the facts of:
» Body Effect
= Latch-Up
= The remedies to avoid latch-up effect
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