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The Diode

One-dimensional .
representation diode symbol

Mostly occurring as parasitic element in Digital ICs




Diode Current
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: : Vi /d
Ideal diode equation: I, = Is(e D T—l)

|,= diode current, VD=diode bias voltage

|s= saturation current of diode (constant) proportional to diode area, and function of the doping
levels and width of neutral regions

@ =thermal voltage =kT/q=26mV at 300K
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Diode Model

series resistance due to the
Rs neutral regions on both sides
of the junction

Non-linear
current source

I, = ls exp[Vp/ngr ] -1

n is called the emission co-efficient = 1 for most common
diodes but can be greater than 1 for others




Secondary Effects

0.1

Reverse bias increases
electric field across the
junction and carriers
crossing the junction get
accelerated and attain
high velocity.

At E=E_; = 2x10° V/cm,
carriers create e-h pairs
on collision with immobile
Si atoms. These carriers
“in turn create more
carriers....

I (A)

—0.1 ' ' ;
-25.0 -15.0 -5.0 0 5.0

Vp (V)

Avalanche Breakdown




SPICE Parameters

Parameter Name Symbol fﬂIISEE Units ]:{f;]alﬂt
Saturation current I IS A 1.0 E-14
Emission coefficient i1 N - 1
Series resistance Rg RS €2 0
Transit time Tr TT S€C 0
Zero-bias junction Cio IO F 0
capacitance
Grading coefficient m M - 0.5
Junction potential {p VI V 1

First Order SPICE diode model parameters.
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MQOS Transistors -
Types and Symbols

D

S

D

o ]

S

o

S

NMOS with
Body Contact

For NMOS: Body tied to Gnd
For PMOS: Body tied to Vdd
Why?



MQOS Transistor

a Important transistor physical characteristics

» Channel length L
= Channel width W

GATE

QXIDE

L

SUBSTRATE {p-Si}
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MQOS Transistor Operation

a Simple case: Vp =Vg=Vz;=0
= Operates as MOS capacitor

a When V55<V, (but positive) , depletion region forms
= No carriers in channel to connect S and D

a V44 is known as the threshold voltage

depletion
—  region

P-substrate

!

Vg =0
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MQOS Transistor Operation

a When Vg > V4, inversion layer forms

Q Source and drain connected by conducting n-
type layer (for NMOS)

depletion
— " region

inversion —
Vg =0
layer
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Physical Parameters that Affect V-,

a Threshold voltage (V+): voltage between
gate and source required for inversion
= NMOS Transistor is “off” when Vg < V4

0 Components:

= Work function difference between gate and
channel (Flat-band voltage)

» Gate voltage to change surface potential
» Gate voltage to offset depletion region charge

» Gate voltage to offset fixed charges in gate oxide
and in silicon-oxide interface
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Threshold voltage, summary

a If Vgg = 0 (no substrate bias):

Qso _ Qux
Vio=Pgc =20 - CBO - C

0X 0X

Q If Vg5 # 0 (non-zero substrate bias)

V; =V, +7/(\/‘— 20 +VSB‘ _M)

0 Body effect (substrate-bias) coefficient:

y = \/ZCIN Asi + for NMOS
C - for PMOS

OX

A Threshold voltage increases as Vgg increases!




Threshold Voltage (NMOS vs. PMOS)

NMOS PMOS

Substrate Fermi potential b <0 o> 0
Depletion charge density Qg <0 Q;>0
Substrate bias coefficient v>0 y<0

Substrate bias voltage Vg >0 Vg <0

envancament doviss) | V70| V<o




Threshold voltage adjustment

a Threshold voltage can be changed by doping the
channel region with donor or acceptor ions

a For NMOS:

= V. increased by adding acceptor ions (p-type)
= V. decreased by adding donor ions (n-type)
= Opposite for PMOS

a Approximate change in Vg
= Density of implanted ions = N, [cm?]
= Assume all implanted impurities are ionized

qN
COX

AVio =




Example: V;, Adjustment

a Consider an NMOS device:
= P-type substrate: N, =2 x 10" cm-3
= Polysilicon gate: @ =-0.92V
=t =600A (1A=1x108cm)
= N, =2x10" cm-2
" g5 = 11.7¢y £, =3.97 ¢,

a (a) Find V4,

a (b) Find amount and type of channel implant to get
V=04V




The Body Effect
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Transistor Currents (NMOS)

Cutoff Region: lys = 0, V<V,

|4s= Qchannel /carrier velocity(v)

v = uE
Linear Region: V >V, V< V-V, E=V. /L
— Vds
lys = 1 Cox WIL (Vgs'vt'vds/ 2)Vds L= u Cox WI/L

Saturation Region: V >V, V4 > Vs =V,

lys = B2 (VgsVy)?

Note: for PMOS V,, # V,,
t < 1, hence (W/L)pyos ~ 2 (W/L)yyos




NMQOS Characteristics

lgs (A)
4007

300¢

200 Quadratic

> Relationship

100+

0 03 06 09 12 15 18
Vd

5

AWHB 1-V characteristics of ideal
nMOS transistor




PMOS Characterivstics

-18 -16 -12 09 -06 -03 O

. Vgs = .—0.5
Vgs =-0.9
Vgs =-1.2 —50
Vgs=—-1.5 100
Vgs =-1.8 150
-—200
lys (WA)

HEEPXEN 1-v characteristics of ideal
pMOS transistor




Channel Length Modulation

0 In saturation, pinch-off point moves
= As Vg is increased, pinch-off point moves closer to source
» Effective channel length becomes shorter
= Current increases due to shorter channel

L =L-AL
1 W 2
5 =5 1,C,, T(VGS _VTN) (1+/1VDS)

A = channel length modulation coefficient




Summary: MOS IV
I/\V/ curve for NMOS device:

Vps = Vs V1

with channel-length
modulation

without channel-
length modulation
(A=0)

Drain current g

Drain voltage Vq




Current-Voltage Relations
Short-Channel Transistors

-4
x10
2.5 ‘
! , VGS=25V
Early Saturation N\
2} ! :
VGS=20V |
1.5+
$Q ] Linear
gl VGS=15V | Relationship
057 VGS=1.0V ]




Velocity Saturation

v, (M/S)

A

Uggat = 10°

Constant velocity

Constant mobility (slope = u)

=19 & (V/um)




Perspective

I N
Long-channel device

Ves = Vpp

Short-channel device




|, versus Vg

x 10 At
6 ‘ . . . , 10
5,
2,
4 _ linear
quadratic 1d
<3 <
e o
1 L
2,
| 0.5
quadratic
0 ! ! : 0 L I )
0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
VGs(V) VGS(V)
Long Channel Short Channel




|, versus Vpe

6% 10 |
VGS=25YV

57 /

A Resistive Saturation
. VGS=20V
S |

Vps = Vgs- Vr

2 VGS=15V

Al ]

VGS=1.0V
% 0.5 1 15 2 25
Vbs(V)
Long Channel

2.5¢10 ‘ ;
VGS=28/YV
VGS=2.0V
VGS=15V
VGS=10V
% 0.5 1 15 2 25
\Vbs(V)
Short Channel



Simple Model versus SPICE

4 Vipsat = L Vol 14,
x 10
2.5
Vbs=Vpsar
21 ——
’ Velocity
151 Saturated
T )
:ja Line
1 L
. / Vbsar=Ver
05 //
Y Z i [ 6 o o © o o o o o ©° © 9
cr Saturated :\
0 A , . . Spice
VDS (V)




A PMOQOS Transistor (short-channel)

4

0 x 10 ‘
VGS = -1.0V
0.2
VGS = -1.5V
04/
<
£ VGS = -2.0V .
0.6, Assume all variables
negative!
087 ygs=-25v
-1 g
25 2 15 1 05 0




Dynamic Behavior of MOS Transistor

a Oxide Capacitance | ?
= Gate to Source overlap "1 _—— Cao

= Gate to Drain overlap  °
= Gate to Channel/Bulk —— L4 L

Csg Ces Cog

0 Junction Capacitance I
= Source to Bulk junction | 8
= Drain to Bulk junction




Oxide capacitances

Overlap

0 Overlap capacitances
= gate electrode overlaps source and drain regions
= X, is overlap length on each side of channel
» L=Ly—2X,
= Total overlap capacitance:

Coverlap =CGso +Cepo = 2Cox\WXp
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Oxide capacitances

Channel

a Channel capacitances
= Gate-to-source: C
= Gate-to-drain: C 4
= Gate-to-bulk: C,

Q Cutoff:
= No channel connecting source and drain
" Cis=Cyy=0

. Cgb = CoxVVl—eff
= Total channel capacitance Cy: = C_ WL ¢
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Oxide capacitances

Channel
JLinear mode
= Channel spans from source to drain

» Capacitance split equally between S and D
Co.=1C 1
GS — E oxWLeff CGD = ECOXWLeff CGB — O

— Total channel capacitance Cg- = C_,WL

d Saturation mode
— Channel is pinched off:

Cqp =0 Cos = %COXWLeﬁ Cee =0

— Total channel capacitance Cg. = 2/3 C,,WL 4
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Gate-to-Channel Capacitance
(summary)

G G G

s = s

—— Cac Cac
EF W @ Dy-—un ED s

CGC = Cgb 8 Cgs 8 ng

Operation Region Cop Cos Coa
Cutoff CoxW o 0 0
Resistive 0 CoxWlom!2 CogW Lzl 2
Saturation 0 23)C, WL & 0
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Gate-to-Channel Capacitance

CGC
WLC,, WLC,, | Coc
2WLC,,
CGCS
WLC,, | Cecs Coes = Goep WLC,, ’
2 2 Ceep
|
v, Ves 0 Vps/(VgsVy) !
Capacitance as a function of VGS Capacitance as a function of the
(with VDS = 0) degree of saturation

Bottom Line: Cap. components are non-linear




Diffusion Capacitance

Channel-stop implant
NA+

Side wall

~—

- . Channel
Ls Substrate N,
Ciisr = Chorom T Cyy = C;XAREA+C; x PERIMETER

= CLgW+ Cyy, (2Lg+ W)




Junction Capacitance

C; (FF)

2.0

15T

1.0}

05

0.0

linear junction

abrupt junction

0.0

20 20
Vp (V)
o C;‘D m = 0.5: abrupt junction
J (1- - -’%)m m = 0.33: linear junction



Linearizing the Junction Capacitance

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

_ % _ Qj'(th'gh)_Qj(Viaw) - K C

Ce - e 0
! &VD th’gh_ Prﬁow o

-0

K =
o (th'gh_Vﬁow)(l —I'?E)

[(d)[} o th’gh)l = (¢'D o Vﬁow)l —m]




Capacitances in 0.25 gm CMOS
Process

ox . g . ' ¢'E:- stw mjsw ¢'b5w

(F/pum’) [ (F/pm) [ EF/pm’) #) (fF/pum) )
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




Data Dependency

Case 1 _/_—”:%

L
Case 2 _/_—H: 0 C,/Cy
Case. 3 _/__ E g 13 - Case 1
1 1.1 —+— Case?2
1 80 —+— Case4
Case5 _/ — 1 T
Case 6 T - 1 42 1 Caseb5
[ 31 -+ Caseb
e T
Case 7 /[ — I A3 | Case7

itWAPVA Data-dependent gate capacitance




MOS Cap. Summary

Gate

Cye \(Th/cg

Al
Source o L
C

s
CEM

Body

1WAEY Capacitances of an
MOS transistor

d

o Drain

db




Alpha-Power MOSFET Model

I, (WA) | —— Simulated lgs ¢ (Vgs — V)@
400T — o-law

—— Shockley 1<a<?2
300§

200t

1001

AWAWA 1-V characteristics for nMOS transistor
with velocity saturation




Subthreshold Leakage

Ids(HA)
250 V=18
200 V=15
150 V=12
100
V=09 .
50 _— * Dominant leakage
gs -
0 T T T T T 1
0 0.3 0.6 0.9 1.2 1.5 1.8 meChanlsm
(a) Vds
* Increases exponentially
with temperature and Vt
1 mA . Saturation V. =18
m E Region o
100 nA SubthreshoV'/_’_,
10 uA | Region
1A
100 nA
10 nA
1 nA Subthreshold
100 pA { Slope y
10 pA : f :
0 0.3 0.6 0.9 1.2 1.5 1.8
Vgs
(b)

{[tWREY Simulated I-V characteristics




Gate Leakage

109 - t
106 - Vpptrend 0.6 nm
0.8 nm
—~ 10°- S o *Increases with gate oxide
5 | SiO2) scalin
*-&L.?_ 100 n O 1.5nm ( g
o s oJ.9 *High-k gate oxides can be used
to lower gate leakage
1076 -
*Independent of temperature
1072

0 03 06 09 12 15 18
VDD

1WA Gate leakage current from
[Song01]




Junction Leakage

o W [

n-well

o

p-substrate
o

A[EWAE)] Reverse-biased diodes in CMOS circuits

Less significant than gate and subthreshold leakage

*Increases with temperature




Temperature Effects

*Mobility decreases with
increase in T

*Vt decreases linearly with T

Increasing
Temperature

Vs

1[cW#AN 1V characteristics of nMOS transistor in
saturation at various temperatures




Temperature Effects

250 -

240 A

0 20 40 60 80 100 120

Temperature (C)

WYY . .. vs. temperature




Temperature Effects

Chip Cooling can:

1. Improve Circuit performance
* speed up transistors

» decrease the delay of interconnects since metal resistance
decreases with temperature

« Lowers junction capacitance (increases depletion width)
2. Decrease leakage (mainly subthreshold)

3. Improve reliability of the chip
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The Sub-Micron MOS Transistor

2 Threshold Variations
2 Subthreshold Conduction/Leakage
0 Parasitic Resistances




Threshold voltage variation

a Until now, threshold voltage assumed constant
= V; changed only by substrate bias Vqg

a In threshold voltage equations, channel depletion
region assumed to be created by gate voltage only

0 Depletion regions around source and drain
neglected: valid if channel length is much larger than
depletion region depths

Q In short-channel devices, depletion regions from
drain and source extend into channel




Threshold voltage variation

Short-channel effects cause threshold voltage variation:

a V; rolloff

» As channel length L decreases, threshold voltage decreases
a Drain-induced barrier lowering

= As drain voltage Vg increases, threshold voltage decreases
Q Hot-carrier effect

» Threshold voltages drift over time
0 Negative-Bias Temperature Instability (NBTI)

» [ssue in PMOS transistors

= V1t drifts over time

» Typical stress temperature 100-150 C

» Typical oxide electric fields of 5-6 MV/cm




Threshold voltage variation

NE3

Drain
source -
Source | _dep_letlon
depletion region
region Gate-induced

depletion region

a Even with V;4=0, part of channel is already
depleted

a Bulk depletion charge is smaller in short-
channel device — V; is smaller




Threshold voltage variation

aChange in V:
" X43, Xgp: depth of depletion regions at S, D
" X;: junction depth

1 X 2X 2X
AV, . =— [20&N,[2 SRS ) R [ SH () U R (S DR |
o COX‘/ AzaN,[20: [ o5 (\/ X; J [\/ X; J

* AV, Is proportional to (x;/L)
— For short channel lengths, AV, Is large
— For large channel lengths, term approaches O
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Threshold voltage variations
Graphically: V;, versus channel length L

Vo Long-channel V-

V; Roll-off:
V; decreases rapidly with channel length




DIBL

Q Drain-induced barrier lowering (DIBL)
= Drain voltage V4 causes change in threshold voltage
= As Vg is increased, threshold voltage decreases

0 Cause: depletion region around drain

= Depletion region depth around drain depends on drain
voltage

= As Vg Is increased, drain depletion region gets deeper and
extends further into channel

= For very large Vg, source and drain depletion regions can
meet — punch-through!

Q Issue: results in uncertainty in circuit design
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Threshold Variations

Long-channel threshold Low Vpg threshold

e —

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




Threshold voltage variation

Q Hot-carrier effect

= increased electric fields causes increased
electron velocity

* high-energy electrons can tunnel into gate
oxide

* This changes the threshold voltage
(increases V; for NMOS)

» Can lead to long-term reliability problems
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Threshold voltage variation

a Hot electrons

= High-velocity electrons can also impact the drain,
dislodging holes

» Holes are swept towards negatively-charged
substrate — cause substrate current

» Called impact ionization

*= This is another factor which limits the process
scaling — voltage must scale down as length
scales
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Threshold voltage variations

a Summary of threshold variations in short-
channel devices

= V; rolloff: threshold voltage reduces as channel
length L reduces

= DIBL: threshold voltage reduces as Vg increases

» Hot-carrier effect: threshold voltage drifts over time
as electrons tunnel into oxide

» NBTl—causes Vt increase in PMOS transistors,
strong dependence on Temperature.
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Sub-threshold conduction (1)

a When Vg < V4, transistor is “off”
= However, small drain current I still flows
» Called subthreshold leakage current

a Model for subthreshold current: q
( VGS+BVDS)

|, (subthreshold) = | We* A

» Increases as Vg increases (potential barrier lowered)
* Increases as Vg increases (DIBL)




Sub-Threshold Conduction (2)

The Slope Factor
Linear

_ aVes
10 +

C
ol ~1,e™, n=1+=Lt
/ | C.
Quadratic 1

Sis AV for I,/ 15, =10

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

‘ ‘ ‘ | Typical values for S:
0.5 1 1.5 2 2.5 60 .. 100 mV /decade
VesV)

Ip (A)




Sub-Threshold |, vs V¢

qVGs qVDS
- nkT KT
I, =1.6 1-e

Subthreshold M0S Characteristics — EEL4l 0.25u process

Date/Time run: OL/31702 0D:33:39 Temperature: 27.0
(A} nmosWlbsimd 0250.dat [active)
gdun
,__f_":ﬂ_'_ﬁja—-—
__'_,_,_.——'—‘_'_'_,_,_.—'—'—'_'
.--'
= .a»-"'"_ﬂ_’
1.0uh
10na
10Opa
m 0 to 0.5V
L.Oph #_,
100ER
o o.2v 0.4V 0.8% 0.8V 1.0v
o 1DimZ}
Vi
Date: January 31, Z002 Fage 1 Tima: 09:36:146




Sub-Threshold I, vs V¢

qVes _QVps

I, =1,.™ |1-e T |1+4-Vy)

Subthreshold M0OS Characteristics — EEL41l 0.25%u process
Date/Time xun: OL/30702 lE:26:16 Temperature: 27.0

1A) nmosWIbsim3 025uTdVds.dat (active)
15an
-—-’-‘—XF;-
__‘____a—
f 0 to 0,3V
Vg from ( to
R Vs o) —
,f"n-— 1" |
.—'—'—"'_'_'-'_—'_—F
| "]
| ———]
Snh — |
/ [
{ T [ DR B
_.—-—-—‘_'__'_'_'_
1}‘ _.—n-—-—'_'_"_'_'__'_._’_'_._
..—'-"_'_'__'_'—_‘_‘_._ _.__,__,_.__-——-—E——'__'
I R
fe==
R
v 0.5V 1.0V 1.5V 2.m
o IDm2}
i
Date: January 30, 2002 Page 1 Time: 16:27:29
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Leakage

0 Effect of leakage current

» “Wasted” power: power consumed even when
circuit is inactive

» | eakage power raises temperature of chip
= Can cause functionality problem in some circuits:
memory, dynamic logic, etc.
0 Reducing transistor leakage
* Long-channel devices
= Small drain voltage
= Large threshold voltage V-
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Leakage

0 Leakage vs. performance tradeoft:
= For high-speed, need small V; and L
* For low leakage, need high V; and large L

a Process scaling
= V; reduces with each new process (historically)
» | eakage increases ~10X!

a One solution: dual-V+ process

» Low-V; transistors: use in critical paths for high
speed

= High-V; transistors: use to reduce power
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Latchup

0 CMOS process contains parasitic bipolar transistors

a Under certain conditions, these parasitic transistors
can turn on, shorting power and ground rails and
usually destroying the chip — latchup

a Avoiding latchup requires certain layout design rules,
and careful control of process

Q Latchup was a major problem in early CMOS
processes

a Now, latchup is mainly issue for I/O circuits, with high
current demands and possibly noisy voltages




Latchup

substrate tap

n-well tap Voo

_— NMOS PMOS
- —a — Fiuer p-source
< rwell -
AN
Rosubs n-source "
p-substrate peubs

"_l.:__

Current flowing in well or substrate can forward-bias bipolar
transistor

Positive feedback between transistors: when one turns on, V4,
and Gnd are connected

Solution: reduce R, and R ¢ ns: Use many substrate taps in
layout

High-current circuits use guard rings
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Parasitic Resistances

Polysilicon gate
Drain
contact

G
V »
ww% A
Rs B Rp

Drain

Problem can be alleviated by silicided
source/drain contacts
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Future Perspectives......

25 nm FINFET MOS transistor (Berkeley)
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