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Clase de hoy

AReferencia para profundizar y origen de
transparencias: Digital Integrated Circuits A
Design Perspective, Jan M. Rabaey et al.

APrograma:

AResistencia

A Interconexiones (144 i 147)

A Dispositivos (104 i 105, 2801 281)
ACapacidad

A Interconexiones (1381 144)

A Dispositivos (107 i 112)
AModelado Interconexiones (1517 160)
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Resistance

Interconnect Resistance
Devices Resistance
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Wire Resistance
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Choice of Metals

AUntil 180 nm generation, most wires were aluminum

AContemporary processes normally use copper
A Cu atoms diffuse into silicon and damage FETs
A Must be surrounded by a diffusion barrier

Metal Bulk resistivity (mWAcm)
Silver (Ag) 1.6

Copper (Cu) 1.7

Gold (Au) 2.2

Aluminum (Al) 2.8

Tungsten (W) 5.3

Titanium (T1) 43.0
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Sheet Resistance
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Diffusion
Polysilicon
Metall
Metal2
Metal3
Metal4
Metal5
Melal6

2-10
3-10
0.08
0.08
0.08
0.08
0.08
0.04

Universidad Politécnica de Madrid



Dealing with Resistance

AUse Better Interconnect Materials
Areduce average wire-length
Ae.g. copper, silicides

AMore Interconnect Layers
Areduce average wire-length
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Modern Interconnect
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Example: Intel 0.25 micron Process

5 metal layers
Ti/Al - Cu/Ti/TIN
Polysilicon dielectric

LAYER  PITCH THICK A.R.

Isolation 0.67 0.40
Polysilicon 0.64 0.25

Metal 1 0.64 0.48 1.5

Metal 2 0.93 0.90 1.9

Metal 3 0.93 0.90 1.9

Metal 4 1.60 1.33 1.7

Metal 5 2.56 1.90 1.5
1wm LLm

Laver pitch, thickness and aspect ratio
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Example

Mé 1T um

M8
M5

" e )
Transistors Transistors

Intel 90 nm Stack Intel 45 nm Stack

[Thompson02] [Moon08]
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Contacts Resistance

AContacts and vias also have 2-20 W

AUse many contacts for lower R

AMany small contacts for current crowding around
periphery
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MQOS Transistor Resistance

Bverage Current Method: Good Approximation

. Iy
|
t2 1Y

I
1 Vis(f) 1
R dr = dt ~ = .
on(t) [ tz — tl}‘: ]D(t) 4 2(R0n(tl) + Ron(t2))

R, = averager:rlmrz(Ron(f)) -

AExample: Discharging a capacitor through an NMOS transistor

Vps(Vop—=>Vpp/2) by Vs = Vop
V R, o '
Pl lfp — '
Ry 77 .- | |
_T_ 2" - ; | Vs
= Vo2 Voo
/
R, = l( oo + Vop/2 )ﬁ Vop (1—§AVDD)° |'-\>SL
2 IDSAT(l T }\‘VDD) IDSAT(l T }“VDD/z) M psar 6 wW
W v;
- _ DSAT
with  Ipg,7 = kf((VDD_ VO Vpsar— 5 j
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MOS Transistor Resistance
Dependence with  Vdd

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 W/L.

Vpp (V) 1 1.5 2 2.5
NMOS (k) 35 19 15 13
PMOS (kQ) 115 55 38 31
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Building Transistors with Very
Low Resistance (Very Wide)

AProblem: Need to load a big capacitance with a low -area transistor
AFirst Solution: Serpentine Transistors

S

Minimize source and
drain resistances by
using many contacts

G D G D

MSecond Solution: Stacked Transistors

Similar to serpentine transistors, but no bends
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Transmission Gate Resistance

C
S
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Resistance of Transmission Gate
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Capacitance

Interconnect Capacitance
Devices Capacitance
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Capacitance: The Parallel Plate
Model

Current flow

Electrical-field lines
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Permittivity

Material e,

Free space 1
Aerogels ~1.5
Polyimides (organic) 3-4
Silicon dioxide 3.9

Glass-epoxy (PC board) 5
Silicon Nitride (S1;N,)) 7.5
Alumina (package) 9.5
Silicon 11.7
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Fringing Capacitance

Cfrfnge

—
[ 1]]
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Interwire Capacitance

fringing

-




Wiring Capacitances (0.25 mm
CMOS)

Field Active Poly All Al2 Al3 Al4
Poly
All
Al2
Al3
Al4 6.5 6.8 7 8.9 15 35
AlS 5.2 54 54 6.6 9.1 14 38
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MOS Transistor Capacitances
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The Gate Capacitance

Polysilicon gate

Gate -bulk
overlap

Top view

Gate oxide

Cross section
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Gate Capacitance

Operation Region Cop Cos Coa
Cutoff CoxWlow 0 0
Triode 0 o) CoaWL i 2
Saturation 0 (2/3)C,, WL, & 0
Most important regions in digital design: saturation and cut -off
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Diffusion Capacitance

Channelstop implant
Nal

Side wall

Source
Np

Bottom

X ¢ BN N
- . Channel
Ls SubstrateN
Ciir = Chorom T Cyp = C;XAREA+C, X PERIMETER

= CLgW+C,y, (2Lg+ W)

FELL
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Parameters for TSMC 180nm
Technology Manual Analysis

-

Y/D 2 2

( ) (Fume) | (fFHm) Transistor N
5 0.9 0.2

Dift-p 2 A Cg=21.3 fHum?

3 0.9 0.15 A losar= WIL 56 pA
SV 6.2 015 0.6 A Ry=29.6KY/D

M1 0.08 0.12 0.11
Transistor P

M2 0.08 0.08 0.10 A C;=21.3 fHum?

M3 0.08 0.08 0.10 A logar= WIL 25.7 A
M4 0.08 0.08 0.10 A Ry =65.5KY/D

M5 0.08 0.08 0.10
M6 0.04 0.04 0.13
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Metal Layer Usage for our
Project

Metal 1 Interconnect whithin cells

Metal 2/3 Interconnect between cells within units
Metal 4/5 Interconnect between units, critical signals
Metal 6 I/O pads, clock , power , ground
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Example

Vin ng12
[|
© |
Fanout
Simplified
Model
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Delay Modeling
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Delay Definitions

Vin A
- 50%
I I
I I
I | t
] | >
| | | |

| | for | ok |
VOUt A I<—)-| |<—>I
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A FirstOrder RC Network

R
(4 T ¢ out(t) (1 — e_t/T) V

t,=In(2) t =0.69 RC
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The Lumped Model

Dnver
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RC Models

Lumped RC
R
vin .—Wa Vuut
j— C
Lumped RC-ladder
E E/2 Ei2
r2 —l = 2 —l Z
L L L
o T
Ef2 RS2 kM4 EJ/2 Ef4
| | |
Cld==  ==Cl2 ==C —=CR ==CR
I I1 1 1
2 T2
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The Lumped RC -Model
The Elmore Delay

—
; R; I 2 p
0 ................ I Cl — 4&_ C4

R, = ZRJ-:(R?- e [path(s — i) N path(s — k)])
N
Tpi = ZCkak
k=1
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The Elmore Delay 0 RC

. R, 2 Ry i-1 R i Rv N

N I N
Toy = ZC‘;ZR}- = ZQ_,.RH

i=1 j=1 i=1

T = CiR+C(Ry+R,)+ ...+ C(R, + R, + ... + R))

I
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Depo
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Wire Delay Length
Dependece

Assume: Wire modeled by N equal -length segments
Each segment has a resistance of rL/N and a capacitance of cL/N

> N(N+1) RCN-I-l
2N2 2N

2
ToN = (j%) (rc+2rc+ ... +Nrc) = (rcL )

For large values of N:
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The Distributed RC -line
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Step-response of RC wire as a
function of time and space

25 L L L L L L L L L

voltage (V)

0 0.5 1 15 2 2.5 3 3.5 4 45 5
time (nsec)
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Intexconnection Models Overview

1. Lumped C

Vo ut

VOU!
—|>° T T T T T T . "
TITTITT ™ I T o

Driver e s —

2. Lumped RC 3. Lumped RC-ladder

T’\/C\/T —’\/\/\EEI:-;\/V\/"’

Vin o [ « Vout cr2 T IC/z

J— C
:\/@[:\2’ N/\H;fi R4 R/2 R4
— ci4 :Iii i—:cm icm I]?: cr :_l:]_: ci
n2 T2
5. Distributed RC Line 6. Transmission Line

r ! r | r ! r !

Vi, X Vout
gg ‘T gg L gg T gg L

2 2
0V = e 410V
ot or

Diffusion equation Wave Equation

2
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