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Disclaimer
A proper introduction alone would take weeks,
let alone a whole semester

Need to omit lots of nitty-gritty yet important process
details

Hopefully, we’ll still learn lots of cool device physics
QOOOOOOO
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Where is CMOS Technology Today?

« Scaling is still alive & well
« 130nm now standard fare
« 90nm already in volume manufacturing
« 65nm integration tough but not insurmountable
« Some key trends:
» Aggressive scaling of gate CD (critical dimension)
« Scaling driven by exclusively by digital circuit needs

90nm Technology
1 . Technology Feature Size .
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Source: Thompson et al., Intel (2002) Source: Wu et al.,, TSMC (2002)
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Why Aggressive FET Scaling?
Croag AV

load

tdelay =
IFET

The road to higher digital performance
« C,.gl = reduce parasitics (largely dominated by interconnect now)
« AV | - reduce Vo or logic swing, need for core & I/0 FET’s
* Izr T - all about moving charge quickly

: Stress-Induced
Hiccups along the way Voiding

* Interconnect scaling much more difficult than
anticipated, especially Cu/low-K reliability

« FET leakage doesn’t go well with V5 scaling

How to beef up lg?
« Tweak with M, Cox= L & VT -D.Sum

Got redundant vias?
lysat = V2 UG, (W/L) (Vs - V1)? ot redundant vias

Technology upgrades not necessarily compatible with analog design

Loke, Wee & Pfiester
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The Most Basic MOS Concept — V-

- V;=FET ON voltage, i.e., gate voltage required to form inversion layer
connecting source & drain; shorts out back-to-back pn-junctions with substrate

Qd <« depletion charge per unit area
P = ONXaep =V Na (gep <11 N
(0).¢

& Remember VeE=p/e?
bulk potential

flatband (offset) voltage KgT
due to oxide charge & Oy = In

work function difference 9 | oxide c;apacﬂance
per unit area = g,,/ t,,

V=V + 20, +

silicon Roly/gale

anannnnn6nnnnnNn _. .
surface \ e e n inversion layer

p-substrate

P
depletion
charge
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More MOS Fundamentals (Energy Band Diagram)

Formation of Inversion Layer

V; = gate voltage required to reverse doping of silicon surface, i.e., move ¢, by 2¢,

flatband
(no field in silicon)
M O S
silicon
«— surface

EC
Er q)S# ...................... (I) b.. E
Er
EV

q)s = q)b

kBT A

Oy, = q In n
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onset of inversion

(surface is undoped)
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Vi =Veg + 20, + e

OX
offset bulk oxide
drop drop

onset of strong inversion

(V; condition)

O

S

inversion
layer
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Reintroducing (...drum roll...) the MOSFET

SOURCE

Vas =0
Vps = 0 (no net current flow)

Large source barrier
(back-to-back diodes)

VGS = VT

Vps = 0 (no net current flow)
Source barrier is lowered
Surface is inverted

Vas > Vr

Vps > 0 (net source-to-drain current flow)
Carriers easily overcome source barrier
Surface is strongly inverted

DEPLETION
REGIGS & === -

Source: Sze (1981)
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Life’s Never So Perfect

Ideal MOSFET = voltage-controlled current source

|deal Reality

o
wn
<
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wn
>
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3 L\

DS

Now plunging deep into a lot of interesting second-order effects...
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Warp Speed Ahead - Short-Channel Effect (SCE)

YT rolloff at shorter L poly gate
since less charge must

be depleted to achieve - -
A /

surface inversion

vt o e >-substrate L
junction
/ depleted by depletion
'\ gate charge poly gate region
Drawn Channel Length, L

* Prominent in older CMOS technologies p-substrate

 How to minimize SCE?
« Minimize volume of charge depleted by source/drain junctions
* Higher substrate doping for thinner junction depletion regions (x4, o<1/m)
« Higher V; & junction capacitance - not consistent with scaling
» Shallower source/drain junctions
- Higher source/drain resistance - smaller drive currents
» Tighter gate coupling to surface potential
« Thinner gate oxide of surface potential - direct tunneling leakage
« Higher K gate dielectrics

« Other SCE problems: large electric fields - carrier v¢,; & p degradation

Loke, Wee & Pfiester
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Deep Submicron FET Fabrication Sequence

1

| @ . B

p-Si substrate  oxide

Shallow Trench Isolation

n-well p-well L

Well Implantation

gate oxide
@ 8 B
Gate Oxidation &
Poly Definition
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4

=

Ve

halos
Source/Drain Extension
& Halo Implantation

R B
Spacer Formation &
Source/Drain Implantation

silicide

ey St

pFET nFET
Salicidation
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* Previous generations used G-line (436nm) & I-line

Step-and-Scan Projection Lithography
Rayleigh’s Equation: Resolution «< A / NA

(365nm) steppers (refractive 4X-projection optics)

 Technology trends

» More aggressive CD’s - shorter A

Higher NA lenses > $$$

Larger reticle field sizes > $$$ @ Exposure Field

» Step-and-scan enabled resolution & CD control for
critical layers beyond 0.35um node

Slide reticle & wafer across narrow slit of light

Deep-UV Slit Source

Excimer Laser

KrF (248nm) or ArF (193nm)

Hlumination System

) Reticle Scanning
Stages

Aberration-free high-NA optics only required
along 1-D but now requires high-precision

4 Reticle

constant-velocity stages
Still much cheaper than optics optimized in 2-D

Rectangular reticle size - shorter edge limited
by slit width

2 Waler Scanning
Stages

‘ 5 Projection Lens

/

‘ (& Wafer

Relatively weak intensity of deep-UV source I

o

required development of very sensitive ]

=
L]

chemically-amplified resists for throughput
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More Lithography Tricks

« Sharp features (e.g., corners) are lost because diffraction attenuates &
distorts higher spatial frequencies (low-pass optical filtering)

« Compensate for diffraction effects for features much smaller than exposure A
- manage sub-A constructive & destructive interference

« Software complexity during mask fabrication

Optical Proximity Correction (OPC) Phase Shift Masking (PSM)
« Add scattering features to sharpen corners « Modulate optical path through mask
« Used extensively for poly gate definition « Used extensively for contacts & vias
- Complicated for irregular patterns
Non-Optimized Optimized Mask \"T30°
Amplitude phase
I @ E——— e -y Of Mask 1 . ]—_shm
Mask

"-I-“ Amplitude / Y\ /\

mees oees Llas sl at Wafer

Resist 7 SRR
Pattern ' Intensity /\J\
- : at Wafer \

Source: Socha, ASML (2004) Source: Plummer, Stanford (2004)
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Basics of LOCOS Isolation — 0.35um & Earlier

1 bird’s

2
| | 3 / beak
j\_—_i
Deposit & pattern thin Si;N, / \
oxidation mask Grow thermal field oxide

Strip Si;N, oxidation mask

« Industry played lots of tricks to reduce width of bird’s beak & make field oxide
coplanar with active areas

Depth of Focus « Resolution / NA

» Required very careful understanding of visco-elastic properties of oxide
during thermal oxidation

« LOCOS ran out of gas beyond 0.25um

Loke, Wee & Pfiester
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Shallow Trench Isolation (STI) — 0.25 um & Beyond

1
3
a4 et Skt et e
Deposit & pattern thin Si;N, etch i i ]
mask & polish stop Grow liner SiO,, then deposit conformal
SiO, — void-free deposition is critical
2
-/ \— ) \— N\ 4
= NS N NS st
Etch silicon around active area — _
profile critical to minimize stress CMP excess SiO,
5 +
— N~ " \/ N_etchedawayin
subsequent

Strip Si;N, polish stop

Advantages over LOCOS technologies
» Reduced active-to-active spacing (no bird’s beak)
» Planar surface for gate lithography

Loke, Wee & Pfiester
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Let’s Think a Little Bit More About CMP

wafer carrier in situ pad
<> conditioner
slurry (critical)
<+

wafer

(facing do%
ffffff_

optical
endpoint
detection

CMP technology pioneered by IBM
» Leveraged expertise from lens polishing

Loke, Wee & Pfiester
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oxide CMP

;‘_/

* |deal world for CMP: want perfect
periodicity of patterns throughout
wafer

* Need to throw in dummy features to
minimize pattern density variations
—> optimize planarity

 Polishing pad will flex

dishing
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Always Think Dummies in Any CMP Process

« Dummification is key to minimize topography in any CMP process
« Add dummy patterns to open spaces to minimize layout density variations
— Added design complexity to check layout density & insert dummy patterns

[ ]
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 Also critical to step dummy dies along wafer circumference

/_

[
) | |
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Well Implants — Lots of Transistor Variants

Loke, Wee & Pfiester
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Well Engineering

Shallow & steep surface channel implant
* V; control

Retrograded well dopant profile _ N
» Slow diffusers critical (Ga, Sb)

(implants before poly deposition)

\, » Substrate
— Doping

Deeper subsurface implant v
- Extra dopants to prevent subsurface  Depth

punchthrough under halos Very deep high-dose implant
 Prevent parasitic channel formation on « Latchup prevention

active sidewall beneath source/drain - Noise immunity
- Faster diffusers OK (B, As/P) - Faster diffusers OK (B, As/P)

Implant order matters to prevent ion channeling, especially for the shallow implant

Loke, Wee & Pfiester
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Gate Oxidation

 Need two gate oxide t_,'s — thin for core FET’s & thick for I/O FET’s
« Grow 1st oxide, strip oxide for core FET’s, grow 2"d oxide

* Gate oxide is really made of silicon oxynitride (SiO,N,)
* N content prevents boron penetration from p+ poly to channel in pFET’s
« Side benefit —increased ¢, i

Subroutine on Equipment Technology

« Gate oxide no longer furnace grown

« Multi-chamber cluster tools now ubiquitous

« Pre-oxidation clean, gate oxidation &
poly/ARL deposition performed in separate
chambers without breaking vacuum

 Better thickness & film compositional
control (native SiO, grows instantly when |
exposed to air)

« Fast — minutes-seconds per wafer vs.
hours per wafer batch

g

Epsilon®
Nitride CVD
Reactor

HF Vapor
Clean

Loke, Wee & Pfiester
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Poly Gate Definition

- Gate CD way smaller than lithography capability, even with mask tricks

LT
~ o Vi

" anti-reflection

layer (ARL)
poly-Si  gate
/ oxide

- ]

1 | Pattern resist 2 | Trim resist 3 | Etch gate stack
(oxygen ash)

» Process control is everything — resist & poly etch chamber conditioning is
critical (lesson to remember: don’t clean those residues in tea cups or woks)

« Way to get smaller CD’s to trim more (requires tighter control)
« Dummification also necessary for poly mask

Loke, Wee & Pfiester
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Source/Drain & Channel Engineering

self-aligned source/drain extension implant self-aligned source/drain implant
(n-type) (n-type)
1 VYV YV y ULHHHL
poly gate ; poly gate ;
p-well ; halos :

.
\J

self-aligned high-tilt halo/pocket implant

p-well
(p-type)

\\ NN K KK / Resulting structure has:
2 \ / - Smaller SCE
poly gate » Shallow junction where needed most

— W - Low junction capacitance

p-well Not to be confused with LDD’s in /O FET’s
_ _ . « Same process with spacers but lightly
3 dielectric spacer formation doped drain (LDD) is used for minimizing
peak E fields that cause hot carriers &
épmy gate; Eonoione
« Extensions need to be heavily doped to
p-well minimize series resistance
Different halo & extension/LDD implants for
Loke, Wee & Pfiester each FET variant
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Rapid Thermal Processing (RTP)
vs. Curry

4 RTP 4 Furnace

substantial
ramp times

Temperature
Temperature

Time Time

- Initially developed for short anneals
» Impossible to control short thermal cycles in furnaces *""i‘f"f
« Want minimum diffusion for shallow & abrupt junctions “ A\

» Process steps:
« Annealing = repair implant damage
« Oxidation - gate oxide
 Nitridation - spacers, ARL
« Poly deposition - gate

« RTP in single-wafer multi-chamber cluster tools

HF Vapor
Clean

- Epsilon®
Nitride CVD
Reactor

Loke, Wee & Pfiester
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Self-Aligned Silicidation (Salicidation)

* Need to reduce poly & diffusion R, otherwise get severe IFET degradation due
to voltage drops from contacts to intrinsic FET (source degeneration)

B Rl
poly |
1 3
well
Deposit sicilide metal (Ti, Co, Ni) Strip unreacted metal
b Bl
2 4
RTA1 (low temperature) RTA2 (high temperature)
Selective formation of metal silicide Transforms metal silicide into low-p
from direct metal reaction with Si phase by consuming more Si

« Selectivity degraded at RTAZ2, i.e., metal over SiO, & Si;N, will form silicide
 Technology progression: TiSi, = CoSi, = NiSi,
« Scaling requires smaller silicide grain size to minimize R, variations

Loke, Wee & Pfiester
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Making Cheap Resistors

« Only one extra mask can buy you unsalicided poly & diffusion resistors

« Salicide block etch protection oxide
f poly ﬁ
1 field oxide

SiO, deposition prior to salicide module
| |

- N

Salicide block etch

salicide

Salicide module

Loke, Wee & Pfiester
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So What Do All These Cool Process Upgrades
Mean To Designers?

« Short answer...
some extras but plenty more non-idealities to worry about,

especially in analog land !!!
« We’'ll look at:
* Poly depletion & charge centroid effects
 V; effects
» Reverse short- & narrow-channel effects
« Well proximity effect
Active area mechanical stress effect
Leakage current mechanisms
Multiple V- devices
Impact of halos
Manufacturability

Loke, Wee & Pfiester
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Poly Depletion & Surface Charge Centroid Effects

Co =&/ EOT

EOT = Equivalent Oxide Thickness

poly depletion (band
bending) results from
nonzero conductivity

_

gate charge centroid .............. i

few A’s away from — 4

oxide interface

Si surface charge

centroid few A’s away  ____ o
. . =

from oxide interface " W 3
LR AN '8

A0
:

. ! ‘
] T WAl y i !
) ' ANy SO 00 [
'
- AE NN Fharw
p-well AN

(W N R N N T i
:I"l.!'l'lil‘lli.l'l’ll - .I'I:l:i:l:l:l
L R R N N N
(AR RN N RN NN NN, N I'll'l'lllll.l'

n+ poly gate

SPRSE O 0 OO OO0
] nm .l'lrlll'."lll'." .' L e U
— OO 'I.I'l.w#tél
nge:gee Source: Wong, IBM (2002)

» Increasing discrepancy between electrical & physical gate oxide thicknesses since
charges are not intimately in contact with oxide interface > C,, not as small

« C,x must account for gate & Si surface charge centroids as well as &g;
* Modeled in BSIM4 - more accurate |-V & C-V calculations
» Motivation for high-K gate dielectrics & metal/silicided gate technology

Loke, Wee & Pfiester
Agilent Technologies
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V; Variations Across FET L & W in 90nm

« Wondered why so many transistor L & W bins in SPICE models?
* e.g., SPICE model linear V’s for 90nm nom-V; core nFET @ 85°C

- V;TasL!
. VTi e W L 15/0.1um
VA short
‘ wide
P 0.36
L\
0.15/0.1um | Ao oo
<hort T 0.32
narrow £ X\ ATT T c()) .gg
VKOOSO 2
‘A A’A‘A“,‘—!“’ -0.24 V1 (V)
o Think how much gate

charge is needed to
raise surface potential
needed for surface
inversion

Loke, Wee & Pfiester
Agilent Technologies

0 0.34-0.36
0 0.32-0.34
m 0.30-0.32
m 0.28-0.30
0 0.26-0.28
m 0.24-0.26
0 0.22-0.24
m 0.20-0.22
0 0.18-0.20
0 0.16-0.18
m 0.14-0.16
0 0.12-0.14
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Reverse Short-Channel Effect (RSCE)

as L decreases, V; rises
before conventional SCE
kicks in

v, 4 ,/ ,

conventional SCE X
> lllllllll l“‘ p-WeII

poly gate

Drawn Channel Length, L

* Mechanism - Transient Enhanced Diffusion (TED)

« Damage from halo implant creates crystalline defects that accelerate
diffusion of dopants in subsequent anneals where damage is eventually
repaired

« Dopants migrate to source-to-substrate junction & raise source-to-channel
barrier height

* Vsincreases

+ Target L,,,;, at V; peak for good process margin, i.e., minimize V; sensitivity to
poly-CD variations

Loke, Wee & Pfiester
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Narrow-Channel Effect (NCE)

V; increases for narrower W

since more gate charge is birds ____—"»
required to deplete edge of beak

active area under gate \/
v, $ /
"

poly gate

Thicker oxide under gate edge

* Tougher to deplete

» More gate charge needed for
inversion

p
Drawn Channel Width, W

poly gate

 Prominent with LOCOS isolation
* Does not exist in STI

p-substrate

Loke, Wee & Pfiester
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Reverse Narrow Channel Effect (RNCE)

corner
outdoping

V; decreases for narrower W
due to trench recessing &
corner outdoping

S~

Drawn Channel Width, W

v, 4

>

« Prominent in STI technologies

« Concentration of electric field
lines terminating at corner

* Trench recess results from
faster oxide etch rate at STI
edge during pre-oxidation HF
wet-cleans

Loke, Wee & Pfiester
Agilent Technologies

trench
recess

-0.02

0.02

0.04

0.06 e L e %
-0.04 -0.02 0 D::EIE 0.04 008 0.08

Source: Burenkov & Lorenz, Fraunhofer Institut (2003)

« Edge device turns on before center device
- |-V kink in very narrow devices
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Well Proximity Effect

- |V4| Tif FET is too close to edge of well resist mask due to
extra channel dopants from lateral scattering off resist

sidewall into active area during well implants

* |AV4| depends on:
» FET distance to well mask edge
* FET orientation
- implanted ion species/energy

« Most impact on narrow- & long-channel devices

* No impact on native FET’s
« Well mask matching critical especially in analog layout
* Not modeled in BSIM4

0.15

0.10

AV (V)
(=]

-0.05

-0.10

0.42

Loke, Wee & Pfiester
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X

nFET

0.24/0.18pm

; 0.
S w——

0.05
1.0/0.18pm

24/1.0pm

1,0/1.0pum

Active Area L

w

X

£ -
[’;
1=
-

L] g

~

N

Gate Area

high-energy
well implant

HHHHHHH

KPW KPW K

pFET

010 5 1.0/1.0um

0.24/1.0pm

0.60

0.

80

1.0

Distance of FET from Mask Edge (um)

Source: Hook et al., IBM (2003)

1.0/018um /
0.24/0.18um

0.60

0.80 1.0

Distance of FET from Mask Edge (.m)
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Active Area Mechanical Stress Effect

» Silicon is piezoresistive — electrical properties depends on mechanical stress state
- Stress affects m*, y, E, V1, body effect, DIBL, ...
« Compression -> slower nFET, faster pFET
« Tension -> faster nFET, slower pFET
« STI > compression in Si channel due to 10x CTE mismatch between Si & SiO,
* lysat S €can change by as much as 10-15% -> affects digital device ratios
» Channel stress is strong function of distance from poly to active edge

high compression lower compression le+10
£ Gl

« Known for some time

let9 |

Hydrostatic pressure(dyne/cm 2)

« Can play tricks with tensile spacer & e L1 b PeseEll |
silicide films to relieve channel stress 5 43 2-101 2 3 4 5
- Basis of high-p,, strained-Si technology distance from channel center (jum)
« Modeled in BSIM4 not BSIM3 (SA, SB) Source: Xi et al., UC Berkeley (2003)

Loke, Wee & Pfiester
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ON vs. OFF Current Benchmark

Comparison of 90nm Technology Foundry Vendors
1000.0 =177

PP HRRRTE P inFET
B ERRERT B SRR AR
I L R R B e e e o S S
: RERRN-N-RERRBLIRRLARRE
8 REREY-N ARURETAREE SRERE
= SRR 7 uhE A A A e B
3 100 friederbeod B b L L
S A LT T kN O O O O O A O
g RN -RY SR T I A I A
v} Voo :EE R T T T R S S R
O] T B A A A :&E -
— R CE I @; HE R G
w10 fpdeded b L L L L
(@ T R S R R S B A S S R S S S
©) T - S-SR - S E- S SRR R R
BB RIS I A I A
LOVIE2Vi 1.0V P ARV
oq i i i i i iy i it ii iy ddd

0 200 400 600 800 1000 1200

ON Drive Current (WA/um)
* “No free lunch” principle prevails again: high 5y = high |5
« V.’s not scaling as aggressively as V,

« Technology providers offer variety of V;'s on same die to concurrently
meet high-speed vs. low-leakage needs

Loke, Wee & Pfiester
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Leakage Current Contributions

r Voo

IGIDL C
p-well

 Relative contributions of OFF-state leakage
130nm 100nm  65nm

I I . Isug Subthreshold leakage from source

lgip. Gate-induced drain leakage (GIDL)

. I, Junction reverse-bias leakage
I . Ic Gate leakage (direct tunneling)

Source: Assenmacher, Infineon (2003)

Loke, Wee & Pfiester
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Subthreshold Conduction

* ON vs. OFF current — big issue with Vpp & V7 scaling
* FET does not abruptly turn on: large Iy = low V; - large | leakage

- Diffusion current due to carriers from source spilling over source barrier into channel
due to application of Vs to lower ¢, (weak dependence on Vg in long-channel FET)

« Want to maximize coupling of V5 to ¢, but have capacitive sharing with substrate
« Large C,, - high-K gate dielectrics, thinner gate oxides
« Small Cg; > low substrate doping, fully-depleted SOI
* Inverse subthreshold slope (S) = 100mV/decade at 300K (ideally 60mV/decade)
* e.g., V1=0.2V & lgy= 100pA > lgee=1pA 1!

A AV Cox kBT In(10 Cox + CSi
= = — In X
¢S © g Cox + CSi 9 ( ) Cox

Va

Silicon surface : C.,
o Potential (o) gate — gate oxide
° Soggg:o\ —_— . — capacitance
oo
source t: // : Cy;
\7 _ - silicon
G dah  p-substrate . depletion
Vg capacitance

Loke, Wee & Pfiester
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Basic Intuition on Body Effect

Body or backgate effect
« Applying reverse bias between substrate (body) & source increases |V;|

Basic equation: Vi = Vi, + 7 (V20,+Vgg — V20,)
Tug-o-war between V & Vg to control surface potential through C_, & Cg

(that’s where carriers come from)

Va
Silicon surface Cox
Potential (¢,) gate gate oxide

3

Gy
""" silicon
p-substrate . depletion
Vg capacitance

G, decreases with increasing |Vg|
« Steeper subthreshold slope with body effect — only valid for long channel

Loke, Wee & Pfiester
Agilent Technologies

Inversion layer forms when ¢, is lowered sufficiently with respect to source
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Drain-Induced Barrier Lowering (DIBL)

 Soft punchthrough induced by drain-to-substrate depletion region
e |V;|{as Vy T (drain-induced SCE)
- V, T > drain-to-substrate depletion region grows with more reverse bias
 Lateral electric fields in drain-induced depletion region lowers source-to-
channel barrier, allowing more carriers to diffuse from source to channel

 Typical DIBL magnitude: AV, =-0.12V for AVy = +1.2V in 90nm

v o v

poly gate

p-well

source ‘/\m | |
CB reduction of electron barrier
lVDD height in conduction band (CB)
at edge of source

Loke, Wee & Pfiester
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Gate-Induced Drain Leakage (GIDL)

« Drain-to-substrate leakage due to band-to-band tunneling current in
very high-field depletion region in drain overlap region

gate
oxide E-field & band bending :5
are strong functions of Vg Vop
& weak function of Vg poly gate
poly gate

llllllllllll

p-well

- Similar gate-induced source leakage (GISL) mechanism exists when source
is raised above gate potential

« Modeled in BSIM4 not BSIM3

Loke, Wee & Pfiester
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Gate Leakage (Direct Tunneling)

* t., has been scaling aggressively with L.

* higher I¢; Historical Trends
« tighter gate control - less SCE “r
- Significant direct tunneling for t,, < 2nm st L
+ Gate leakage = f(t.,, V) | e e
 Tunneling probability o exp (-a t,,) ﬁ 1. .* |z
Vg dependence from Fermi-Dirac statistics = f ,_ l 1175
& density-of-states considerations 5 IH] « |n2
* Hole & electron tunneling in CB & VB _&[2 [ |~ o N
- High-K gate dielectric achieves same Cy with  : . " Ed i
much thicker t_, T =
* Modeled in BSIM4 not BSIM3 1 s A i
E *
Igs ngd o.lﬂzll.- 505 o1 02 o 1
I : : t ’ | MOSFET channel length (pm)
4 | T i S : Taur, IBM (2002
O&--- Sl I S 30O ource: Taur (2002)

&
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Using FET’s with Multiple V-’s

+ Be very careful when using multiple-V; FET’s, especially in analog land
* V; separation typically advertised only for L = L .-

Simulated 90nm Core FET V;'s (W=0.6pm)

0.5

0.4
>

AV:’s

1)

short L
0.1

AV:= 0.1V
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3
L, Drawn Channel Length (um)

long L

no AV; between
low-V; & nom-V
devices

« Different mechanisms for setting V- in low-V; vs. high-V; devices
« Want to share as many implant masks as possible to save $$$

« V; adjustment: channel implant vs. halo implant
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V; vs. Temperature
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> |V, 4

KeT . N
Oy, = Z In n:\

V; can vary a lot with temperature
Worse | due to [V;| 1 & S T
Temperature sensitivity depends on W & L

Simulated Linear V- for 0.6/0.1pm Core FET S
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Analog implication: With V; becoming increasing % Vg given reduced V,

cold temperatures may yield worst headroom
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Impact of Halos on Analog Design

» Halo at source side suppresses SCE & DIBL in short-channel devices

» Halo at drain side creates Drain-Induced Threshold Shift (DITS) in long-channel devices
- Drain bias very effective in modulating drain halo barrier > V; | > I, T
 Worse DIBL compared to uniform-doped FET
« Can degrade FET r, by 10-100x!!!
« Critical limitation for building current sources

(cascoding difficult with low V)

« Asymme

shown to improve r,; significantly

source

 Halos increa

tric FET’s with only source-side halo

Output Resistance (Ohm)

se Cy, when FET is not in inversion

* Modeled in BSIM4 not BSIM3, but still need improvement
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—a—R,, N, =4E17cm™, N =8E17cm™
—e—R_, N, =4E17cm”

uniform-doped

halo

V,,=0.5V
V,.=0.8V

1 10
Gate Length (um)

Source: Cao et al., UC Berkeley (1999)
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Characterizing Process Variations

« Statistical variations in IC manufacturing - variations in FET characteristics

« Circuits must function across operating Vyy & temperature but also across
statistically acceptable process tolerances

- Statistical variations summarized by spread in nFET & pFET Vs, orin | 'S,
l.e., use V;orl,, to summarize cumulative effect of ALL process variances

* Consider die-to-die, wafer-to-wafer & lot-to-lot variations

Idsat o< (VDD_VT) 2

A A
FS SS
acceptable
pFET pFET
VT Idsat
> F = fast >
nFET T = typical nFET
VT S =slow Idsat
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Correlated vs. Uncorrelated Process Variations

« Elliptical 2-D Gaussian distribution from natural variations with no deliberate
retargetting of process parameters

correlated variations due
to common processes

4.0 ,“' e.g., poly photo/etch CD

_ i & gate oxide thickness

T 35 | .

_;S —300

E 3.0 B —250

Ué_ - Measurements

£ 25 | @ SPICE Targets

E 25 |

]

o L

S 20 ¢
i | uncorrelated variations due
30 35 40 45 50 55 60 65 7.0 75 80 “oq to uncommon proce§ses

10/0.13um nFET I, (MA) €.g., channel & well ion
implants

« Tougher to control poly CD than implant doses
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Skew Process for Design Margin Verification

 Process wafers with | ,,'s that target SPICE corners of acceptable distribution

- Statistical distribution is cumulative result of ALL variations for processes
targetted as NOMINAL

 Countless possibilities of tweaks to achieve skew nFET/pFET |, combination

« Fab typically employs SIMPLE means of retargetting nFET & pFET | _,'s with
very few deliberate non-nominal process tweaks
« FF vs. SS
« Adjust poly CD, no change in gate oxide thickness
* Nominal implant doses
« FSvs. SF
» Adjust surface channel or halo implant dose
« Nominal poly CD & gate oxide thickness
« Consequences
* Nominal & skew results frequently miss intended targets since nominal (by
definition) can land anywhere in distribution
* Not 100% representative of natural process corners
« Decent approximation for vanilla digital circuits
« May be bad approximation for some analog & high-speed digital circuits if
they are insensitive to selected tweaks
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Additional Commentary
Manufacturing Impact on Design

* Importance of poly gate orientation — align FET gate along x or y?
» Preferred orientation will likely exist due to step-and-scan nature of gate
lithography
 FET mismatch
« Symmetric circuits that are built asymmetric may fail
« DFM (design for manufacturability) is a big buzz word now
- need for Monte Carlo simulations to statistically validate design

« Exposure A is not scaling as aggressively as L,
« Roadmaps are just guidelines
* Huge industry resistance to move to 157nm
« Requires reflective optics > $3$3
« Expect more gate resist trimming & relatively worse CD/overlay control
at 65nm node
* Whole business of minimum vs. recommended design rules
« Who is willing to design let alone pay for poor yield?

 Statistical design considerations & layout engineering becoming more critical
than ever
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Conclusions
CMOS scaling continues to be driven by digital circuit needs

Should expect incremental changes in 65nm CMOS technology
» Hopefully no major surprises

Increasing mechanical engineering opportunities in IC technology

Always a time lag for SPICE models to account for new effects
* Pressing issue since tapeout mistakes are costlier than ever

* Need to work closely with technology providers to quickly find
out about these new effects

« Account for them or avoid them!!!

Statistical design & layout considerations more critical than ever

Analog designers have to keep living with what they get from digital
» Designers with intimate knowledge of technology constraints
will be best positioned to avoid pitfalls & to turn bugs into
features
« Could you think of a better time to be doing design? ©
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