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CMOS Manufacturing




Lecture 2 Summary: MOS I-V Model

Vor=Ve—V;:  Subthreshold region (V,; < 0)

G W Vies = Vi + Vo Vs
I[y=1,-—-10 S
o D 0 WO
S -—@—- D
I, Active region (V; 2 0) Lin, Sat, V-Sat
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B Ip = k' (Vgr Vinin = =5 )-(1 + A-Vipg)

Viin = Min(Vpg, Vi, Vipear')
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Agenda

¢ MOS Transistor: |::> S .—)f._/v\,_. D
RC Model (pp. 104-113)
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Switch Model of CMOS Transistor

G
NMOS: Vg > 0
Vsl |
._-|_|-_. PMOS: Vg <0
S D

> 4 R,
S | —s § s —AN\—D
Vsl <[Vl Vsl > [Vl
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Switching Behavior
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The Transistor as a Switch

* MOS can be treated as equivalent resistance
VDS

Ipsar - (1 4+ AVpg)

Calculating MOS resistance: R(Vps) =

Vg2 Vi
R

on

1
Ron ~ o (RO + Rmzd)
T 2

good approximation (I-V = linear) Vip/2 Vop

* This model will be used for delay analysis
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Computing Equivalent Resistance (1/2)

¢ Method 1 (“exact”): by integration

Vbp/2 3V, 7
—Vpp/2 Jvop  Ipsar - (L+ AV) 4 Ipsar 9
W V2
k' — [(VDD — Vr)Vpsar — 2244
L T 2
Vas
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Computing Equivalent Resistance (2/2)

¢ Method 2: simple averaging

— The averaging works because of approximately linear dependence
of I on Vg (recall the CLM model)

o 1 ( Vbp Vbop/2 )
on — o —|_
2 \Ipsar - (1+AVpp)  Ipsar-(1+AVpp/2)
—_ — A ——— —
' - v
/
v N [
=) |
- Rom ~ W Vas
L 3 Vbp 3 Use this formula
R ~ Ron ~ — 1 — _)\VDD i
o T W 4 Ipsar 6 for hand analysis
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R, VS. Vpp (Simulation Result)

¢ R,, increases rapidly as V, approaches V;

x10‘5

W/L=1, L=0.25um

N\
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MOS Capacitances
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The Gate Capacitance

Polysilicon gate

Gate-bulk &
overlap Cgate =—2WL
Top view tox
Gate oxide
— e Vout
VY
fs i Cp

. C
Cross section J
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Capacitance Components

* #1. Gate-Channel Capacitance

.

¢ #2: Gate Overlap Capacitance :
* #3: Junction/Diffusion Capacitance g > ; ’
p

(
T T
6 L °
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#1: Gate-Channel Capacitance

CGC = CGC@ -I-CGcs + Ceco

Cut-off
Operation Region Cop Cos Coq
— Cutoff CoxW Lpp 0 0
Triode 0 CoxWLlog!2 CoxWLlog!2
—=  Saturation 0 (23)C, WL, 7 0~

Most important regions in digital design: saturation and cut-off
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A Close Look at Gate-Channel Capacitance(1s9)

CGC
WLC,, WLC,, Coc
- 2WLC,,
WLC,, Cocs=Cacenp WLC,, e 3
2 5 Cocp
l 0 1
V- Vs Vos! (Vas= V)
Cate @s a function of Vg Cate @s a function of the
(with V5 = 0) degree of saturation
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Summary:
#1: Gate-Channel Capacitance

Cut-off Resistive Saturation
Operation Region Cocn Cocs Cecp
Cutoff CoxWiop 0 0
Triode 0 ConWVL il 2 ConWL il 2
Saturation 0 2/3)C,, WL, & 0
1 Textbook: page 109
- - AL d=120nm
OffiLin > Cgate B Cox _V;V_ I-eff XKz 1Snm C = € ox {F
— Ledfz0.09M ox ~ |51

@Sat -> Cgate - (2/3) Cox. W-: Leff W= .24 pwn fox Jam

— IQ‘FF//A'M?"‘O.ZL! %0(0'1
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#2: Gate Overlap Capacitance

Polysilicon gate

Gate oxide

Cross section
Gate-bulk IS 0.0IS

overlap v v
C,=C, -x

i d
Top view o Td

0.225

o2t
OffLin/Sat > Cys0=Cepo=CorW) — 0 0546 .,

yd
Cg = Cc-,c A4C, = 0.2f¢ + Q,0Sx2 ~— 0,34:\:
(r)reu.SLCJe)
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Measuring the Gate Cap
x 10 16 < =
Transient analysis 10 T T
9 |- ¥
= N
o —)
Vs =
=
(A = =
lfj“” 2 5| -
I &
) Gate-Capacitance (T) 3\1-\— —
o 1 Ate oL L 1 |1
9ue T AV e 2 -15 -1 -05 0 05 1 15 2
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Finding Equivalent Capacitance — Delay

¢ Curve fitting approach to find a number that works for hand
analysis of the gate delay

¢ Understand the limitations: the model will depend on signal rise
times, voltage, temperature, process parameter variation

tp1 QOG‘\O\ /w

A‘i\\’e‘ < Y AN\ bre
_DO_-DtO--[?&-O_DO_ /Jtrl
P p2'
1 C v
T~ “gate —® S,
-T- Cﬁa*( Caq-\’e

¢ Experiment: find C_,, to match propagation delays

— ty =ty 2 Cyye is equivalent cap of the green gate
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#3: Diffusion Capacitance

Channel-stop implant

N+
W Source
N, D
Botto
x4 s e
- L - > Channel
s Substrate
-’g (s _I Cp ot N,
Cdzﬁ" — Cbottom C SW

_C(LSVW

=C;- AREA + C. PER]ME TER

Jsw
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#3: Diffusion Capacitance

Channel-stop implant
N+

Side wall

> Channel

A
\

Ly Substrate
N,
Cdiﬁ — Cbottom T Csw

=C,; - AREA + C,,, - PERIMETER

Jsw

OffiLin/Sat > Cy =@ Ly W +®- (2L+W)
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Junction Capacitance is Bias-dependent

ECE115C

C; (fF)

oo

2.0
15T

1.0} (e°> ,mes%

abrupt junction

rjunchnn
VA / / / / /
0.0

27

/
C
(- D/¢0

Vp'\(V)
Noo /2

m = 0.5: abrupt junction
m = 0.33: linear junction
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#3 Diffusion Capacitance:
Summary of Equations

¢ Bottom-plateC e/

@ —

C. = 70 = 0.7 “t‘://u'w\l
’ — <% (é)

(1 @/ﬁg) ‘i

m = 0.5: abrupt junction

¢ Side-wall C 05 17/ m = 0.33: linear junction
/
O'Sw -
G =11 v@ o * 00 e
( o \D/ psw),\
03 \ 0.0
(0\\4{ -‘@N\Jis + ~(2L54w) o
‘\ﬂ(meariie
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Linearizing the Junction Cap

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

O — AQ] _ Qj(vhigh) — Q](‘/Zow) — K. C'(]
- A‘/D Vhigh _ Vzow —

(‘J-o.@_-_

)
(@0 — Viign) ™™ = (@9 — Viw) " ™|

(Vhigh _ Viow) ’ (1 _ m)

Typical value fo@mund@
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Summary:
Capacitive Device Model
N\ Circuit design

¢ Gate-Channel Capacitance
(Off, Linear) \ |:> C
gate

— Cac = Cox WL
— Cgc = (2/3) CoW-Leg (Saturation) - (F//w
¢ (ate Overlap Capacitance J
(Always) T -‘I:—c‘w

— Caso = Cgpo = CoW T
(ﬁqlel

¢ Junction/Diffusion Capacitance
2LS + VV Always } E> C parasitic

Cdlff C LS W + stw (
: ~ .
Zero-bias = Cy > C oy " Cpar > € o
= = O,
MOS On = Cyx S C e Cate ok
tellmology dependeut
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Outline

¢ CMOS Manufacturing
Process (pp. 3646) [ >
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Photo-Lithographic Process (189)

optical
mask

oxidation

photoresist
removal (ashing)

photoresist coating

stepper exposure

Typical operations in a single
\ photolithographic cycle (from [Fullman]).

photoresist &
developmentuis

process
step

acid etch
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Patterning of SiO,

Si-substrate

(a) Silicon base material

Photoresist

SiQZ

Si-substrate

(b) After oxidation and deposition
of negative photoresist

UV-light

) ____ Patterned
e eee——— optlcal mask

I
v

q—

4-Exposed resist

Si-substrate

(c) Stepper exposure

ECE115C UCLA
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Chemical or plasma
etch

Hardened resist
SiO2

Si-substrate

(d) After development and etching of resist,

chemical or plasma etch of SiO2

Hardened resist
SiO2

Si-substrate

(e) After etching

SiO

Si-substrate

(f) Final result after removal of resist

27



CMOS Process at a Glance

ECE115C

Define active areas
Etch and fill trenches

Implant well regions

Deposit and pattern
polysilicon layer

Implant source and drain

- regions and substrate contacts

Create contact and via windows
‘Deposit and pattern metal layers

UCLA
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CMOS Process Walk-Through

0

ECE115C

UCLA

SiN
34

siq,

(a) Base material: p+ substrate
with p-epi layer

(b) After deposition of gate-oxide
and sacrificial nitride (acts as
a buffer layer)

(c) After plasma etch of insulating
trenches using the inverse of
the active area mask
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CMOS Process Walk-Through

ECE115C

UCLA

1% (d) After trench filling, CMP
| planarization, and removal
of sacrificial nitride

(e) After n-well and
V;p adjust implants

(f) After p-well and
V;, adjust implants

30



CMOS Process Walk-Through

/poly(silicon)

(g) After polysilicon deposition
and etch

S (h) After n+ source/drain and
p+ source/drain implants. These
steps also dope the polysilicon.

Sig,
(i) After deposition of SiO,
insulator and contact hole etch.
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CMOS Process Walk-Through (189)

nnnnnnl

(j) After deposition and
patterning of first Al layer.

(k) After deposition of SiO,
insulator, etching of via’s,
deposition and patterning of
second layer of Al.
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Advanced Metalization
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