EE 330
Lecture 7

* Propagation Delay
e Stick Diagrams

 Technology Files
— Design Rules



Example: What is the delay of a minimum-sized inverter
driving another identical device? Assume V=5V
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Generalizing the Previous Analysis to Arbitrary Load
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Example: What is the delay of a minimum-sized inverter
driving another identical device?

X —— o>

X {>c v

_ ~ 3fF
t =R _C  =2Ke3fF =6psec
{, =R, C  =6Ke3fF=18psec

Do gates really operate this fast?
What would be the maximum clock rate for acceptable operation?



Example: What is the delay of a minimum-sized inverter
driving another identical device?
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t =R_,C =6psec
t, =R, C =18psec

What would be the maximum clock rate for acceptable operation?
T . =t +t,

CLK-min

11
TCLK-min 24pseC
And much faster in a finer feature process !! 2?2?2777

f =

CLK-max

=40GHz

What would be the implications of allowing for 10 levels of logic and
10 loads (FanOut=10)?



Example: What is the delay of a minimum-sized inverter
driving another identical device? SUMMARY

X —— o>

X {>c v

_ T~ 3fF
t, =R, C =2Ke3fF =6psec
(., =R, C  =6Ke3fF =18psec

Note this is very fast but even the small 1.5fF capacitors are not negligable !



Response time of logic gates
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- Logic Circuits can operate very fast
- Extremely small parasitic capacitances play key role in speed of a circuit



Stick Diagrams

* |t Is often necessary to obtain information
about placement, interconnect and
physical-layer structure

o Stick diagrams are often used for small
component-count blocks

o Approximate placement, routing, and area
iInformation can be obtained rather quickly
with the use of stick diagrams



Stick Diagrams

Metal 1

poly

1 n-diffusion

p-diffusion

Metal 2

X Contact

Additional layers can be added and color conventions are peronal



Stick Diagram
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A stick diagram is not a layout but gives
the basic structure (including location,,
orientation and interconnects) that will be
instantiated in the actual layout itself

Modifications can be made much more
quickly on a stick diagram than on a
layout

Iteration may be needed to come up with
a good layout structure



Stick Diagram

Alternate Representations
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Semiconductor

ol Technology Files J—lb o

e Provide Information About Process %SS
— Process Flow (Fabrication Technology) Q C eyt
— Model Parameters Clreuits o

— Design Rules

e Serve as Interface Between Design Engineer and
Process Engineer

 Insist on getting information that is deemed important for
a design

— Limited information available in academia

— Foundries often sensitive to who gets access to information
— Customer success and satisfaction is critical to foundries



Technology Files

e Design Rules

* Process Flow (Fabrication Technology) wil

discuss next )

e Model Parameters (will discuss in substantially more
detail after device operation and more advanced models are
Introduced)

First — A preview of what the technology files look like !



Typical Design Rules

TARBLE 2B.2
Design rules for a typical p-well CMOS process

(See Table 2B.3 in color plates for graphical interpretation)

Dimensions-
Microns Scalable
1. p-well (CIF Brown, Mask #19)
1.1 Width 5 4A
1.2 Spacing (different potential) 15 10A
1.3  Spacing (same potential) 9 6A
2. Active (CIF Green, Mask #2)
2.1  Width 4 2A
2.2 Spacing 4 24
2.3 p™* active in n-subs to p-well edge 8 A
2.4 nt active in n-subs to p-well edge 7 54
2.5 n* active in p-well to p-well edge 4 2A
2.6 p* active in p-well to p-well edge 1 A
i, Poly (POLY I) (CIF Red, Mask #3)
3.1 Width 3 2A
3.2 Spacing 3 2A
1.3 Field poly to active 2 A
3.4  Poly overlap of active 3 2A
3.5  Active overlap of poly 4 2A
4. p* select (CIF Orange, Mask #4)
4.1 Overlap of active 2 A
4.2 Space ton? active 2 A
4.3 Overlap of channel® 3.5 2A
4.4  Space to channel® 3.5 2A
4.5 Space to p* select 3 2A
46 Width 3 2A



Typical Design Rules (cont)

5. Contact® (CIF Purple, Mask #6)

5.1

L Lm Un U LA LA WA
O = Oh LA B LW R

5.9

Square contact, exactly
Rectangular contact, exactly

Space to different contact

Foly overlap of contact

Poly overlap in direction of metal |
Space to channel

Metal | overlap of contact

Active overlap of contact

p" select overlap of contact

5.10  Subs./well shorting contact, exactly
b. Metal 19 (CIF Blue, Mask #7)

6.1
6.2
6.3

Width

Spacing
Maximum current density

3 X3
IxX8
3
2
2.5
3
2
2
3
3x8
3
4

0.8 mA/u

2A% 2A
2A % 6BA
2A

2ZA
2A

2A
2A% BA

2A
3A
0.8 mA/u



Typical Design Rules (cont)

10,

11.

Via “(CIF Purple Hatched, Mask #C1)

7.1
1.2
7.3
7.4
7.5
7.6
.1

Size, exactly
Separation

Space to poly edge
Space to contact
Overlap by metal 1
Overlap by metal 2
Space to active edge

Metal 2 (CIF Orange Haiched, Mask #C2)

8.1
8.2
8.3
8.4
8.5
B.6
8.7
8.8
8.9

Passivation/ (CIF Purple Dashed, Mask #8)

9.1
9.4

Metal 2 crossing coincident metal 1 and poly®
10,1

Width

Spacing

Bonding pad size

Probe pad size

Bonding pad separation
Bonding to probe pad
Probe pad separation

Pad to circuitry
Maximum current density

Bonding pad opening
Probe pad opening

Meital 1 to poly edge spacing
when crossing metal 2

10.2 Rule domain
Electrode (POLY Il')Jli (CIF Purple Hatched, Mask #A1)

11.1
11.2
11.3
11.4

Width

Spacing

POLY [ overlap of POLY II
Spuce o contact

0.8 mA/u

90 x 90
65 x 65

2
2

Rl Lk

faa

2A% 2A

2A
2A

ZA



Typical Design Rules (cont)
SCMOS Layout Rules - Poly

T

3.1 Minimum width 2 2 2
3.2 Minimum spacing over field 2 3 3
3.2.a Minimum spacing over active 2 3 4
3.3 Minimum gate extension of active 2 2 2.5
3.4 Minimum active extension of poly 3 3 4
3.5 Minimum field poly to active 1 1 1
3.5
Active
[ 3.1

[3.2
3.3

3.4




Typical Process Description
Process scenario of major process steps in typical p-well CMOS process®

Clean wafer

GROW THIN OXIDE

Apply photoresist

PATTERN P-WELL (MASK #1)
Develop photoresist

Deposit and diffuse p-type impurities

Strip photoresist

Strip thin oxide

Grow thin oxide

Apply layer of Si3Ny

Apply photoresist

PATTERN SisN; (active area definition) (MASK #2)
Develop photoresist

Etch $i3Ng

Strip photoresist

Optional field threshold voltage adjust

A1 Apply photoresist

A.2 PATTERN ANTIMOAT IN SUBSTRATE (MASK #A1)
A3 Develop photoresist

A.4 FIELD IMPLANT (n-type)

A.5 Strip photoresist

16. GROW FIELD OXIDE

17. Strip SizNy

18. Strip thin oxide

19. GROW GATE OXIDE

20. POLYSILICON DEPOSITION (POLY I)

21. Apply photoresist

22. PATTERN POLYSILICON (MASK #3)
23, Develop photoresist

24, ETCH POLYSILICON

SwmmaomE W=

e e e
un gtk b3 o—



Typical Process Description (cont)

25, Strip photoresist
Optional steps for double polysilicon process
B.1 Strip thin oxide
B.2 GROW THIN OXIDE
B.3 POLYSILICON DEPOSITION (POLY II)
B.4 Apply photoresist
B.5 PATTERN POLYSILICON (MASK #B1)
B.6 Develop photoresist
B.7 ETCH POLY SILICON
B.8 Swip photoresist
B.9 Strip thin oxide
26. Apply photoresist
27. PATTERN P-CHANNEL DRAINS AND SOURCES AND (MASK #4)
P* GUARD RINGS (p-well chmic contacts)
28, Develop photoresist
29. p* IMPLANT
30, Strip photoresist
31 Apply photoresist
32 PATTERN N-CHANNEL DRAINS AND SOURCES AND (MASK #35)
N* GUARD RINGS (top ohmic contact to substrate)
33, Develop photoresist
34. n* IMPLANT
5. Strip photoresist
36. Strip thin oxide
aT. Grow oxide
3B, Apply photoresist
39, PATTERN CONTACT OPENINGS (MASK #6)
40. Develop photoresist
41. Etch oxide
42, Strip photoresist
43, APPLY METAL
d4d. Apply photoresist
45, PATTERN METAL (MASK #7)
46. Develop photoresist
47, Etch metal



Typical Process Description (cont)

48.

49,

51.
52.
53,
54.
35,

Strip photoresist

Optional steps for double metal process
C.1 Strip thin oxide

C.2 DEPOSIT INTERMETAL OXIDE
C.3 Apply photoresist

C.4 PATTERN VIAS

C.5 Develop photoresist

C.6 Etch oxide

C.7 Strip photoresist

C.8 APPLY METAL (Metal 2)

C.9 Apply photoresist

C.10 PATTERN METAL

C.11 Develop photoresist

C.12 Etch metal

C.13 Strip photoresist

APPLY PASSIVATION

Apply photoresist

PATTERN PAD OPENINGS

Develop photoresist

Etch passivation

Strip photoresist

ASSEMBLE, PACKAGE AND TEST

(MASK #C1)

(MASK #C2)

(MASK #8)



Typical Model Parameters

Process parameters for a typical® p-well CMOS process

Typical Tolerance” Units
Square law model parameters

Viy (threshold voltage)

n-channel {Vynp) 0.75 + .25 v

p-channel (Vipg) —0.75 = 0,25 v
K'({conduction factor)

n-channel 24 + 6 pAV?

p-channel 8 + 1.5 pAMNV?
y(body effect)

n-channel 0.8 + 0.4 yif2

p-channel 0.4 + 0.2 vl
A{channel length modulation)

n-channel 0.0] + 50% vl

p-channel 0.02 + 50% vl
d(surface potential)

n- and p-channel 0.6 + 0.1 v

Process parameters

& (channel mobility)

n-channel 710 em#/(V - 5)

p-channel 230 em*i(V - 5)

Doping©

n* active 5 +4 10"%/cm?
p* active 5 +4 10" fem?
p-well 5 *+2 10'%/cm?
n-substrate 1 +0.1 10'%/em?




Typical Model Parameters (cont)

Physical feature sizes

Tox (gate oxide thickness) 500 = 100 A
Total lateral diffusion
n-channel 0.45 * (.15 I
p-channel 0.6 *0.3 M
Diffusion depth
n* diffusion 0.45 * 0.15 I
p* diffusion 0.6 +0.3 w
p-well 3.0 = 30% 7!
Insulating layer separation
POLY Ito POLY I 800 = 100 A
Metal 1 to Substrate 1.55 +=0.15 n
Metal 1 to Diffusion 0.925 +0.25 I
POLY I to Substrate (POLY I on field oxide) 0.75 = 0.1 T}
Metal 1 to POLY [ 0.87 =07 1!
Metal 2 to Substrate 2.7 +0.25 1}
Metal 2 to Metal I 1.2 0.1 p.
Metal 2 to POLY I 2.0 = 0.07 T




Typical Model Parameters (cont)

Capacitances?
Coy (gate oxide capacitance, n- and p-channel} 0.7 0.1 fFip?
POLY I to substrate, poly in field 0.045 +0.01 B/ p?
POLY 11 to substrate, poly in field 0.045 =0.01 R/ u?
Metal 1 to substrate, metal in field 0.025 +0.005 fF/p?
Metal 2 to substrate, metal in field 0.014 =0.002 fF/u?
POLY Ito POLY I 0.44 *0.05 fFJ";..:.ir
POLY 1 to Metal | 0.04 +0.01 fF/u?
POLY 1 to Metal 2 0.039 +0.003 fF/u?
Metal | to Metal 2 0.035 +0.01 fFiu?
Metal 1 to diffusion 0.04 =0.01 fF/u?
Metal 2 to diffusion 0.02 +().005 fF/p?
n* diffusion to p-well (junction, bottom) 0.33 =017 R/t
n* diffusion sidewall (junction, sidewall) 2.6 =0.6 fF/
p* diffusion to substrate (junction, bottom) 0.38 =0.12 fE/u?
p™ diffusion sidewall (junction, sidewall) 35 2.0 i
p-well to substrate (junction, bottom) 0.2 =0.1 fF/u?
p-well sidewall (junction, sidewall) 1.6 =1.0 fFiu
Resistances

Substrate 25 +20% fl-cm
p-well 5000 =2500 /0
n™ diffusion 35 *25 /0
p* diffusion 80 *55 00
Metal 0.003 +25% O
Poly 25 *+25% (/0
Metal 1-Metal 2 via (3 u X 3 u contact) <0.1 {}
Metal 1 contact to POLY I (3 u % 3 u contact) <10 )
Metal 1 contact to n™ or p™ diffusion

(3 u* 3 pcontact) <5 0




Typical Model Parameters (cont)

Breakdown voltages, leakage currents, migration currents and operating conditions

Punchthrough voliages (Gate oxide, POLY [to POLY IT) =10 v
Diffusion reverse breakdown voltage =10 v
p-well to substrate reverse breakdown voltage =20 v
Metal | in field threshold voltage =10 A
Metal 2 in field threshold voltage =10 V
Poly-field threshold voltage =10 vV
Maximum operating voltage 7.0 v

n* diffusion to p-well leakage current 0.25 A/ u?
p* diffusion to substrate leakage current 0.25 fA/u?
p-well leakage current 0.25 A/ u?
Maximum metal current density 0.8 mA/ g width

Maximum device operating temperature 200 °C




Typical Model Parameters (cont)

T P i T

SPICE MOSFET model parameters of a typical

p-well CMOS process (MOSIS®)

Parameter

(Level 2 model) n-channel p-channel Units
VTO 0.827 —0.895 Y

KP 32.87 15.26 pAV?
GAMMA 1.36 0.879 vl

PHI 0.6 0.6 v
LAMBDA 1.605E—2 4.7T09E-2 vl
CGSO 5.2E-4 4.0E—4 fF/ . width
CGDO 5.2E—4 4.0E-4 fF/ . width
RSH 25 95 /a4

CJ 3.2E—4 2.0E—4 p AR

MJ 0.5 0.5

CISW 9.0E—4 4.5E—4  p A perimeter
MISW 0.33 0.33

TOX 500 500 A

NSUB 1.0E16 1.12E14 liem?
NSS 0 0 1/cm?
NFS 1.235E12 8,79E11 licm?
TPG 1 -1

XI 0.4 0.4 m

LD 0.28 0.28 n

Uuo 200 100 em(V - 8)
UCRIT 9.99E5 1.64E4 Vicm
UEXP 1.001E-3 0.1534

VMAX 1.0E5 1.0E5 m/s

NEFF 1.001E-2 1.001E-2

DELTA 1.2405 1.938




Typical Model Parameters (cont)
JMODEL CHMOSHN NMOZ |

+VERITCN
+EJ
+E1
+E3E
+DWTOTT
+DWTO
+100
+0C
+A53
+EETA
+RD3W
+1TE.
+EL
+DTE
+CIT
+CD3CE
+L3UE
+FDIBLCE
+F3CEE1
+DELTA
+FET
+ET1L
+UE1
+1TL
+TTTI
+LLN
+LTIL
+CGho
+CJ
+CIEW
+CI3WE
+CF
+FPE:Z

98 parameters in this BSIM Model !
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3.1

1.5E-7
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-3.5140476a

a

Z2.6706538
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1.166279E-11

0.1354439

-3.615287E-3
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1
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3

a

a
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6.61947ZES
0.01

a
a

|
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|
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24072 4E-4
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. 64E-10

-0.0233027
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NCH
E:z

o
IT1w
IT1
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WIAT
B0

al
PR
WINT
EW
VOFF
ChaEc
ETaO
FCLHM
FDIELCE
P3CEBEZ
R3H
OTE
KTz
Tcl
LM
L
LW
CAPMOD
CEE0
PE
PE3W
PE3WG
PWVTHO
WMEETL

27
1.7E1Y

= —-0.0943Z23

1.01532E-8

=0

LA282172
LO061716E-13
.B652414E5

. 5723153E-6
054571E-6
0301426

. 594349E-7

.2E-4
L33Z2015E-3
LBE209353
-0.0436947
Z.9683501E-4

| ST o T T o T o O o T o Y SO L S S o B o

= go0.9
= -1.5
= 0.0:zZz2

1
a
a
2
= 2.34E-10
a
]
0
0

9148626
=
=
LO526696

= -0.0191754

LEVEL
TOE
WVTHO
K3
MLE
DVT2W
VT
b

A0

Bl

bz
FEWE
LINT
DTz
NFALCTOR
CDECD
ETAE
FLIELC1
DROUT
PVAG
MOBMOD
ET1
Tal
AT

Wi

LL
LT
ZPALRT
CGEO
M
MI3W
MJI3WGE
FEDEW
LEETA

49

1.4E-5
0.6656437
£25.0562441
1E-9

O

-0.1373089
1.515137VE-185
0.6z297744

= S5E-&

0.3379035
0.0106493
T.459566E-3
-9.471353E-9
1.0754304

a
-1.531255E-4
1

1.0300278
9.970995E-3
1

= -0.11

= 4.31E-9
= 3.3E4
=0

=0

1

= 0.5

1E-9

= 0.4416777
= 0.202510¢8
= 0.2025106

110.1539295
g.4659054E-4



Typical Model Parameters (cont)

LMODEL CHOSP

+VERS TOH
+EJ
+E1
+E3 B
+IArTaT
+DTO
+110
+1IC
+AG5
+EETL
+RD3W
+WE
+EL
+DWE
+CIT
+CD3CE
+D3TUE
+FDIBLCE
+F3CEEL
+DELTA
+FRT
+ET1L
+TE1
+1rL
+TIWLT
+LLIT
+L WL
+CGDO
+CJ

+C I3
+CI3WE
+CF
+FPEZ

PHOS |
3.1

1.5E-7
0.5600277
-1.0103515

o

2.2199372
220.5729225
-5.768958E-11
0.157364
-2.42686E-3
3E3

1

1E-7
.629532E-8

.351867E10

1

]

]

1
3.172604E-3
1

0.01

]

]

-7.61E-13
]
1
1
]
3.0%E-10
T7.410003E-4
Z2.4837127E-10
6.4E-11

]
J3.T3I0E1E-3

THOM
NCH
EZ

wra
DVT1W
DVT1
Th
V3LT
EO

a1
PR
WINT
Zmr
VOFF
CD3cC
ETAO
PCLH
PDIEBLCE
P3CEBEZ
R3H
OTE
ETZ
oc1
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WL
Lir
CAPMOD
CE3I0
PE
PE3W
PE3WS
PVTHO
WEETAL

-1

.TE1Y
LI024E29E-3
L010623E-5

53758964
.141511E-9
L3427 TIES
LTI5E59E-T
3.447019E-4
-0.0415454
3.09787ZE-7
]
-0.0823735
Z.4E-4
0.4955494
£.1142057%
-0.0511673
1.697939E-9
103.8

-1.5

0.0Z2
-5.68E-11

L T T e T w8

.05%E-10
.96865307
.99

.99
.98016E-3
LGTOS07E-3

(T e B e B e R T B e e Y

LEVEL
TOX
WTHO
E3
NLXE
DVTZW
DVTZ
TE

A0

Bl

AZ
PRWE
LINT
D
NFACTOR
CD3CDh
ETAE
PDIEBLC1
DROUT
PVAG
MOBMOD
ET1
Thl
AT

Tirir

LL
LT
EZPART
CGBEO
M
MI3W
MI3Ws
PRD3W
LEETAL

49

1.4E-&
-0.9633249
T.Z1920238
5.83Z06683E-5
]
-0.1155123
1.08589ZE-21
0.933536822
S5E-8
0.3701317
-0.021235%
1.040873E-7
-1.958536860E-5
0.96935354

]
-0.06853353
0.0Z56683
0.1695622

]

1

-0.11
4.31E-9
3.3E4

]

]

1

0.5

1E-9
0.4975642
0.3877813
0.3877813
14.55954Z4
-4.323171E-3
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