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Integrated Circuit Layout and Fabrication

A) Assistance on HW #13
B) CMOS Layout
C) Process Flow
D) Device Structure Evolution in Process Flow

Reading: Schwarz and Oldham, pp. 527-532
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CMOS Device Parameters at 0.25µm

2510.4PMOS
1000.630.43NMOS

k’ (µA/V2)VOUT-SAT (V)VT(V)

Gate length is 0.25 µm = 250 nm
VDD = 2.5V

( ) AVVVVAI DSATOUT µµ 196)63.0)(43.05.2)(
25.0
375.0(/100 2 =−=−−

These parameters are from re-fitting I vs. V data in 
Chapter 3 of the EECS 141 Text Book by Rabaey with 
saturation  current model we are using in EE42.

( ) DSATOUTTDINDDSATOUT VVVkI −−−− −=
Here VIN = VDD
is used to 
estimate the 
maximum IDS

Lecture 23



Copyright 2001, Regents of University of California

EECS 42   Intro. electronics for CS Fall 2001 Lecture 25: 12/3/01 A.R. Neureuther

Version Date 12/01/01

(W/L)n = 1.5
(W/L)p = 3.0

The value of VM will 
depend on the (W/L)’s

This graph is for

Voltage Transfer Function for the 
0.25 µm CMOS Inverter

VTp

VOUT(V)

VIN(V)0 1.5 2.5

1.5

2.5

0

VMVOUT = VIN

Vertical section due to zero slope 
of IOUT vs. VOUT in the saturation 
region of both devices.

VTn

VOUT-SAT-D

VOUT-SAT-U

0.6
3
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Finding VM for 0.25 µm Inverter
At VM, 

1) VOUT = VIN = VM

2) Both devices are in saturation

3) IOUT-SAT- n = IOUT-SAT-p

( )

( ) pSATOUTTpINDD
p

ppSATOUT

nSATOUTTnIN
n

nnSATOUT
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SubstituteVM Solve for VM

For (W/L)n = 1.5 and (W/L)p = 3.0 VM is 1.17V

Result will depend on 
(W/L) ratios.
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CMOS Inverter in Short-Circuit Condition
Assume the CMOS inverter from above with 
VIN = 1.25V and VOUT = 1.25V driving a 10 fF capacitor

VOUT = 
1.25V

VDD = 1.25V

VIN = 
1.25V

COUT = 10fF

IShort-Circuit = 63.8 µA 
(We used VIN = VDD/2) 

IDischarge_Load = 13.7 µA 
(We Used VIN = VDD/2)

( )nsV
fF
A

C
I

t
V /37.1

10
7.13

===
∂
∂ µ

What happens to the output signal?

The capacitor slowly discharges to 
try to find an output voltage that 
balances the NMOS and PMOS 
currents for the given value of VIN.
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CLOAD

Example CMOS Circuit

VDD

1.5

3

A

B

C

A

C

B

VDD

VOUT

3

3

3
3

1.51.5

1.5

CLOAD = (12+6+3+1.5)(0.4fF) = 9 fF 

R = 2RDP = 24kΩ

∆t= 0.69(24kΩ)(9 fF )
= 149 ps

For comparison the 
inverter had a pull-up 

delay of 30 ps

Worst case is a=1, c =0, 
and b changes 1 => 0

Lump all at 
this node.

1.5

Study this page carefully as three starting point mistakes were corrected.
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Fanout

1

2

n

Fanout is always ≥ 1 (there is 
always a load)

Gate capacitances sum and 
are charged by the driver 
resistance

3

3

3

3

1.5

1.5

1.5

C’LOAD= CLOAD + (FO - 1)((W/L)p +(W/L)n)(CG/MS)

Fan-Out (FO) = n 

C’LOAD= CLOAD + (FO - 1)(1.5+3.0)(0.4 fF)

One load device was in 
included in the initial 
estimate of CLOAD.

Assumes 
minimum 

length devices.
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Coping with Power Consumption

Tube: 300V x  20 mA = 6W

Bipolar Transistor: 5V x 20 mA = 200 mW

NMOS Transistor: 5V x 200 µA = 1 mW

CMOS Transistors: 5V x 100 nA = 0.5 µW

D.C. POWER a.c. POWER

PSHORT-CIRCUIT = (1/2) ISHORT-CIRCUIT VDD τ30-70 fCLOCK

= (1/2) (60 µA) 2.5V (0.1ns) (109) = 7.5 µW

PDYNAMIC = (1/2)(1/2) C VDD
2 fCLOCK

= (1/2) (1/2)(10 fF) (2.5)2 109 = 15.6 µW

True of every gate!

True for only active gates.

Assumes ½ of 
the gates 
change state

Only the L =>H 
takes energy 
from VDD
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Combinatorial Logic and Clocked Latches: Wiring

A1

B1
C1

A1

C1

B1

VDD

VOUT-C1

A2
B2

A2

VDD

VOUT-C2

VDD

VOUT-L1

VDD

VMID-L1 

φ

φ

φ

φ

CL1
CL2

VIN-L1

VDD

VOUT-L2

VDD

VMID-L2 

φ

φ

φ

φ

CL1
CL2

VIN-L2

VDD

VOUT-L0

VDD

VMID-L0 

φ

φ

φ

φ

CL1
CL2

VIN-L0

B2=0

Latch 0 Latch 2Latch 1Logic 1 Logic 2

B2

A1 =0, C1 =0
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Combinatorial Logic and Clocked Latches: Signal 
Flow

A1

B1
C1

A1

C1

B1

VDD

VOUT-C1

A2
B2

A2

VDD

VOUT-C2

VDD

VOUT-L1

VDD

VMID-L1 

φ

φ

φ

φ

CL1
CL2

VIN-L1

VDD

VOUT-L2

VDD

VMID-L2 

φ

φ

φ

φ

CL1
CL2

VIN-L2

VDD

VOUT-L0

VDD

VMID-L0 

φ

φ

φ

φ

CL1
CL2

VIN-L0

B2=0

Latch 0 Latch 2Latch 1Logic 1 Logic 2

B2

A1 =0, C1 =0

φHIGH 1 φLOW 1 φHIGH 2 φLOW 2
τLO τ2EτLM

τ1E τLMτLO

τφ−HIGH > τLO + Max(τ1E or τ2E)) τφ−LOW > τLM fCLOCK = 1/(τφ−HIGH + τφ−LOW )
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MOS TRANSISTOR STRUCTURE

DEVICE IN CROSS-SECTION
“Metal” “Semiconductor”

“Oxide”

• In the absence of gate voltage, no current can flow between S and D.

• Above a certain gate to source voltage Vt (the “threshold”), electrons are 
induced at the surface beneath the oxide. (Think of it as a capacitor.) 

• These electrons can carry current between S and D if a voltage is applied.

n

P

oxide insulator
gate

n

“Metal” gate (Al or Si) D
S

G

SiO2

Use of silicon on 
insulator to 
reduce the 
leakage current 
when the device 
is off.
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MOS LAYOUT

Thick oxide 
on silicon

Thin 
oxide

Gate (over oxide)

Drain 
contact

Source 
contact

What are device 
dimensions?

Gate Length = L

Gate Width = W

Gate Area (for 
capacitance) is W X L  
(because that is the 
thin oxide area 
covered by the gate)

L
W
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Inverter

IN OUT

VDD p-ch

VDD

OUT

IN

n-ch

CMOS 
Inverter

GROUND

IN

OUT

VDD

N-WELL

NMOS Gate

PMOS Gate

Al “wires”

GROUND

IN

OUT

VDD

N-WELL

NMOS Gate

PMOS Gate

Al “wires”

Example layout of 
CMOS Inverter
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Is oxide region inside the n-well?  If Yes, then PMOS; 
If No, then NMOS

Poly line crossing a thin oxide region MOSFET
window in thick oxide

field oxide (thick)

thin gate oxide

Polysilicon
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(“CAD View” = top view and ‘Cut-Lines’))

Develop cross sections 
along A-A and C-C

0 2 4 6

Oxide mask (dark field)

Poly mask (clear field)

Contact mask (dark field)

Metal mask (clear field)

SOURCE

GATE

DRAIN

0

2

4

6

C

C

A A
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EXAMPLE NMOS Process Sequence

1. Starting material: p-type silicon.  Grow 500 nm (5000 Å) of “field” 
SiO2

2. Pattern oxide using the oxide mask
3. Grow 15 nm of “gate” SiO2

4. Deposit 500 nm of n-type polysilicon
5. Pattern poly using the polysilicon mask
6. Implant arsenic (penetrates gate oxide, but not poly or field oxide) 

and anneal to form source and drain regions
7. Deposit 500 nm of SiO2

8. Pattern oxide using contact mask (etch sufficiently long to clear 
oxide from all contact windows)

9. Deposit 1 µm of aluminum
10. Pattern aluminum with metal mask 
11. Anneal at 450 oC to heal gate oxide damage and make good Si-Al 

contacts
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P-Si

1 2 3 4 5 6
A A

0

500nm field oxide

P-Si

After deposition 
of polysilicon

1 2 3 4 5 6
A A

0

n-type polysilicon

500nm + SiO2

P-Si

gate oxide 15 nm
After 
patterning 
field oxide 
and    
growth of 
gate oxide

A A
1 2 3 4 5 60
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As doesn’t 
penetrate 
through 
500nm-thick 
SiO2

P-Si As penetrates thin oxide
1 2 3 4 5 6

A A
0

Arsenic ion implantation after patterning polysilicon

After 
annealing 
and oxide 
deposition

1 2 3 4 5 6
A A

0
n

Deposited 
500nm oxide

Note: Step 8 removes gate oxide from contacts to source and drain 
regions…otherwise, there’s no current! (Al must touch n-type silicon!)

1 2 3 4 5 6A A
0

PSi

After contact 
and metal 
patterning and 
final anneal
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Start with p-type wafer

Create N-Well oxide

P-Si            
n-well
p p n n

GDG D SS

Grow thick oxide

Remove it in transistor areas

Grow gate oxide

Grow and pattern polysilicon for gates
Dope n channel source and drains

Deposit oxide over gates

Pattern contacts

Deposit and Pattern Metal

Need to protect p-mos areas

Need to protect n-mos areasDope p-channel source and drains

It looks like we need three 
more masks than in NMOS

NEW


