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« Selected profiles with ISU ties
* Integrated Circuit Design Flow

» Basic Concepts
Feature Sizes

Manufacturing Costs
Yield



Request from:

Samuel Easterling
Dean, College of Engineering
lowa State University

“please consider playing this 1 min clip at the start of your next
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https://www.youtube.com/watch?v=ZB1bgnhqPhM

Photo courtesy of the director of the National Institute of Health ( NIH)

As a courtesy to fellow classmates, TAs, and the instructor

Wearing of masks during lectures and in the
laboratories for this course would be appreciated
Irrespective of vaccination status



Review from last lecture:

Moore’s Law

(from Wikipedia)

Moore's law is the empirical observation that the complexity of integrated
circuits, with respect to minimum component cost, doubles every 24
months|[1]. It is attributed to Gordon E. Moore[2], a co-founder of Intel.

* Observation, not a physical law

Often misinterpreted or generalized
« Many say it has been dead for several years
« Many say it will continue for a long while

« Not intended to be a long-term prophecy about trends in the
semiconductor field

Something a reporter can always comment about when they have nothing to say!

Device scaling, device count, circuit complexity, device cost, ... in leading-
edge processes will continue to dramatically improve (probably nearly
geometrically with a time constant of around 2 years ) for the foreseeable future !!


http://en.wikipedia.org/wiki/Empirical
http://en.wikipedia.org/wiki/Transistor_count
http://en.wikipedia.org/wiki/Integrated_circuit
http://en.wikipedia.org/wiki/Moore%27s_law#_note-IntelInterview
http://en.wikipedia.org/wiki/Gordon_Moore
http://en.wikipedia.org/wiki/Moore%27s_law#_note-0
http://en.wikipedia.org/wiki/Intel

Review from last lecture:

Field Effect Transistors
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Review from last lecture:

Feature Size

The feature size of a process generally corresponds to the minimum lateral
dimensions of the transistors that can be fabricated in the process

(Top Surface View)

____________________

5 A Feature Size of
g : ~ MOS Transistor

« Bounding region often a factor of 10 or more larger : .
than area of transistor itself Bounding Region

« This along with interconnect requirements and sizing requirements
throughout the circuit create an area overhead factor of 10x to 100x



Selected Semiconductror Company Profiles

(with lowa ties)
Texas Instruments:

World’s largest producer of analog semiconductors at $8.2B, over 100%
larger than closest competitor

* Ranks 1stin DSP

Ranks 9t in World in semiconductor sales

Number of employees: 30,000
2018 sales:  $15.80B
2018 income:  $5.6B

(after taxes)

Average annual sales/employee: $474K '\
Jerry Junkins
Average annual earnings/employee: $187K

Past CEO of Tl
ISU EE Class of ‘59

(data from TI quarterly reports)



Selected Semiconductror Company Profiles

(with lowa ties)

Intel:

World’s largest producer of semiconductors

Cofounders: Robert Noyce and Gordon Moore

Number of employees (2019) : 110,000
2018 sales:  $71B

2018 income: $21B

Average annual sales/employee: $645K Robert Noyce

Average annual earnings/employee: $190K BA Grinnell 1949

Noyce is also the co-inventor of the integrated circuit !


http://upload.wikimedia.org/wikipedia/commons/8/89/Noyce1.jpg

Selected Semiconductror Company Profiles

(with lowa ties)
Marvell:

Cofounders: Sehat Sutardja (CEO), Welli Dai and Pantas Sutardja

Number of employees: 5200

2018 sales: $2.9B

2018 income: $520M

Average annual sales/employee: $513K
Sehat Sutardja
Average annual earnings/employee: $100K

BSEE ISU
(approx 1985)

Fabless Semiconductor Company



Selected Semiconductror Company Profiles

(with lowa ties)
Maxim: Founded in April 1983, profitable every year since 1987

Tunc Doluca joined Maxim in October 1984,
appointed President and CEO in 2007

Number of employees: 7150

2018 sales: $2.5B

2018 income: $467M

ik

Tunc Doluca
BSEE IASTATE
(1979)

Average annual sales/employee: $350K

Average annual earnings/employee: $65K



Considerable Cash Flow Inherent in the Semiconductor Industry




Essentially All Activities Driven by Economic Considerations
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Many Designs Cost Tens of Millions of Dollars

Mask Set and Production of New Circuit Approaching $2 Million

New Foundries Costs Approaching $10 Billion (few players in World can compete)
Many Companies Now Contract Fabrication (Fabless Semiconductor Companies)
Time to Market is Usually Critical

Single Design Error Often Causes Months of Delay and Requires New Mask Set
Potential Rewards in Semiconductor Industry are Very High

Will emphasize economic considerations throughout this course



Understanding of the Big Picture is Critical




Solving Design Problems can be Challenging

Be sure to solve the right problem !




How can complex circuits with a very large
number of transistors be efficiently designed
with low probabillity of error?

Many designers often work on a single design

‘ Single error in reasoning, in circuit design, or in implementing circuit on
silicon generally results in failure

Design costs and fabrication costs for test circuits are very high

— Design costs for even rather routine circuits often a few million dollars and some
much more
— Masks and processing for state of the art processes often between $1M and $2M

 Although much re-use is common on many designs, considerable new
circuits that have never been designed or tested are often required

- Time to market critical — missing a deadline by even a week or two may Kkill
the market potential



Single Errors Usually Cause Circuit Failure

« How may components were typical of lab experiments Iin
EE 201 and EE 2307

« Has anyone ever made an error in the laboratory of
these courses ? (wrong circuit, incomplete
understanding, wrong wiring, wrong component values,
iImprecise communication, frustration .....)

« How many errors are made in a typical laboratory
experiment in these courses?

 How many errors per hour might have occurred?



Single Errors Usually Cause Circuit Failure

Consider an extremely complicated circuit

with requirements to do things that have never been done before

with devices that are not completely understood

that requires several billion transistors

that requires 200 or more engineers working on a project full-time for 3 years
with a company investment of many million dollars

with an expectation that nobody makes a single error

Is this a challenging problem for all involved?



How can complex circuits with a very large
number of transistors be efficiently designed
with low probabillity of error?

« CAD tools and CAD-tool environment critical for
success today

« Small number of VLSI CAD toolset vendors

« CAD toolset helps the engineer and it is highly
unlikely the CAD tools will replace the design
engineer

* An emphasis in this course is placed on using
toolset to support the design process



CAD Environment for Integrated

Circuit Design

CAD Tools

* Typical Tool Flow
— (See Chapter 14 of Text)

» Laboratory Experiments in Course




VLSI Design Flow Summary

Analog Flow

System Description
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VLSI Design Flow Summary

Analog Flow

System Description

|

Circuit Design (Schematic)
l Schematic Editor
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Digital Flow VLSI Design Flow Summary

————————————————————————————————————————————

Verilog Description / And Comparison with System Specs.
Verilog Simulation
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v
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Digital Flow

VLSI Design Flow Summary
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' VHDL Simulation Results and
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_ _ VLSI Design Flow Summary
Mixed Signal Flow (Digital Part)

System Description |
v '\ VHDL Simulation Results and |
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VLSI Design Flow Summary
Mixed-Signal Flow (Analog Part)

System Description H E o ow

Circuit Design (Schematic) . | Print Circuit Schematic |
SPICE Simulation
" Simulation Results *~ l
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VLSI Design Flow Summary

Mixed-Signal Flow (Analog-Digital Merger)
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Comments

* The Analog Design Flow Is often used for
small digital blocks or when particular
structure or logic styles are used In digital
systems

 Variants of these flows are widely used
and often personalized by a given
company or for specific classes of circuits



Wafer

6 inches to 18 inches in diameter

All complete cells ideally identical

flat edge

very large number of die if die size is small

\//

die




Why are wafers round?

A BN

\\ /

\—//

Ingot spins (rotates) as crystal is being made (dominant reason)

Edge loss would be larger with rectangular wafers

Heat is more uniformly distributed during processing

Size of furnace is smaller for round wafers

Wafers are spun during application of photoresist and even coatings is critical
Optics for projection are better near center of image




Feature Size

Feature size I1s the minimum lateral feature
size that can be reliably manufactured

I spacing

Often given as either
feature size or pitch

pitch

Minimum feature size often
identical for different features

Extremely challenging to
decrease minimum feature
Size in a new process




Reliability

Consider the following example:

1cm

1cm
» Die contains only interconnect

« Area lcm?
* 5nm process (10nm pitch)
10 levels of interconnect (actually pitch will increase in higher levels but ignore that)

How long is the total interconnect?



Reliability

1cm

In perspective:

1cm

<+—>

Human Hair onm

How do these dimensions compare to that of the human hair?

Human Hair Diameter: 18um to 180um

Assume d=50um

d  50um
5nm - 5nm

r= =10,000

* Diameter 10,000 times smaller than the 50um hair

 If interconnect were square (not quite) cross-sectional area would be 100 million times smaller !



Rellablllty How long is the total interconnect?

h

1cm

n=number of stripes:

lcm 1072 0° ‘

n = f— e
5nm +5nm  10x107° 1cm

L =nN_cves ® Lieve, =10010°x1cm =100km

L =62 miles



Reliability Problems

Desired Features

I
I

I
I

NEAR
SHORT NEAR

OPEN :

i

)

Actual features show some variability (dramatically exaggerated here !!!l)



Feature Size

Feature size I1s the minimum lateral feature
size that can be reliably manufactured

pitch

I spacing

Feature size is specified so that there is a very low probability
of a single processing defect occurring any place on a die !




SEM Images of Irregularity and/or Defects

Uncormrecind




SEM Images of Irregularity and/or Defects




SEM Images of Irregularity and/or Defects




SEM Images of lrregularity and/or Defects




SEM Images of Irregularity and/or Defects




SEM Images of Irregularity and/or Defects




SEM Images of Irregularity and/or Defects

Semiconductor Electromigration In...



What is meant by “reliably”

Yield is acceptable if circuit performs as
designed even when a very large number
of these features are made

If P is the probability that a feature is good
n is the number of uncorrelated features on an IC

Y is the yield

Y =P"

log, Y

P—g "



Example: How reliable must a
feature be?

N=5E3
Y=0.9
log.Y log, 0.9
P=e " =g 5B =0.999979
But is n=5000 large enough ? Is Y large enough?

More realistically n=5E9 (or even 5E10)
Consider n=5E9

log. Y log, 0.9

_ _ o 5E9
P=e " =e ~0.999999999979
20 parts in a trillion or size of a piece of sheetrock relative to area of lowa

Extremely high reliability must be achieved in all processing steps to
obtain acceptable yields in state of the art processes
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Stay Safe and Stay Healthy !







