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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



IEEE
Code of
Ethics

We, the members of the
IEEE, in recognition of the
importance of our
technologies in affecting
the quality of life
throughout the world, and
in accepting a personal
obligation to our
profession, its members,
and the communities we
serve, do hereby commit
ourselves to the highest
ethical and professional
conduct and agree:

I. To uphold the highest standards of
integrity, responsible behavior, and
ethical conduct in professional activities.

1. to hold paramount, the safety, health, and
welfare of the public, to strive to comply
with ethical design and sustainable
development practices, to protect the
privacy of others, and to disclose promptly
factors that might endanger the public or
the environment;

2. to improve the understanding by individuals
and society of the capabilities and societal
implications of conventional and emerging
technologies, including intelligent systems;

3. to avoid real or perceived conflicts of
interest whenever possible, and to disclose
them to affected parties when they do
exist;

4. to avoid unlawful conduct in professional
activities, and to reject bribery in all its
forms;

5. to seek, accept, and offer honest criticism
of technical work, to acknowledge and
correct errors, to be honest, and realistic in
stating claims or estimates based on
available data, and to credit properly the
contributions of others;

6. to maintain and improve our technical
competence and to undertake technological
tasks for others only if qualified by training
or experience, or after full disclosure of

pertinent limitations;

II.

III.

10.

To treat all persons fairly and
with respect, to avoid
harassment or discrimination,
and to avoid injuring others.

to treat all persons fairly and with
respect, and to not engage in
discrimination based on
characteristics such as race,
religion, gender, disability, age,
national origin, sexual orientation,
gender identity, or gender
expression;

to not engage in harassment of any
kind, including sexual harassment
or bullying behavior;

. to avoid injuring others, their

property, reputation, or
employment by false or malicious
actions, rumors, or any other
verbal or physical abuses;

To strive to ensure this code is
upheld by colleagues and co-
workers.

to support colleagues and co-
workers in following this code of
ethics, to strive to ensure the code
is upheld, and to not retaliate
against individuals reporting a
violation.

Adopted by the
IEEE Board of Directors
June 2020



Review from Last Time
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6 inches to 18 inches in diameter

All complete cells ideally identical

flat edge die
very large number of die if die size is small



Review from Last Time

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




Review from Last Time

Reliability Problems
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Actual features show some variability (dramatically exaggerated here !!!!)



Review from Last Time

SEM Images of lrregularity and/or Defects




Review from Last Time
SEM Images of Irregularity and/or Defects
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Review from Last Time
SEM Images of Irregularity and/or Defects




Review from Last Time

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 "



Review from Last Time

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



Feature Size

Typically minimum length of a transistor

Often minimum width or spacing of a metal
Interconnect (wire)

Point of “bragging” by foundries

« Drawn length and actual length differ

Often specified in terms of pitch

 Pitch is sum of feature size and spacing to same
feature

 Pitch approximately equal to twice minimum
feature size



Feature Size Evolution

Mid 70’s 251
2005 90nm
2010 20nm
2020 /nm

0

14 =10°nm=10"m=10" A



Review from last lecture:

Field Effect Transistors
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Planar MOS Transistor

Active

Poly



Planar MOS Transistor

W
L N
/ N\
Source Drain
Gate
Region of Interest
Drawn Length and Width Shown (Channel)

Henceforth, will assume planar devices unless
specified to the contrary



MOS Transistor
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Source Drain

Gate

Actual Drain and Source at Edges of Channel



MOS Transistor

/

Source Drain

Gate

Effective Width and Length Generally
Smaller than Drawn Width and Length



Device and Die Costs

Characterize the high-volume incremental costs of manufacturing integrated circuits

Example: Assume manufacturing cost of an 8” wafer in a 0.25u process is $800

Determine the number of minimum-sized transistors that can be
fabricated on this wafer and the cost per transistor. Neglect spacing and
interconnect.

Solution:

= \2
n o Pater 7(4in) _592E11 (520 Billiont)
T Avans (0,250 ) (Trillion, Tera ...1012)

Cirans = Cuatr _ 3800 _ 615 4E g
n 5.2E11

trans

Note: the device count may be decreased by a factor of 10 or more if
Interconnect and spacing is included but even with this decrease, the
cost per transistor is still very low!



Device and Die Costs
C ~ $2.5/cm?

per unitarea —

Example: If the die area of the 741 op amp is 1.8mm?, determine the cost of the
silicon needed to fabricate this op amp

C..,=%$25/cm’e (1.8mm2); $.05

Actual integrated op amp will be dramatically less if bonding pads are not needed



Size of Atoms and Molecules In
Semiconductor Processes

0]
Silicon: Average Atom Spacing 2.7 A
0
Lattice Constant 54A
0]
SO, Average Atom Spacing 3.5A

0
Breakdown Voltage 5to 10MV/cm =5 to10mV/ A

Air 20KV/cm

Physical size of atoms and molecules place fundamental
limit on conventional scaling approaches



Defects In a Wafer
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'\ » Dust particles and other undesirable

Defect processes cause defects
» Defects in manufacturing cause yield loss



Yield Issues and Models

Defects in processing cause yield loss

The probability of a defect causing a circuit failure
Increases with die area

The circuit faillures associated with these defects are
termed Hard Faults

This is the major factor limiting the size of die in
Integrated circuits

Wafer scale integration has been a “gleam in the eye” of
designers for 3 decades but the defect problem
continues to limit the viability of such approaches

Several different models have been proposed to model
the hard faults



Yield Issues and Models

« Parametric variations in a process can also
cause circuit failure or cause circuits to not meet
desired performance specifications (this is of
particular concern in analog and mixed-signal
circuits)

* The circuits failures associated with these
parametric variations are termed Soft Faults

* Increases Iin area, judicious layout and routing,
and clever circuit design techniques can reduce
the effects of soft faults



Hard Fault Model

YH _ e—Ad

Y is the probability that the die does not have a hard fault
A'is the die area
d is the defect density (typically 1cm?<d < 2cm?)

Industry often closely guards the value of d for their process

Other models, which may be better, have the same general functional form



Soft Fault Model

Soft fault models often dependent upon design
and application

Often the standard deviation of a parameter is
dependent upon the reciprocal of the square root
of the parameter sensitive area

p is a constant dependent upon the architecture and the process

A, is the area of the parameter sensitive area



Soft Fault Model

XMAX

SOFT If

XMIN

Psoer IS the soft fault yield
f(x) is the probability density function of the parameter of interest
Xuin @nd Xy, ax define the acceptable range of the parameter of interest

XMIN Xmax

Some circuits may have several parameters that must meet
performance requirements



Soft Fault Model

If there are k parameters that must meet parametric
performance requirements and if the random variables
characterizing these parameters are uncorrelated, then the

soft yield is given by



Overall Yield

If both hard and soft faults affect the yield of
a circuit, the overall yield is given by the
expression

Y=Y,Y.



Cost Per Good Die

The manufacturing costs per good die is given by

C _ CFabDie
Good
Y

where Cr,,pie IS the manufacturing costs of a fab die and Y is the yield

There are other costs that must ultimately be included such as testing
costs, engineering costs, packaging costs, etc.



Example: Assume a die has no soft fault
vulnerability, a die area of 1cm? and a process has

a defect density of 1.5cm

a) Determine the hard yield

b) Determine the manufacturing cost per
good die if 8" wafers are used and if the

cost of the wafers is $1200



Solution
a) YH _ e—Ad
Y — e—lcmzol.Scm'2 —0.22

b) C _ CFabDie

Good Y
C fe
CFabDie — AWa : ADie
Watfer
$1200 5
C abDie = 1cm :$382
eob ﬂ(4in )2
$3.82 =$17.37

Good — 022



Do you like statistics ?



Statistics are Real!

Statistics govern what really
happens throughout much of the
engineering field!

Statistics are your Friend !!!

You might as well know what will happen since statistics characterize what
WILL happen in the presence of variability in many processes !



Statistics Review

Assume X is a random variable of interest

f(x) = Probability Density Function for x

Tf(x)dx:l

X =—00

A

Y X

F(x) = Cumulative Density Function for x

F(x,)= [f(x)dx

VY X




Statistics Review

f(x) = Probability Density Function for x

F(x) = Cumulative Density Function for x

N\




Statistics Review

f(x) = Probability Density Function for x

F(x) = Cumulative Density Function for x

1

Y X




Statistics Review

AfN
y ~N(0,1)
t 1 X~N(u,0)

//\ x . y
Lll |,1-||-0 0 Z;. ]

. X4 )

[ £ ax=1 y="— [ f(y)dy=1
X =—00 y =—0

Theorem 1: If the random variable x in normally distributed with mean p and
standard deviation o, then y= XZ# s also a random variable that is normally

O
distributed with mean 0 and standard deviation of 1.

(Normal Distribution and Gaussian Distribution are the same)



Statistics Review

y
XzN(,u,a)
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The random part of many parameters of microelectronic circuits is often
assumed to be Normally distributed and experimental observations confirm that

this assumption provides close agreement between theoretical and experimental

results

X—u
The mapping y = o Is often used to simplify the statistical

characterization of the random parameters in microelectronic circuits

X generally is dimensioned, y is dimensionless
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Stay Safe and Stay Healthy !







