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Present and Future*

1997 -2001 2003 - 2006

Feature size (micron) 0.25 -0.15 0.13 -0.10
Transistors/sg. cm 4 -10M 18 - 39M
Pin count 100 -900 160 - 1475
Clock rate (MHz) 200 - 730 530 -1100
Power (Watts) 1.2 - 61 2 -96

* SIA Roadmap, IEEE Spectrum , July 1999
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Testing Principle
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Contract between design house and
fab vendor

¢ Design is complete and checked (verified)
¢ Fab vendor: How will you test it?
c Desi gn house: | have checked
¢ Fab vendor: But, how would you test it?
¢ Desing house: Why is that important?
complete the story

¢ That Is one reason for test generation etc.




&2») Contiract dboet ween design

c0Test o must be comprehens
¢cl't must not Dbe oOotoo | ongo
ISsues:

¢ Model possible defects in the process
s Understand the process

¢ Develop simulator and fault simulator
¢ Develop test generator
¢ Methods to quantify the test efficiency




Verification v/s ‘Testing

Definitions

¢

Design synthesis: Given an |/O function, develop a
procedure to manufacture a device using known
materials and processes.

Verification: Predictive analysis to ensure that the
synthesized design, when manufactured, will perform the
given 1/O function.

Test: A manufacturing step that ensures that the physical
device, manufactured from the synthesized design, has
no manufacturing defect.




Need for testing

¢ Functionality issue

s Does the circuit (large or small) work?
¢ Density issue

s Higher density = higher failure prob
¢ Application issue

s Life critical applications
¢ Maintenance issue

s Need to identify failed components
¢ Cost of doing business
¢ What does testing achieve?

sDi scard onl vy t hdseemdxtahlee glides duct 0 7?




Good chips
Prob(good) =y

Fabricated
chips

Defective chips
Prob(bad) =1 -y

-12 -



Level of testing (1)

Levels
5 Chip
s Board

5 System
A Boards put together
A Systemon-Chip (SoC)

s System in field

c CostoRule of 10

5 It costs 10 times more to test a device as we move to
higher level in the product manufacturing process

0
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Cost of Manufacturing
Testing in 2000AD

¢ 0.5-1.0GHz, analog instruments,1024 digital pins: ATE
purchase price

5 =$1.2M + 1,024 x $3,000 = $4.272M
¢ Running cost (five-year linear depreciation)
s = Depreciation + Maintenance + Operation
5 = $0.854M + $0.085M + $0.5M
s = $1.439M/year
¢ Test cost (24 hour ATE operation)

5 = $1.439M/(365 x 24 x 3,600)
s = 4.5 cents/second
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Fault Modeling




Why Model Faults?

¢ I/O function tests inadequate for manufacturing
(functionality versus component and interconnect testing)

¢ Real defects (often mechanical) too numerous and often
not analyzable

¢ A fault model identifies targets for testing
¢ A fault model makes analysis possible
¢ Effectiveness measurable by experiments
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Some Real Defects in Chips

4 Processing defects
A Missing contact windows
A Parasitic transistors
A Oxide breakdown
A ...
4 Material defects
A Bulk defects (cracks, crystal imperfections)
A Surface impurities (ion migration)
A ...
4 Time-dependent failures
A Dielectric breakdown
A Electromigration
A ...
4 Packaging failures
A Contact degradation

A Seal leaks
A ...
Ref.: M. J. Howes and D. V. Morgan, Reliability and Degradation
Semiconductor Devices and Circuits, Wiley, 1981.
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Observed PCB Defects

Defect classes

Occurrence frequency (%)

Shorts

Opens

Missing components
Wrong components
Reversed components
Bent leads

Analog specifications
Digital logic
Performance (timing)

5

H
GO oo oooWo -

Ref.: J. Bateson, In -Circuit Testing

. Van Nostrand Reinhold, 1985.
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Common Fault Models

Single stuck-at faults

Transistor open and short faults

Memory faults

PLA faults (stuck-at, cross-point, bridging)
Functional faults (processors)

Delay faults (transition, path)

Analog faults

O O 0 0O 0O 0 0
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Stuck-at Faults

¢

¢

¢

¢

¢

Single stuck-at faults

What does it achieve in practice?

Fault equivalence

Fault dominance and checkpoint theorem
Classes of stuckat faults and multiple faults
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Single Stuck-at Fault

¢ Three properties define a single stuck -at fault
A Only one line is faulty
A The faulty line is permanently setto O or 1
A The fault can be at an input or output of a gate

¢ Example: XOR circuit has 12 fault sites (€ and 24 single stuck -at

faults .
Faulty circuit value

Good circuit value \

. oq)
1(0)
. 3}—0—2
0
T
5 k

Test vector for h s-a-0 fault
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Single Stuck-at Faults (contd.)

How effective is this model?
s Empirical evidence supports the use of this model

s Has been found to be effective to detect other types
of fauls

s Relates to yield modeling
s Simple to use

0
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@) Origins of Stuck-Faults

¢ Eldred (1959) o First use of structural testing for the
Honeywell Datamatic 1000 computer

¢ Galey, Norby, Roth (1961) o First publication of stuck -at-
0 and stuck-at-1 faults

¢ Seshu &Freeman (1962) d Use of stuck-faults for parallel
fault simulation

¢ Poage(1963) d Theoretical analysis of stuck -at faults
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Fault Equivalence

¢ Number of fault sites in a Boolean gate circuit = #PI + #gates + #
(fanout branches).

¢ Fault equivalence: Two faults f1 and f2 are equivalent if all tests that
detect f1 also detect f2.

¢ If faults f1 and f2 are equivalent then the corresponding faulty
functions are identical .

¢ Fault collapsing: All single faults of a logic circuit can be divided into
disjoint equivalence subsets, where all faults in a subset are mutually
equivalent. A collapsed fault set contains one fault from each
equivalence subset.
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Equivalence Rules
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Fault Dominance

If all tests of some fault F1 detect another fault F2, then F2 is said to
dominate F1.

Dominance fault collapsing : If fault F2 dominates F1, then F2 is removed
from the fault list.

When dominance fault collapsing is used, it is sufficient to consider only the
input faults of Boolean gates. See the next example.

In a tree circuit (without fanouts) PI faults form a dominance collapsed
fault set.

If two faults dominate each other then they are equivalent.
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Dominance Example

All tests of F2
F1 ‘

s-a-1 Fo 001
>< N\ S-a-1 110 010
000
e o1 [
100 I
s-a-1 Only test of F1
s-a-1 \
s-a-1 /
s-a-0

A dominance collapsed fault set
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Checkpoints

¢ Primary inputs and fanout branches of a combinational circuit are
called checkpoints.

¢ Checkpoint theorem: A test set that detects all single (multiple)
stuck-at faults on all checkpoints of a combinational circuit, also
detects all single (multiple) stuck -at faults in that circuit.

— . ~
— o— )7 Total fault sites = 16
| o> .
—e— ) o Checkpoints ( ) =810
O — —
— —) O—
® )
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Multiple: Stuck-at Faults

¢ A multiple stuck -at fault means that any set of lines is stuck-at some
combination of (0,1) values.

¢ The total number of smgle and multiple stuck -at faults in a circuit with
k single fault sites is 3K 1.

¢ A single fault test can fail to detect the target fault if another fault is
also present, however, such masking of one fault by anotheris rare.

¢ Statistically , single fault tests cover a very large number of multiple
faults.
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Transistor (Switch) Faults

¢ MOS transistor is considered an ideal switch and two types of faults

are modeled:
A Stuck-open -- a single transistor is permanently stuck in the open state.

A Stuck-short -- a single transistor is permanently shorted irrespective of its
gate voltage.

¢ Detection of a stuck -open fault requires two vectors.

¢ Detection of a stuck -short fault requires the measurement of
quiescent current (IppQ-
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Vector 1: test for A s-a-0
(Initialization vector)

Vector 2 (test for A s-a-1)

Two-vector s-op test
can be constructed by
ordering two s -at tests

0 — 1(2)

LS

Good circuit states

nMOS
FETs Faulty circuit states
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Stuck-Short Example

Test vector for A s-a-0

PMOS Vv
FETs QD | ppo Path in
) faulty circuit
1 A \ Stuck -
short
B .
0 Good circuit state
c =
0 (X
nMOS

FETs Faulty circuit state
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Summary

Gate level models are most prevalent in logic testing

Fault models are analyzable approximations of defects and are
essential for a test methodology.

For digital logic single stuck-at fault model offers best advantage of
tools and experience.

Many other faults ( bridging, stuck -open and multiple stuck -at) are
largely covered by stuck -at fault tests.

Stuck-short and delay faults and technology -dependent faults require
special tests.

Memory and analog circuits need other specialized fault models and
tests.
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Fault Simulation




Overview

< Problem and motivation

¢ Fault simulation algorithms
A Serial
A Parallel
4 Deductive
A Concurrent
A Other algorithms

¢ Random Fault Sampling
¢ Summary
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Problem and Motivation

¢ Fault simulation Problem : Given
A A circuit
A A sequence of test vectors
A A fault model
s Determine

A Fault coverage - fraction (or percentage) of modeled faults detected
by test vectors

A Set of undetected faults

¢ Motivation
A Determine test quality and in turn product quality
A Find undetected fault targets to improve tests
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