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Abstract

In this paper we present practical techniques that enable
diagnosis of defective library cells in a failing die. Our
technique can handle large industrial designs and practi-
cal situations like compressed test patterns with multiple
exercising conditions per pattern and sequence dependent
defects. Being able to accurately differentiate between
cell-internal and interconnect defects leads to a faster
root cause failure analysis at a reduced cost. This capa-
bility was applied on an AMD graphics chip using 90nm
at TSMC. In all of the failing dies that underwent physical
failure analysis, the defective library cell identified by
diagnosis was verified to be correct by failure analysis.
Currently this capability is successfully used to diagnose
another design using TSMC’s 65nm technology.

1. Introduction

When a manufactured die fails scan based structural test-
ing, logic diagnosis is typically used to determine the
source of failure inside the die. This information enables
root cause analysis which can lead to fabrication process
and/or design changes that result in an overall higher
yield. Logic diagnosis tools today [1][2][3][4][5][13][18]
can determine the most likely location inside a failing die
from which the failures originate. However, this location
information (which is typically a pin or a net in the de-
sign) does not tell whether the real defect is on the inter-
connecting wire (also called back end defects) or inside
the library cell (also called cell internal defect or front end
defects) associated with the identified location.

With integrated circuit fabrication technology advancing
from 90nm to 65nm and beyond, the ability to distinguish
between a cell internal defect and an interconnect defect is
becoming critical for faster defect localization. The main
reason for this is that for 90nm and beyond, a significant
number of manufacturing defects and systematic yield
limiters lie inside library cells. One of the causes of this is
the increasing use of custom designed cells to cope with
higher process variations. Hence it is important to know
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that, for a failed die, the defect lies inside a cell instead of
on an interconnecting wire. First, this leads to a faster and
cheaper physical failure analysis (PFA) process. With the
above knowledge the failing die can be directly de-layered
all the way down to metal layer 1 (where all the intra-cell
connections are) without the need to look at metal layer 2
or higher. This speed-up is becoming more significant
with shrinking fabrication technologies that use more and
more metal layers. Having fewer layers to examine during
PFA also reduces the overall cost of the process. Second,
knowing cell internal defects greatly helps in collecting
defect statistics that can point to systematic yield limiting
issues in library cells. As an example, for a low yielding
wafer, if the majority of the defects are in cells then this
can point to certain process steps without going through
PFA.

Previous work on cell internal diagnosis can be put in two
general categories. Conventional diagnosis works on a
logic level model of the design which may not preserve
the actual physical implementation of library cells. Hence,
the first category of techniques [6][7] use an enhanced
model of the design to perform diagnosis. We refer to
these as defect model based diagnosis techniques. This
model preserves enough physical level information to
represent a class of defects inside a cell e.g. transistor
level bridges, or transistor stuck opens etc. Doing so en-
ables diagnosis to identify defects inside a cell. Another
variant of such techniques use a pattern fault model which
models specific defect behaviour by pre-specifying condi-
tions under which a defect may be excited [8][9]. These
conditions can be determined by simulating likely defect
types. The main drawback of such techniques is the de-
pendence on a specific defect model for diagnosis. This is
risky since unknown defect types, not represented in the
model, may go undiagnosed.

The second category of techniques, which we refer to as
excitation condition based diagnosis, does not require any
special circuit model [10][11][12]. It is based on the real-
istic assumption that the excitation of a defect inside a cell
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will be highly correlated to the logic values at the input
pins of the cell. On the other hand an interconnect defect’s
(e.g. a bridge) behaviour will depend more on the logic
values on the nets neighbouring the defective wire. Based
on this assumption, failing patterns (test patterns that fail
on the ATE for a failing die) are used to determine input
logic value combinations that potentially excite a cell
internal defect, also referred to as failing excitation condi-
tions, for selected candidate cells. Similarly, observable
passing patterns (test patterns that pass on the ATE for
the failing die, however are capable of observing a fault
effect at the defect site) are used to determine passing
excitation conditions (conditions that do not excite or
propagate the defect inside the cell) for candidate cells.
Based on the assumption above, a defective cell can be
isolated from interconnect defects by correlating the pass-
ing and failing conditions. Furthermore, the excitation
conditions determined in this process can be used along
with SPICE or switch level simulations to determine the
actual defect inside the cell [11].

Considering the advantages of the excitation condition
based diagnosis we started off by implementing this tech-
nique and testing it in a controlled experiment in which
cell internal defects were injected and corresponding fail
logs generated by simulation for an industrial design.
These fail logs were then diagnosed using the excitation
condition based strategy. Surprisingly we found that the
technique was able to correctly identify the defective cell
in only 25% of the cases. Upon investigation the main
problem that was identified was that for industrial de-
signs, it is very common to have a defect site being exer-
cised multiple times in different ways during the capture
phase of a test pattern.

Capture Phase
A

----------------- ﬂ H H e Clock
Scan =1 Scan _ o Y .
Enable Enable

Figure 1: Scan Test Process.

In order to understand this let us look at the process of
scan based logic test. Figure 1 shows the sequence of
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events in a typical scan test pattern Test data is first
loaded into the scan chains during the shiff phase in which
the scan enable signal is forced high. Following the shift
phase there is a repeating sequence of the following op-
erations: force the primary inputs to appropriate values,
measure the primary outputs and pulse the capture clock
to capture the system logic response to the test pattern in
the scan chains. This phase of the testing process is re-
ferred to as the capture phase. In this paper we are con-
cerned only with failures in the system logic, in other
words failures that occur during the capture phase. Fail-
ures during shift phase are caused by defects on the scan
chain shift path and are a subject of another research
topic: scan chain diagnosis [15][16][17].

During the capture phase of a test pattern a defect site
may be exercised multiple times. This is due to various
reasons like multiple capture cycles, the presence of both
leading and trailing edge flops in the design etc. This
makes the mapping from failing (observable passing) test
patterns to failing (passing) excitation conditions a non-
trivial task. This is because conventional stuck-at fault
simulation, which is the basis for most diagnosis algo-
rithms, does not provide information on which exercising
conditions in a single test pattern are true cell internal
defect failing excitation conditions. A passive excitation
condition extraction strategy, which assumes all exercis-
ing conditions in a failing (observable passing) pattern are
true failing (passing) excitation conditions, does not work
as shown by our experiments. To the best of our knowl-
edge none of the previous work has addressed this issue.

In order to overcome the problem, in this paper we pre-
sent a practical active excitation condition extraction
algorithm to heuristically determine the true failing and
passing excitation conditions for candidate defective cells
from test patterns with multiple exercising conditions with
high accuracy. Our technique does not change the stuck-at
fault simulation in any way and is still based on the logic
gate level model of the design. Hence it does not incur
any significant performance penalties. Also, it can handle
sequence dependent defects like transistor stuck-opens
which require two values for excitation. Finally, this tech-
nique works with compressed test patterns for designs
with on-chip test compression.

The rest of this paper is organized as follows. We begin
by defining the terms used throughout the paper in Sec-
tion 2. Next, Section 3 describes the excitation condition
based cell internal diagnosis algorithm and discusses the
problem caused by multiple exercising conditions. Section
4 describes our proposed technique to overcome this prob-
lem. We first applied our technique in a controlled envi-
ronment where known cell internal defects were injected
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and fail-logs were created by simulation. Then the tech-
nique was applied to real fail logs for an AMD graphics
chip and the results verified by PFA. This design had on
chip EDT compression logic [13] with a 77x compression
ratio. These experiments are presented in Section 5. The
final section concludes the paper.

2. Terms and Definitions

The following are definitions of terms used throughout
this paper:

Shift Phase: The phase in the operation of a scan based
test during which the test pattern values are loaded into
the scan chains, and, at the same time the captured re-
sponse values for the previous pattern are unloaded.
Capture Phase: The phase in the operation of a scan
based test during which the response of the logic under
test to the test values is captured into the scan chains by
pulsing capture clocks. The response values on the pri-
mary outputs are also measured.

Failing Die: A die that fails structural ATPG testing.
Cell Internal Defect: A manufacturing defect inside a
library cell. Also called front-end defects.

Defective Cell: A library cell with a defect inside it.
Interconnect Defect: A manufacturing defect on the
wires interconnecting library cells. Also called back end
defects.

Failing Patterns: Test patterns that fail on the ATE for a
failing die.

Passing Patterns: Test patterns that pass on the ATE for
a failing die.

Observable Passing Pattern: An observable passing
pattern is defined with respect to a defective library cell
candidate. If a passing pattern detects a stuck-at-1 or
stuck-at-0 fault on the cell output pin then it is called an
observable passing pattern for the cell.

Exercising Condition: A binary logic value combination
that gets applied to the input pins of a library cell in the
design during the capture phase of a test pattern. Note
that, for simplicity, we restrict a majority of the discussion
to a single input value combination as an excitation condi-
tion. However, as mentioned before certain defects like
transistor stuck opens may require a sequence of input
value combinations to excite the defect. All the discussion
in this paper easily extends to such defects. We discuss
this in more detail in Section 4.

Failing Excitation Condition: An exercising condition of
a defective cell that excites the cell internal defect and
propagates the faulty value to the cell output pins.
Passing Excitation Condition: An exercising condition
of a defective cell that does not excite the cell internal
defect, or does not propagate the faulty value to the cell
output pins.
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3. Excitation Condition Based Cell Internal
Diagnosis Algorithm

The excitation condition based cell internal defect diagno-
sis technique [10][11][12] is based on the basic premise
that if a cell is defective then the defect inside the cell will
be excited and observed on some cell output pins only by
certain specific input values to the cell. For other input
values to the cell the defect will remain unexcited or its
effect will not propagate to a cell output pin, which means
the overall cell function will remain error free. On the
other hand, if a defect is on the interconnecting wires
between cells, then its excitation should be relatively
independent of the input values to cell that drives the
defective wire. In such cases the defect excitation will
likely be strongly dependent on the values on the wires
neighbouring the defective wire. As an example, consider
a two input XOR cell driving a net, named /netl, as
shown in Figure 2. The net named /net2 neighbours /netl
in the physical layout of the circuit.

«D?

our

Figure 2: Cell Internal -vs- Interconnect Defect.

Consider two defects as shown in Figure 2: D1, a bridge
defect inside the XOR cell and, D2, a dominant bridge
from /net2 to /netl where /net2 dominates /netl. In this
case, it can be seen that in order to excite the defect DI,
the following two conditions are required. First, the input
B to the XOR cell has to be 0 so that the NMOS transistor
connected to the defect site is OFF. This is because when
the NMOS transistor, whose source and drain are bridged,
is ON, the behaviour of the defective cell is identical to
that of a defect free cell. Second, it requires the A input to
be 1 so that the pass gate structure that connects B to X is

disabled and the inverter structure between A and A (of
which the defective transistor is a part of) is enabled.
Under these conditions a defect-free cell will have an
output of 1. However, for the defective cell the output will
be 0 since it will be pulled down by the short D1 in the
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NMOS transistor. For the remaining three input value
combinations on A and B (00, 11 and 01) the cell func-
tionality will remain error free. Hence, in the presence of
D1, only those test patterns will potentially fail that apply
a 10 to the two inputs of the XOR gate. On the other hand,
the bridge defect, D2, will be excited only when the two
nets, /netl and /net2 assume opposite logic values. In this
case the defect behaviour will be relatively independent of
the values at the cell inputs.

The above described distinguishing factor can be used to
differentiate between a cell internal defect or an intercon-
nect defect by utilising the following strategy: use the
failing patterns to hypothesize what input value conditions
excite potential defective cell candidates and then test the
hypothesis against observable passing patterns. The hy-
pothesis should be confirmed for actual cell internal de-
fects while it should be rejected for non cell-internal de-
fects. The failing excitation conditions determined from
the failing patterns can then be compared against pre-
determined defect truth tables obtained by injecting de-
fects into cell models and simulating them [11]. This way
we can not only determine which cell is defective, but
also pin-point the defect inside the cell.

The Problem Posed by Multiple Exercising Con-
ditions per Pattern

Needless to say, the ability to determine failing and pass-
ing excitation conditions from failing and observable
passing test patterns is critical to the success of the above
algorithm. However, this is not a trivial task for patterns
that exercise defect sites multiple times, which is typically
the case for industrial designs. This situation is mainly
caused by three reasons. Firstly, most industrial designs
are not 100% full scan; they also contain certain non-scan
elements. Multiple cycles of the capture clock are needed
to test the faults around these non-scan elements. Another
reason for having multiple capture cycles is to detect
defects, such as resistive open, transistor stuck open etc.,
which require a sequence of values to excite them. Multi-
ple capture cycles in a test pattern obviously lead to mul-
tiple exercising conditions in the pattern. As an example,
consider the hypothetical circuit shown in Figure 3. In this
case, the flop A is a non-scan flop, while all the other
flops are scan flops. In order to test the stuck-at-1 fault on
the output of flop A, a test pattern with two capture clock
cycles will be required. As shown, the values 1, 0, 0 and 1
are scan loaded into the scan flops B, C, D and E, respec-
tively. The first capture clock cycle applies the excitation
value of 0 to the fault site and second capture cycle cap-
tures the faulty response in scan flop D, which is then
scanned out. As can be seen this two capture clock cycle
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pattern applies two exercising conditions to the NAND
cell (10 and 01) in the capture phase.

X0

A s-@-1
A p

D 0
B
A

1
NAND

c A
A

Figure 3: Example of Multiple Exercising Condi-
tions due to Multiple Capture Clock Cycles.

Secondly the presence of a mix of leading edge and fal-
ling edge triggered flops in the design also lead to multi-
ple exercising conditions in a test pattern. Let us consider
the circuit in Figure 4. In this case the flop A is a leading
edge triggered flop while flop B is trailing edge triggered.
Assume that both the flops are scanned and consider a test
pattern that loads a 0 in both the flops. Now, when the
capture clock, CLK, is pulsed the flop A will capture the
effect of the exercising condition 00 for the NAND cell on
the leading edge.

0+1

I .
L | 11
0

A |a
]

>

oe]

Capture the effect of
,00 in flop A on the
+" leading clock edge
‘

~
'
(
~

~

A
Capture the effect of

10 in flop B on the
~ < trailing clock edge

Figure 4: Example of Multiple Exercising Condi-
tions due to a mix of Leading, Trailing edge flop.

Next, on the trailing the edge the flop B will capture the
effect of the exercising condition 10. Hence this is another
example of a pattern with multiple exercising conditions.
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Finally in some cases the clock signal feeds into the sys-
tem logic under test. In such cases the effect of logic val-
ues in the design when the clocks are OFF can be cap-
tured in leading edge scan flops or observed at primary
outputs, hence resulting in yet another set of exercising
conditions.

In order to understand the problem caused by multiple
exercising conditions in test, consider the example circuit
in Figure 5. Assume that the test patterns applied have
three capture clock cycles each. Further assume that for
some failing chip there is a single failing test f#,, whose
logic simulation values are as shown in Figure 5, and that
the failing behaviour is explained by the defect location:
D stuck-at-1. In this case the cell MUX 1 is a defective
cell candidate and the algorithm would use f#; to deter-
mine the failing excitation conditions for MUX 1. This is
where the problem occurs due to multiple exercising con-
ditions, because in this case there are three exercising
conditions (corresponding to the three capture clock cy-
cles) to choose from: 101, 010 and 001. Any one or
moreof these can be the real cell failing excitation condi-
tion(s). Since stuck-at-fault simulation does not keep track
of the origination and propagation of events by capture
cycle, the only information we get from it is whether a
fault is detected by a pattern or not. In particular, fault
simulation does not tell which cycle was the origination
point for a stuck-at-fault activation event which was even-
tually detected at an observation point (primary output or
scan flop).

010
Failing Test ft, 000
(3 Capture Cycles) 000 |ANP-1 :
F
100
A 000
s-@-1
MUX_1 >
010 D
B
101 000

Figure 5: Simulation Values for Multiple Capture
Cycle Pattern.

For example, from Figure 5 it can be seen that the fault D
stuck-at-1 will be excited in all three cycles, however in
the first and the last cycles the fault effect is blocked from
propagation at the AND 1 and OR 2 gates This means
that from this failing test we can only reliably conclude
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that 010 is a defect excitation condition. 101 and 001 may
or may not be excitation conditions in reality since the
fault effect originating at the corresponding cycles was
not observed.

Ideally, we would want to enhance fault simulation so that
it can provide us with the information as to the fault effect
in which cycles actually make it to an observation point.
However, doing so will be an impractical solution. Firstly,
this would require back-tracing from observation points
after faulty machine simulation for all failing and observ-
able test patterns for all defective cell candidates, making
it an expensive operation. Secondly, for some patterns it
may still be an incomplete solution. The reason is that in
some cases the fault effect from one capture clock cycle
may get mixed together with fault effects from other cy-
cles due to re-convergence. In such cases it will become
impossible to determine the fault effect from which cycle
is observed at the end of the capture phase. As an example
consider the circuit in Figure 6. Assume that flop F is a
scan flop. Consider a test pattern with two capture cycles
and a stuck-at-1 fault at the output of the AND gate. The
values shown in Figure 6 are the simulation values for the
test pattern just before each capture clock pulse. As can be
seen from the figure, the fault effect from the two differ-
ent capture clock cycles gets mixed together in the second
cycle at the OR gate. Therefore, in this case, if the AND
cell is a candidate defective cell it will be impossible to
tell from fault simulation which of the two exercising
conditions: 01 or 10 are true failing conditions. Hence,
this failing pattern may not be usable.

Figure 6: Example of Mixing of Faulty Values.

None of the previous approaches presented in the litera-
ture address this issue. Therefore, in this paper we have
developed a practical heuristic algorithm, which we call
active excitation condition extraction. This algorithm can
determine which exercising conditions in a multiple exer-

INTERNATIONAL TEST CONFERENCE 5



cising conditions pattern are actual failing excitation con-
ditions with high accuracy. It does not require any
changes to the fault simulation engine and can also handle
sequence dependent defects. Furthermore, the algorithm
works when using compressed patterns.

4. Determining Excitation Conditions from
Patterns with Multiple Exercising Condi-
tions

The active excitation condition extraction algorithm starts
by extracting all exercising conditions for potential defec-
tive cells in a test pattern. This information is recorded for
all the failing and observable passing patterns for each
candidate cell. Next, this information is used to determine
which exercising conditions are the actual failing excita-
tion conditions for the cell internal defect, and which are
not. In order to describe how this is done, let the set of
exercising conditions that are extracted from a test pattern
for a candidate defective cell be referred to as the Exercis-
ing Conditions Collection (ECC) for that test pattern.

LetECle,ECC'zf,H-,ECC,{ denote the distinct ECCs

for all the failing patterns for a candidate cell. Note that
k <the number of failing test patterns, and typically it is
much less than that. As an example, consider a scenario in
which a two-input multiplexer cell, MUX 1, is a candi-
date defective cell, and, that there are four failing test
patterns with simulation values as shown in Figure 7. In
this case there will be three failing pattern ECCs:

ECC/ ={101,010} — ft,, ft,
ECC] ={000} — ft,
ECC/ ={101,000} — ft,

In a similar fashion, let ECC},ECCY ,---,ECC de-

note the distinct ECCs for all the observable passing pat-
terns for a candidate cell. For the observable passing pat-
tern ECCs the number of observable passing patterns
associated is also stored. As an example consider the case
in Figure 7 and further assume that there are four observ-
able passing patterns that detect the stuck-at-1 fault at the
MUX 1 output. Let the simulation values for these be as
shown in Figure 8. In this case the observable passing
pattern ECCs will be:

ECC? =1{101,001} — pt,, pt,
ECC? ={101,010,000} — pt,
ECC? =1{001,101} — pt,
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101
000 000 000
s-@-1 s-@-1
MUX_1 [—— MUX_1 [—%—
010 000
101 t, 000 t,
100 110
000 000
s-@-1 s-@-1
MUX_1 [—%¢— MUX_1 [—%—
000 001
100 ft, 110 t,

Figure 7: Simulation Values for Four Failing Tests

101
000 o1t 000
s-@-1 s-@-1
MUX_1 [—¢— MUX_1 f——
000 000
111 pt, 111 ot,
100
000 110 000
s-@-1 s-@-1
MUX_1 [—¢— MUX_1 [—%—
010 000
100 ot 111 ot

Figure 8: Simulation Values for Four Observable
Passing Tests.

The ECCs are used to determine the actual failing excita-
tion conditions using the following heuristic algorithm:

Step 1. Divide all the exercising conditions into three
categories. Categorize all those exercising conditions
that occur only in failing pattern ECCs as failing exci-
tation conditions. All those exercising conditions that
occur only in observable passing pattern ECCs are
categorized as passing excitation conditions. All the
remaining exercising conditions are placed in the un-
decided category. These undecided exercising condi-
tions will be placed in the other two categories in the
subsequent steps.

Step 2. For the failing pattern ECCs, determine those
that contain exactly one undecided exercising condi-
tion, say i, and no failing excitation condition. This
means that the exercising condition i must activate the
cell internal defect in some failing test pattern; hence
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its category is changed to a failing excitation condi-
tion.

Step 3. For the observable passing pattern ECCs, deter-
mine those that contain exactly one undecided exercis-
ing condition, say i, and no passing excitation condi-
tion. This means that the exercising condition i must
not activate the cell internal defect; hence its category
is changed to a passing excitation condition

Step 4. If there are still some undecided exercising con-
ditions left, choose one which is associated with the
largest number of observable passing patterns and
change its category to passing excitation condition.
The reasoning behind this is that if an exercising con-
dition occurs in a large number of observable passing
patterns then it is likely that it does not excite the cell
internal defect.

Step 5. If any undecided exercising condition was con-
verted to a passing excitation condition in the previous
step, then go back to Step 2, otherwise end.

So, for our example, the algorithm will produce the fol-
lowing results: After Step 1 the exercising conditions 101,
010 and 000 are placed in the undecided category. Exer-
cising condition 001 is placed in the passing excitation
category since it does not occur in any failing test ECC. In
Step 2 the exercising condition 000 will be categorized as
a failing excitation condition since it occurs by itself

inE CC'zf . At this point we are left with two undecided

conditions 101 and 010. Since the exercising condition
101 occurs in more observable passing patterns than 010
it is more likely to be a passing excitation condition.
Hence in Step 4 this exercising condition’s category is
changed to passing excitation condition. In the next itera-
tion through the loop the last remaining undecided condi-
tion 010 will be changed to a failing excitation condition
in Step 2 because this condition is now the only unde-

cided condition in E' Cle . Hence, the heuristic will con-

clude that 000 and 010 are failing excitation conditions
and 101 is a passing excitation condition. This means that
there will be no conflict between passing and failing exci-
tation conditions for this candidate defective cell.

Handling defects requiring a sequence of exer-
cising conditions

Certain cell internal defects like transistor stuck-opens
may require a sequence of exercising conditions at the cell
inputs to excite them. As a simple example, consider a
NAND cell with an open defect, as shown in Figure 9. As
can be seen from the figure a sequence of two exercising
conditions are required to excite this defect. The first
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exercising condition (00 in Figure 9) is required to charge
the output capacitance to a 1.

Defect Free Behavior

A

b 5

A ourt

-

ourtr

B Defective Behavior

D1= A_,_
|_ B_,_

outr H

Figure 9: Open Requires Sequence of Values.

Note that this can also be achieved by 01 or 10. The sec-
ond condition, 11 turns ON both the NMOS transistors so
that output will discharge to 0 in a defect free cell, how-
ever it will not do so in the defective cell. Hence, in this
case the failing conditions will be: 00-11, 01-11 and 10-
11. The passing conditions will be XX-10, XX-01 and
XX-00. The behavior of the defective cell under the re-
maining condition, 11-11, will depend on whether the
output capacitance was charged up before for example
during the shifting phase.

Active excitation condition extraction can be extended to
handle such situations. The change will be to extend the
definition of an exercising condition to include a sequence
of two binary input value combinations instead of one.
The rest of the discussion will then automatically cover
sequence dependent defects. As an example, with the
above change, for the case shown in Figure 7, the failing
pattern ECCs will be as shown below:

ECC/ ={101-010,010—101} — £,
ECCJ = {000—000} — ft,

ECC;/ = 1{101-000,000— 000} — fi,
ECC/ ={101-101,101-010} — fi,

Note that for the second failing pattern there is no transi-
tion. Hence, for this pattern we will also consider the last
shift value, since the transition must have come from
there. Similarly, the observable passing pattern ECCs will
contain a sequence of input value combinations. Once the
ECCs have been determined, the same algorithms can be
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used to determine true failing and passing excitation con-
ditions.

Now, the nature of the defect, i.e. whether it is sequence
dependent or not will not be known beforehand. Hence, in
our diagnosis algorithm we always start assuming a se-
quence dependency of two. The reason for this is that
even if the real defect is not sequence dependent, it will
still be identified when extracting a sequence of two con-
ditions. This is because the passing and failing excitation
conditions will still be disjoint by virtue of the second
exercising condition in the sequence. When a cell internal
defect is identified assuming a sequence dependency of
two, an additional analysis step, this time assuming no
sequence dependency, can be performed to determine
whether the identified defect is sequence dependent or
not.

5. Experiments and Results

Experiments with simulated cell internal defects

In order to test the effectiveness of the active excitation
condition extraction algorithm developed in this paper,
we conducted controlled experiments in which the behav-
ior of a failing chip with a cell internal defect during test
was emulated. This was done by injecting cell internal
defects in a pre-determined list of library cell instances. In
order to emulate cell internal defect behavior, the target
cell instance was replaced with a modified cell in the
netlist. This modified cell represented a defective version
of the original cell, by having a randomly changed truth
table in order to emulate defective behavior. The modi-
fied netlist was then simulated against a stuck-at test
pattern set to produce a cell internal defect fail log. Active
excitation condition extraction based cell internal diagno-
sis was then run on the fail logs thus produced, and the
effectiveness of the technique in isolating the cell instance
with the injected failure was studied. The experiment was
performed on a 2.1M gate design. A stuck-at fault test set
with a 1000 patterns was used. The test patterns had up to
two capture clock cycles, as well as a mix of leading and
trailing edge flops and clock driven logic. Hence, each
test pattern had either three or six exercising conditions
depending on the number of times the capture clock was
pulsed in the pattern.

A total of 383 cell internal defect fail logs were generated
using the above method and were diagnosed based on the
active excitation condition extraction algorithm. In order
to validate the diagnosis strategy, the percentage of fail
logs for which the defective cell was correctly identified
was recorded. Furthermore, active excitation condition
extraction was validated by matching the failing and
passing excitation conditions determined by the algorithm
for the defective cell, with those that were used to inject
the cell internal defect to begin with. To prove the value
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of active excitation condition extraction as a key enabler
of excitation condition based diagnosis of defective cells
(as well as highlight the problem posed by multiple exer-
cising conditions test patterns) the fail logs were also
diagnosed based on the passive excitation condition ex-
traction strategy. Recall that this means that it was as-
sumed that all the exercising conditions in the failing
patterns are failing excitation conditions and all those in
the observable passing patterns are passing excitation
conditions.

Results of these experiments are summarized in Table 1.
These results clearly prove the effectiveness of our pro-
posed technique. Diagnosis was considered to be correct
if the defective cell was identified in the diagnosis report
with the highest rank among all candidates. Ranking was
performed based on passing and failing pattern informa-
tion as is routinely done in most diagnosis techniques. As
reported in the first row, using passive excitation condi-
tion extraction, the excitation condition based cell internal
diagnosis algorithm is able to diagnose the correct defec-
tive cell instance in only 25% of the cases. In the remain-
ing 75% cases, the diagnosis algorithm was not able to
establish whether the defect lies inside the cell or on the
interconnecting wire. However, with active excitation
condition extraction, the percentage of correctly diag-
nosed cases goes up to 94%. This means that for 94% of
the cases, the correct defective cell was identified and the
failing and passing excitation conditions extracted by our
algorithm exactly matche (last row in Table 1) with those
that were used for defect injection.

Table 1: Results of Cell Defect Injection Experiments.

% Correctly Diagnosed with 25%
Passive Excitation Condition
Extraction

% Correctly Diagnosed with 94%
Active Excitation Condition
Extraction

Yes, for all the
correctly diag-
nosed cases

Correct failing and passing exci-
tation conditions extracted by
active excitation extraction?

For the remaining 6% of the cases for which diagnosis
was unsuccessful the main reason was that for these cases
a majority of failing and observable passing patterns had
identical set of exercising conditions. In such a case ac-
tive excitation condition extraction is not able to distin-
guish between failing and passing conditions. However,
test patterns are highly optimized which means that each
pattern attempts to exercise defects in different ways. This
results in the rate of occurrence of this special situation to
be very small, as is apparent from the experimental re-
sults. These results highlight both the severity of the limi-
tation imposed by multiple exercising conditions in test
patterns on excitation condition based diagnosis, and the
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effectiveness of active excitation condition extraction in
solving this problem.

Real silicon diagnosis data

Having validated our technique using controlled experi-
ments, we applied active excitation condition extraction
based diagnosis on a set of failing die of an AMD graph-
ics chip fabricated at TSMC using 90nm technology. This
was a ~33M gate design with on chip EDT compression
logic [13] with a compression ratio of 77x. The analysis
was done for two different revisions of the same design.
The test sets used had 500 and 1000 compressed test
patterns, respectively, for the two revisions. Out of the
failing dies that were diagnosed, 7 different die were
selected for detailed physical failure analysis (PFA).
These 7 die all had a cell internal defect as one of the top
candidates reported by diagnosis. PFA results showed that
in 7 out of the 7 cases, the failing die indeed had a defect
inside the cell instance that was reported as a top candi-
date in the diagnosis report. Out of these 7 cases, 4 could
not be correctly diagnosed with passive excitation condi-
tion extraction. This provides further validation of our
cell diagnosis approach in a real industrial application. In
all of these cases, the PFA process was faster and less
costly because diagnosis of defective cells eliminated the
need for examining any layers above metal layer 1. Next
we provide details on two out of these seven successfully
diagnosed cases. Case-I: In the first case, the defect was
found to be inside a two input inverting multiplexer cell.

Failing Passing
Conditions Conditions A

A|B| Sel A|B| Sel

oD
PO
Co

Figure 10: Case-I Defect Site and Gate Model.

The defective cell had a contact bridge to poly between
the output and the select line of the MUX, as shown in
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Figure 10. At a logic level this bridge caused the defective
cell to behave as if there was a buffer from the select
input to the output of the MUX, as shown in Figure 10.
The figure also shows the failing and passing excitation
conditions extracted for this cell by active excitation
condition extraction. The reader can easily verify these to
be correct. Figure 11 shows a PFA picture of the defect
showing the bridge from contact to poly.
Contact I x
Bridge to |

Figure 11: PFA Image of Case-I Defect.

Case-II: In the second case, the defective cell was an
AND-OR-Invert cell whose transistor level schematic is
shown in Figure 12.

Failing Conditions
A0 | Al | BO | Y,
0 0 1 0

Passing Conditions

Figure 12: Case-II Defect Site and Transistor
Model.

In this case the defect was a poly open which resulted in a
missing connection from input B0 to the corresponding
PMOS (Figure 12), with the result that the PMOS was
always ON. The failing and passing conditions extracted
by our tool for this case are also shown in Figure 12. In
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this case it can be easily verified that the extracted failing
condition A0 A1 B0 =001 is indeed correct, since this
leads to a path from power to ground in the defective cell
due to the BO PMOS being always ON. However, when
we analyze the extracted passing conditions, two of the
conditions 011 and 101, apparently should also have been
failing conditions from a purely switch level simulation
point of view. A little more detailed look at the circuit
easily explains this anomaly. For the input condition 001
both the PMOS transistors corresponding to A0 and Al
are ON. This creates a stronger pull to Vdd and hence
results in the output of the cell being a faulty 1. The input
conditions 011 and 101 both result in only one of the
PMOS transistors (corresponding to A0 or A1) being ON.
Hence this may result in the output voltage corresponding
to a logic value of 0, the correct value.

6. Conclusion

In this paper we present the application of diagnosis tech-
niques that differentiate between cell-internal and inter-
connect defects to speed-up defect root cause analysis for
industrial designs. We identified multiple exercising con-
ditions in test patterns as a major roadblock to cell internal
diagnosis for industrial design. We also presented a prac-
tical technology, active excitation condition extraction, to
correctly determine passing and failing excitation condi-
tions from such pattern. This technique works for designs
with compressed patterns. It also handles defects requiring
a sequence of values for excitation. Experimental results,
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