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Abstract

Failure analysis (FA) and diagnosis of memory cores
plays a key role in system-on-chip (SOC) product develop-
ment and yield ramp-up. Conventional FA based on bitmaps
and the experiences of the FA engineer is time consuming
and error prone. The increasing time-to-volume pressure
on semiconductor products calls for new development flow
that enables the product to reach a profitable yield level
as soon as possible. Demand in methodologies that allow
FA automation thus increases rapidly in recent years. This
paper proposes a systematic diagnosis approach based on
failure patterns and functional fault models of semiconduc-
tor memories. By circuit-level simulation and analysis, we
have also developed a fault pattern generator. Defect di-
agnosis and FA can be performed automatically by using
the fault patterns, reducing the time in yield improvement.
The main contribution of the paper is thus a methodology
and procedure for accelerating FA and yield optimization
for semiconductor memories.

Keywords: bitmap, failure analysis (FA), fault pattern,
memory testing, memory diagnostics, semiconductor mem-
ory.

1. Introduction

Embedded memory test design has become an essential
part of the system-on-chip (SOC) development infrastruc-
ture [1]. According to the recent ITRS report, the mem-
ory cores will occupy more than 90% of the chip area in
less than ten years [2]. The yield of on-chip memories thus
will dominate the chip yield. Go/no-go testing is no longer
enough for embedded memories in the SOC era. Memory
diagnostics is quickly becoming a critical issue, so far as

manufacturing yield and time-to-volume of SOC products
are concerned. Effective memory diagnostics and failure
analysis (FA) methodologies will help improve the yield of
SOC products, especially with rapid revolution in new prod-
uct development and advanced process technologies [1].

The yield loss concerned here is mainly due to wafer pro-
cess defects. Failure analysis can be used to identify the de-
fects causing the yield loss. Based on the analysis results the
process can be tuned and/or the design can be modified to
enhance the yield. Conventionally, an FA engineer first de-
tects and locates the faulty cell or region, and then performs
a series of physical de-processing, e-beam probing, or elec-
tron microscope inspection [3,4]. However, without proper
methodologies and tools it is more and more difficult to per-
form the defect-level testing and diagnostics, as we get into
the deep-submicron age. Bitmaps and wafer maps are tools
that have been commonly used in FA, because the failure
patterns and distributions are helpful for the FA engineers
to narrow down the potential cause of the failure, based on
their experience [3,5,6]. Many commercial memory testers
and associated yield analysis tools can be used for this pur-
pose. The test engineers also can define a particular set of
failure patterns based on the past analysis results. Auto-
matic analysis tools will identify and locate these particular
patterns in the failed memory or wafer, for subsequent iden-
tification of actual defects [7]. Inductive fault analysis also
has been used to link the defects to fault models for semi-
conductor memories [8], but the work needs continuous im-
provement, as new memory designs and technologies keep
coming out in a fast pace. For memories, fault models are
usually defined at the functional level. Based on the faulty
circuit behavior, a test algorithm can be developed to detect
the faults that are modeled [9, 10]. The quality of the test
algorithm usually is determined by its length and fault cov-
erage. Memory fault diagnostics procedure also has been
developed based on functional fault models [11]. Alterna-
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tively, faults can be transformed into signatures, with re-
spect to some test algorithm, and be used in the diagnostic
procedure [12–14]. Both the failure pattern and fault type
approaches have drawbacks. There are defects causing the
memory to fail with different behavior but same failure pat-
tern. Relying only on that information limits the accuracy
of diagnostic results. Also, the current fault models may
be good for production test, but they are normally insuffi-
cient for diagnostic test that requires much more detailed
fault models [15]. So far the fault modeling still relies on
the manual analysis.

In this paper, we propose afault patternbased approach
for memory diagnosis. Both bitmaps and functional fault
models are used to enhance the results. With fault patterns,
a failed memory can be classified and identified both by the
failure patterns and the faults associated with these patterns.
Similar to the previous memory fault diagnostics approach
[12], a defect dictionaryis constructed to map the actual
failure response of a memory to possible defects through the
fault patterns. This fault pattern based approach can easily
be automated. We have developed a systematic diagnostics
procedure that targets realistic memory defects, given the
actual layout, particle size distribution, and process param-
eters. Experimental results using industrial SRAM chips
justify the effectiveness of the fault patterns.

2. Memory Diagnostics

When a memory is tested, a bitmap can be constructed
automatically by the memory tester. The bitmap is a topo-
logical representation of the test result, showing physical
locations of the failed bits detected. Failure patterns (such
as failed word lines, failed bit lines, random bit failures,
etc.) on the bitmap can further be identified. By FA and/or
process simulation, the possible defects that caused the fail-
ures can then be mapped to the failure patterns. In [3, 5, 6],
some of the frequently used failure patterns were discussed.
Figure 1 shows four failure pattern examples. The failure
patterns of primary concern include a single failed cell, a
cluster, a column and/or row, and multiple columns and/or
rows. Failure pattern identification can be integrated into
the memory BIST module, i.e., by the internal BIST scheme
[6]. It also can be done by an external software that analyzes
the compressed failure patterns [5]. However, mapping fail-
ure patterns to defects is not trivial.

Figure 1. Four failure pattern examples.

There are research works on mapping defects to func-
tional faults. Fault model-based testing and diagnostics that
can be done automatically has been presented in [12, 15].

March-based test and diagnostic algorithms are easy to im-
plement. Figure 2 shows a March 17N diagnostic algorithm
[12] for stuck-at fault (SAF), transition fault (TF), address
decoder fault (AF), stuck-open fault (SOF), and coupling
fault (CF). This March algorithm consists of several March
elements, separated by semicolons. The* stands for the as-
cending order of the address sequence, and+ stands for the
descending order. Inside the parentheses is the specification
of a series of Read/Write operations and the corresponding
data background. These Read/Write operations are to be
applied to each address, one by one, following the address
order in front of the parentheses. All operations inside the
parentheses have to be performed before we proceed to the
next address. We use the March signature [12] to represent
the results from all operations in the test algorithm, which
are either correct (represented by a 0) or incorrect (repre-
sented by a 1). We assume here that only the read oper-
ations can detect the failure. For some special memories,
however, the write-through and write-verify operations can
also detect the errors. For example, the signatures of SAF0
(stuck-at-0 fault), SAF1 (stuck-at-1 fault), and RDF0 (read
disturb fault) are stored in a dictionary as shown in Table 1.
The fault diagnostics procedure is to compare the actual re-
sponses with the March signatures stored in the dictionary,
such that each faulty cell can be identified as having one
of the prespecified faults in the dictionary [12]. The dif-
ficulty of this approach is that the fault models commonly
used may be good for production test, but they are normally
insufficient for diagnostic test, as the latter requires much
more detailed fault models, e.g., there are occasions when
the signature of the failed cell does not match any signature
in the dictionary.

* (w0); * (r0;w1; r1); * (r1;w0; r0); * (r0;w1);
+ (r1;w0; r0); * (r0); + (r0;w1; r1); * (r1);

Figure 2. A March 17N diagnostic algorithm.

Table 1. Some March signatures for the March17N al-
gorithm.

Fault March Signature
SAF0 00011000010000011
SAF1 01000011000111000
RDF0 00000001000011000

We combine the failure patterns and fault types, and pro-
pose the notion offault pattern. Figure 3 gives some fault
pattern examples. A fault pattern is similar to a failure pat-
tern, except that each faulty cell in the pattern is associated
by a fault that can be identified in the fault dictionary. A
proper FA procedure can be used to construct the fault pat-
terns, which will be discussed next.
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Figure 3. Fault pattern examples on a5�5 cell array.

3. Fault Pattern

A cause-effect approach can be used to predict the faulty
behavior of a memory when a defect occurs. In the con-
ventional FA method, a large number of defects of various
types and sizes are placed one at a time on the memory
layout (usually SRAM), and the resulting circuit for each
defect is extracted. Circuit simulation is then used to deter-
mine the faulty behavior that is obtained as a result of each
injected defect. Finally, the resulting faulty behaviors are
transformed into realistic functional fault models.

Our purpose is different. We will use the FA-based
methodology to explore the faulty behavior both for a cell
and for the whole array. We do not stress fault modeling
here. For defect-level diagnosis, we will obtain the map-
ping between a defect and its faulty behavior. In the cause-
effect approach, every environment parameter must be con-
sidered in the prediction phase. These parameters include
the test algorithm, operating speed, voltages applied during
the test/diagnosis process, etc.

3.1. Defect Model

Before discussing defect-level diagnostics, we should
define the defect models. In many previous works, the de-
fects are modeled as a disk of undesired particles or ex-
tra/missing material. According to their positions and con-
ductivities, these defects may cause extra connection (short)
or disconnection (open) on a certain layer or between differ-
ent layers of wires. To perform simulation and analysis, we
model these defects at the circuit level. For example, we
add an extra resistor between two nodes to model the ex-
tra material or particle on the layout, as shown in Fig. 4(a).
Similarly, the missing material or particles on a conducting
layer will break the connection, so we add an extra node
and a large resistor into the netlist to model such type of
defect, as shown in Fig. 4(b). As another example, an un-
desired particle on the via can lead to an open connection,
with a similar effect in the netlist as shown in Fig. 4(c).
We assume all major defects can be modeled at the circuit
level with extra resistors and nodes. A circuit-level simu-
lator is used to determine the faulty behavior of any defect.
For high-frequency behavior, however, one may need to use
a more sophisticated model that includes capacitors and/or
inductors.
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Figure 4. (a) A short defect; (b) an open defect; (c) a
missing contact defect.

The original defects may have different size, shape,
conductivity, distribution, etc., so the faulty behavior may
not be the same for different memory designs and pro-
cesses. Exhaustive defect injection and analysis has been
performed for fault modeling [16]. Exhaustive injection
and analysis is very time consuming. It also includes de-
fects (and thus fault models) that are less likely to exist in
real circuits. For realistic defects the layout, process infor-
mation, and past defect data (in addition to circuit design)
should be considered [17]. Exhaustive defect injection has
another problem in defect-level diagnostics. A single fail-
ure behavior may be mapped to multiple suspect defects,
including realistic defects and redundant ones. The result
is a decrease in diagnostic resolution, and thus an increase
in the time and cost to identify the real defect in the sub-
sequent debugging process. Defect models thus should be
confined to those that are necessary.

3.2. Automatic Defect Injection

An embedded memory design can be used in different
SOC products, using different process technologies. Even
if the chip is manufactured by the same foundry, the pro-
cess still may be modified from time to time. The size,
distribution, and conductivity of a particle defect may also
change. For accurate defect diagnostics, the set of target
defects and the corresponding fault patterns need to be up-
dated. Apparently the update process must be automatic.
Here we propose an automatic procedure to generate the
fault dictionary, which helps map the realistic defects to
failures. The realistic defects are obtained from the mem-
ory layout, particle distribution, size and conductivity of
particle defects. Figure 5 shows the proposed memory de-
fect diagnostics (MDD) system, which consists of an auto-
matic FA (AFA) subsystem and a fault/failure pattern anal-
ysis module. The AFA subsystem can automatically inject
defects, perform simulations, and generate the defect dic-
tionary with fault/failure patterns. With the fault bitmap
generated from the MECA system we proposed before [12]
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and the fault dictionary, the suspect defects can be identified
by fault/failure pattern analysis. Additional realistic failure
or fault patterns specified by the user can also be included
for analysis. The AFA tool reads the memory layout in the
GDSII format. It also needs the size and conductivity of par-
ticle defects to determine the failure modes, if any. If there
is a failure, the defect will be translated to a corresponding
resistor for circuit-level simulation.

from MECA

Defect/Failure Candidates

Fail/Fault Pattern Calssification

Failure Statistics

Fault Maps
Fault/Fail Pattern Analysis

Arch.
Mem Spec.

Circuit−level Simulation

Scrambling

Realistic Defect Injection
Faulty Circuit

AFA

Defect Dictionary

Process
Netlist
Layout

Design

Conductivity

Defect Dictionary Creation

Fault Pattern  Generation

Distribution

In−line 

Fault Patterns

Simulation Results

Inspection

Condition
Test Alg.
Speed
Voltage

Size
Particle

Figure 5. The memory defect diagnostics (MDD) system.

The defect distribution is probabilistic, e.g., the resis-
tances of the open defects in metal layers have a distribu-
tion as shown in Fig. 6, for a 180-nm CMOS process [18].
We can inject the open defects with resistances 100kΩ,
200kΩ,: : : , 1GΩ (based on the defect distribution) into the
layout and simulate them to get the failure behavior. We cal-
culate a weight for each resulting failure behavior according
to the defect distribution. When we perform diagnostics, we
may have multiple suspect defects. The engineer can do fur-
ther analysis based on their weights.

The defects are classified into three groups: (intra-layer)
shorts, opens, and missing contacts. We will discuss them
in detail below. The defect injection also is classified into
two types: the intra-cell and inter-cell injections. For failure
pattern exploration we need to consider the entire cell array,
i.e., we need to cover the intra-cell and inter-cell cases. The
regularity of memories enables us to consider only a small
block of the memory without losing important information,
so the complexity is greatly reduced. Of course the fault
patterns still need to cover the whole array.

1. Short: Although a short may occur between adjacent
layers due to, e.g., bad oxide, shorts at the same layer
are more likely and are considered currently. Oxide de-
fects are a serious problem in the manufacturing pro-
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Figure 6. Distribution of metal open resistance [18].

cess and can be identified by other approaches. The de-
fect injection procedure will determine possible shorts
from the given defect size and memory layout. For
each short in the set, an extra (small) resistor will be
inserted into the netlist, with a prespecified resistance.
The faulty netlist will be simulated in the next stage.
We only consider single defects in the injection proce-
dure. Assume the total number of metal and poly lay-
ers isn, which are denoted asfLM0;LM1; : : : ;LMn�1g;
and the number of contact and via layers ism, which
are denoted asfLC0;LC1; : : : ;LCm�1g. The main task
in the injection procedure is to calculate the probability
of a short between two polygons, given a defect size.
We use each node of a polygon as the center to draw
a circle with a radius the diameter of the particle de-
fect, and determine if it crosses other polygons. An
example is shown in Fig. 7(a).

(b)(a)
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particle
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’
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’ aC

C contact

a

k

k

D

D
particle

Figure 7. Defect search examples: (a) short defects; and
(b) open defects.

2. Open: We only consider open defects at the metal and
poly layers. It is defined as a particle defect that breaks
a connection. We need to determine if the defect size
is larger than the metal/poly width. Figure 7(b) shows
an example, where the polygon with a particle defect
has two contacts. We define all contacts and vias as the
fanoutof the polygons at a certain layer. According to
fanouts, we split a polygon into smaller ones and de-
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termine the width of each segment. If the open defect
occurs, we insert an extra (large) resistor and an extra
node to separate the signals.

3. Missing contact: The missing contact is a special type
of open defect. The injection procedure is similar to
that for the open defect. The contacts and vias are
identified first, and then the procedure will separate the
nodes (layers) by inserting a (large) resistor.

Short:
for eachlayer li 2 fLM0;LM1; : : : ;LMn�1g

for eachpolygonPj (a0;a1; : : : ;as) 2 li , j = 0 to qi �1
for eachpoint ak, k= 0 to s

Draw a circleC, with centerak and radiusD
for eachpolygonPh 2 li , h= 0 to qi �1, h 6= j

PartitionPh into a set of segmentsfL0;L1; : : : ;Lxg
defined by the points
for eachsegmentLf , f = 0 to x

Determine the intersection point betweenLf andC
If the intersection point exists

Ndj = trace nodename(Pj )
Ndh = trace nodename(Ph)
defectivecircuit = insert short resistor(Ndj , Ndh, R)
Store thedefectivecircuit in DC

Open:
for eachlayer li 2 fLM0;LM1; : : : ;LMn�1g

for eachpolygonPj 2 li , j = 0 to qi �1
Split Pj into smaller polygonsfp0; p1; : : : ; pbg by fanouts
for each pk(a0;a1; : : : ;ae) 2 fp0; p1; : : : ; pbg

for eachpoint pair(ah;ah+1), h= 0 to e�1
Determine the midpointMP and slope of the line
segment< ah;ah+1 >

Draw a perpendicular line segment of lengthD
from MP to MP0

/* This line segment must crosspk. */
If MP0 is not insidepk
f f a1, f a2g = trace fanout(pk)
nodeset 1 = trace all nodefrom fanout( f a1)
nodeset 2 = trace all nodefrom fanout( f a2)
Nd1 = trace nodename(nodeset 1)
Nd2 = trace nodename(nodeset 2)
exchangenodenameto NP(nodeset 1)
defectivecircuit = insert short resistor(Nd2, NP, R)
Store thedefectivecircuit in DC

Missing Contact/Via:
for eachlayer li 2 fLC0;LC1; : : : ;LCn�1g

nodeset up layer = trace all nodefrom via(li )
nodeset dn layer = trace all nodefrom via(li )
Nd1 = trace nodename(nodeset up layer)
Nd2 = trace nodename(nodeset dn layer)
exchangenodenameto NP(nodeset up layer)
defectivecircuit = insert short resistor(Nd2, NP, R)
Store thedefectivecircuit in DC

Figure 8. The defect injection procedure.

Figure 8 shows the injection procedure for the three de-
fect types. Assume 1) each layerli containsqi polygons;
2) the diameter of the particle defect isD; 3) the resistance

of the particle defect isR; and 4)DC stores the defective
circuits (initially, DC= fg) to be simulated.

An experiment has been conducted using a commercial
0.25µm embedded SRAM design. The cell layout is shown
in Fig. 9, where BL, BLb, D, and Db denote the bit-line,
bit� line, cell-data, andcell�data, respectively. A soft-
ware tool has been developed to generate the realistic de-
fects using the procedure shown above. The tool reads the
memory layout (in GDSII) and the circuit netlist as inputs,
and produces the setDC as outputs. The open defects and
missing contacts for this experimental case are summarized
in Table 2. The numbers 250, 300, and 350 in the table
denote the diameters of the point defects. The last two
columns indicate whether the defect at the contact or via
will lead to an open node. For example, the contact defects
will break the nets of D, Db, GND, VDD, BL, and BLb,
but the WL will not be affected. Table 3 lists the realistic
short defects for this case, with the particle defect size rang-
ing from 250nm to 400nm. As shown in the table, there are
totally 11 possible short defects for this cell. Note that the
result depends on the defect distribution, process parame-
ters, cell layout, etc., so some of the node pair combinations
are not listed as they are not likely to occur. One can also
assign a weight to each defect, denoting its priority. The
weight can be used in the subsequent simulation and cre-
ation of the fault pattern dictionary.

Table 2. Realistic open defects.

Node
Open defect (nm)

Contact Via250 300 350
D V V V
Db V V V

GND V V
VDD V V
BL V V
BLb V V
WL V V V

3.3. Simulation of Faulty Circuits

After defect injection and generation of the faulty cir-
cuits, circuit simulations are performed to predict the faulty
behavior caused by each and every defect. To speed up the
simulation, we use just a small memory block instead of the
entire memory. It can be a bank or slot of the whole mem-
ory. The concern here is that the block must have the same
condition and environment as the whole memory, including
loading, address scrambling, etc. The simulation uses the
same conditions as in production test and diagnostic test.
We perform the simulation using the specified test algo-
rithm, AC parameters, and DC parameters. The parameters
are important. For example, a resistive short may cause a
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Table 3. Realistic short defects for the experimental case.

Shorting Nodes
Poly Metal 1 Metal 2

250 300 350 400 250 300 350 400 250 300 350 400
WL Db V V V V
WL D V V V V
BLb GND V V
BL GND V V
VDD Db V V V V
VDD D V V
GND Db V V
GND D V V
D Db V V V V V
VDD BL V
VDD BLb V
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Figure 9. Cell layout of the experimental case.

degradation in the rise/fall time. A lower operating speed
may not be able to detect the problem.

3.4. Fault Pattern Generation

The March signature of a test algorithm with respect to
a specific fault is defined as the (Read) results after apply-
ing the test algorithm to the memory when the given fault
is present [12,15]. March signatures can be used to identify
fault types after testing, by comparing the signatures with
those stored in the March dictionary [12,15]. However, ex-
periments on real memory chips have shown that there are
signatures that cannot be identified with known fault mod-
els from the dictionary that was constructed by fault sim-
ulation. One way to solve the problem is to develop more
fault models and/or longer tests for diagnosis purposes, but
that is usually not cost-effective, and the sophisticated faults
are not necessarily realistic, therefore may not be useful for

FA or design engineers. We have noted that these unrecog-
nized fault types (signatures) do not affect the efficiency of
defect-level diagnostics in our system.

Our goal here is to isolate the defects based on the test
response. We use the March signature to represent the test
result for every cell in the memory. We obtain not only
the failure pattern, but the fault type of each cell as well.
The fault patterns are then generated for the target memory.
Figure 10 shows 16 fault pattern examples. Other fault pat-
terns not shown in this figure include two adjacent cells (the
base cell and neighbor cell) with same/different fault types,
etc. Each fault pattern is caused by a certain defect with a
particular resistance value. The 16 fault patterns shown in
the figure are all based on a 10Ω short resistance and 1MΩ
open resistance. Random faults occur when the voltage dif-
ference on a sense amplifier is too small. Details will be
discussed below.

A defect has a corresponding failure behavior after the
simulation stage, and its behavior can be represented in
form of March signature. We translate these signatures to
known fault types as in our previous approach [12]. How-
ever, this may not succeed, as mentioned above. When it
fails, we assign a temporary fault name to the fault pattern
associated with the signature. These fault patterns can still
be mapped to the potential defects.

We now define a special fault type—the random fault
[19]. A random fault occurs when the voltage difference
on a sense amplifier is too small, such that the output of
the sense amplifier is affected by the noise or the mismatch
in the sense amplifier circuit itself. Under this condition,
apparently the output of the memory cannot be predicted by
simulation. To detect the random fault, we can monitor the
voltage of the bit-line pair when the sense amplifier is being
operated. For example, a small resistive short between the
bit-line pair will reduce the voltage difference and the sense
amplifier will fail. When we detect this condition, the fault
pattern generator will record this fault as a random fault.
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Figure 10. Fault pattern examples.

The response of this cell may be correct or incorrect during
testing/diagnostics. We will not try to identify the exact
fault type for the cell with random fault in the diagnostic
stage. We will identify the failure pattern instead.

3.5. Defect Dictionary Creation

In the last stage of the MDD system we create thedefect
dictionary that maps the fault patterns to possible defects.
In this stage, we collect the fault patterns and the corre-
sponding defects into a dictionary. An example is shown in
Table 4. It is possible that a certain fault pattern is mapped
to multiple possible defects. The last column of the table
denotes the number of possible defects. As shown in the ta-
ble, each possible defect has a weight (w1a to w22a). When
we perform the diagnosis and obtain a set of possible de-
fects, the weights are used to determine the priority in the
analysis that follows. The weight for a defect can be cal-
culated from the defect distribution. In this work, we use
the product of particle size, frequency, and resistance as the
weight. Also, the results from in-line inspection can con-
tribute to the weight if process information is available.

4. Defect Diagnostics Using Fault Patterns

Figure 11 shows the sets of possible defects obtained
from a failure pattern, a fault type, and a fault pattern, re-
spectively. The sets are all from the same failed chip caused
by the same defect. Normally, the real defect should be con-
tained in the intersection of the sets. As shown in the figure,
both the failure pattern and fault type result in larger suspect
defect sets, while the fault pattern usually leads to a much

Table 4. A defect dictionary example.

Fault pattern Suspect defects #

FP1
GND shorts to BLb withR1a (w1a)
VDD shorts to BL withR1b (w1b)

2

FP2
GND shorts to BL withR2a (w2a)
VDD shorts to BLb withR2b (w2b)

2

FP3 BL shorts BLb withR3a (w3a) 1

FP4
BL opens withR4a (w4a)
BLb opens withR4b (w4b)

2

FP5 BLbi shorts to BLi+1 with R5a (w5a) 1
FP6 BL i shorts to BLbi+1 with R6a (w6a) 1
FP7 WL shorts to VDD or GND withR7a (w7a) 2
FP8 WL open withR8a (w8a) 1
FP9 WL j shorts to WLj+1 with R9a (w9a) 1

FP10
WP shorts to D withR10a (w10a)
VDD shorts to D withR10b (w10b)
GND shorts to Db withR10c (w10c)
BLb shorts to D withR10d (w10d)
WPj+1 shorts to Db withR10e (w10e)
BL i+1 shorts to D withR10f (w10f )

6

FP11
WP shorts to Db withR11a (w11a)
VDD shorts to Db withR11b (w11b)
GND shorts to D withR11c (w11c)
BL shorts to Db withR11d (w11d)
WPj+1 shorts to D withR11e (w11e)
BLbi+1 shorts to Db withR11f (w11f )

6

FP12
D shorts to Db withR12a (w12a)
D opens withR12b (w12b)
Db opens withR12c (w12c)

3

FP13 Dbi; j shorts to Dbi+1; j+1 with R13a (w13a) 1
FP14 Di; j shorts to Di+1; j+1 with R14a (w14a) 1
FP15 Di; j shorts to Di; j+1 with R15a (w15a) 1
FP16 Di; j shorts to Dbi; j+1 with R16a (w16a) 1
FP17 Dbi; j shorts to Di; j+1 with R17a (w17a) 1
FP18 Dbi; j shorts to Dbi; j+1 with R18a (w18a) 1
FP19 Di; j shorts to Dbi+1; j with R19a (w19a) 1
FP20 Di; j shorts to Di�1; j with R20a (w20a) 1
FP21 Dbi; j shorts to Di+1; j with R21a (w21a) 1
FP22 Dbi; j shorts to Di�1; j with R22a (w22a) 1

smaller suspect defect set. The larger suspect defect set ob-
tained from failure pattern (or fault type) also suggests that
different defects may result in the same failure pattern (or
fault type), but most likely different fault pattern. Note that
the sets obtained from the failure pattern and the fault type
(and therefore, the fault pattern) can be quite different. For
example, both the short defect between BL and VDD and
that between BLb and VDD result in a failed column (the
failure pattern), but the fault types of the cells in these two
failed columns are different. Figure 12(a) shows the same
failure pattern resulting from these two defects. Their dif-
ferentfault patternsare shown in Fig. 12(b). Of course this
is just one of many possible situations. It is also possible
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that different defects result in the same fault pattern, e.g.,
the short between BL and VDD and that between BLb and
GND may result in the same fault type for the cells in the
respective failed column. Nevertheless, the fault pattern can
provide more accurate information than the failure pattern
or fault type alone.
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Figure 11. Defect isolation by failure pattern, fault type,
and fault pattern.
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Figure 12. (a) Failure patterns and (b) fault patterns for
two different defects.

From the FA results, we can construct the mapping table
between possible defects and fault patterns (called thede-
fect dictionary). Using the same diagnostic test algorithm
for analysis (simulation) as well as for testing the mem-
ory chips to collect the test results, we can build the failure
bitmap and fault bitmap for each failed memory chip using
the MECA system [12]. With the defect dictionary and fault
bitmap, we can identify the possible defects more efficiently
and accurately than using failure pattern.

5. Experimental Results

We have done an experiment on an industrial case, us-
ing single-port SRAM chips. The memory is of size
64K�12, composed of four banks. It has 1,024 rows and
768 columns, and each bank has 512 rows and 384 columns.
They were tested by the March 17N diagnostic test algo-
rithm (discussed in Sec. 2) using the Credence Kalos-XP
tester. With proper modification of the test program, the
memory tester was able to generate the failure bitmap for

each operation. By parsing the output from the tester and
analyzing it using the MECA system, the fault bitmaps were
constructed. The memory scrambling data were used to
construct the physical bitmaps for the failed chips. We show
the bitmaps for some failed memory chips. The Type 1
bitmap is exemplified in Fig. 13(a), where there is a faulty
row in one of the four banks. The Type 2 bitmap contains a
lot of faulty columns (and some random faults) within one
of the four banks, as exemplified in Fig. 13(b). For this
memory design, a total of 22 fault patterns were found.

(a) (b)

Figure 13. Partial bitmaps for two of the memory chips:
(a) Type 1 bitmap, and (b) Type 2 bitmap.

For the Type 1 bitmap, the result is the same whether
the memories are tested with the March C– or March
17N algorithm—the failed cells are all in one row. The
failed cells were all detected by the second March element,
(ra;wa), wherea can be 0 or 1. When tested by March
17N, the cells are all fault free at the second Read operation
of the third March element,(ra;wa; ra), but partially failed
at the first Read operation. A possible faulty behavior is that
thera operation in the second March element reads the data
from the previouswa operation, as the data can be latched
on the data bus due to the write through effect. This also
is why thera operation in the third March element detects
no faulty cell. After thera operation, the data latched on
the data bus is erased to the default value, so thera oper-
ation in the third March element detects some failed cells
(while some cells are fault free). In this case, the failures
cannot be modeled by any functional fault in the existing
fault set, though they can be detected by the test algorithms
that were designed based on the fault set. The fault pattern
is “a row failure with random faults”, and the suspect defect
is a word-line open.

Consider Fig. 14, which is a small block of the Type 2
bitmap shown above, with the previously found 22 fault pat-
terns used for matching. To simplify the search, the fault
pattern with more failed cells is assigned a higher priority,
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due to higher probability. For example, a column failure
with SAF0 can be identified as one FP2 orn FP11s. How-
ever,n concurrent FP11 defects are less likely than one FP2
defect. For fault pattern FP2, the whole column fails with
SAF0. We can find three such cases in this bitmap. From
the defect dictionary (Table 4), the possible defects are the
short defect between VDD and BLb as well as that between
GND and BL. For fault pattern FP1, the whole column fails
with SAF1. We can find one such case in this bitmap. The
possible defects are the short defect between GND and BLb
as well as that between VDD and BL. As another exam-
ple, consider FP4, where a whole column fails with random
faults (with about 10% fault-free cells). One such fault pat-
tern was found in this bitmap. The possible defects are the
open defect on BL or BLb as well as the short defect be-
tween BL and BLb. If we had used only the failure pat-
terns, these five failed columns looked the same. Obviously
the fault patterns greatly improve the accuracy in isolating
possible defects, resulting in lower debugging time. Note
that one fault bitmap may contain multiple combinations of
fault patterns. For example, three adjacent cells stuck at 1
may contain one FP13 and one FP12, or two overlapped
FP13s.
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Figure 14. A partial fault bitmap.

Table 5 summarizes the experimental results. It lists the
number of fault pattern occurrences, number of failed cells,
and number of possible defects for each FP. For this tar-
get memory we have created 22 fault patterns with their
specific defect information. As a result, there are seven
FP1s in this experimental case, i.e., 6�512= 3072 failed
cells (3072=21848= 14%). No failed row with SAF was
found in this case. With the proposed fault-pattern anal-
ysis approach, we partitioned the column failure patterns
into 6 fault patterns (i.e., FP1, FP2, FP3, FP4, FP5, and

FP6), and reduced the possible defects from 9 (the union
of FP1, FP2, FP3, FP4, FP5, and FP6) to only 2, reducing
the search space for debugging. The failed cells that do not
match any fault pattern are listed under the unknown pat-
tern row, which represents only about 6.2% of all the failed
cells. They may be caused by multiple defects in a single
cell, a particle bigger than assumed, etc.

Table 5. Fault-pattern experimental results.
FPs Failed cells Suspect defects

FP1 6 3072 (14%) 2
FP2 8 4095 (18.7%) 2
FP4 25 12019 (55.9%) 2
FP12 175 175 (0.8%) 3
FP13 90 180 (0.8%) 1
FP14 114 228 (1%) 1
FP16 86 172 (0.8%) 1
FP17 68 136 (0.6%) 1
FP21 83 166 (0.76%) 1
FP22 73 146 (0.67%) 1

Others* 50 107 (0.49%) *
Unknown — 1352 (6.2%) —
*Others include FP10, FP11, FP15, FP18, FP19, and
FP20. The corresponding number of candidate de-
fects is shown in Table 4.

6. Conclusion

We have proposed a fault-pattern oriented methodol-
ogy for semiconductor memory defect diagnostics, which
greatly reduces the effort in memory product development
and yield learning. The proposed notion of fault pattern
combines the strengths of the conventional failure-pattern
approach and our previous fault-type approach for easier
isolation of real defects. Since the fault patterns have to
be customized for different products and process technolo-
gies, automation is very important. We have also developed
a systematic procedure to explore the fault patterns, which
includes a layout-based defect injection tool that provides
very accurate results from realistic defect models. With
the proposed approach, high-quality defect diagnostics can
be automated. An industrial case has been shown to jus-
tify the work. The main contribution of the paper is thus a
methodology and procedure for accelerating FA and yield
optimization for semiconductor memories.
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