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Abstract

New process technologies, increased design complexity, and more stringent customer quality requirements drive the need for
better test quality, improved test program development, and faster ramp-up at overall lower product cost. In this paper we
describe the main industry test trends and recent innovations in testing integrated circuits as they are applied within Philips.

1 Introduction

The semiconductor industry has through persistent effort
succeeded in following Moore’s law for Integrated Circuit
(IC) process technologies. Both feature size and the cost
of manufacturing a single transistor have consistently been
going down. This allows more functionality to be integrated
per mm?2. With decreasing feature sizes and increasing com-
plexity comes a strong demand to improve the manufactur-
ing test. A modern IC contains tens of millions of transistors
and wires, each of which can suffer from a manufacturing
defect. To bring a new product to the market at a compet-
itive price, it becomes increasingly important to drive the
overall product cost down [1].

Test plays a key role in the overall process of bringing a
product to the market. Without test it would be impossible
to ship quality chips to the customer. Test therefore is for us
an absolute requirement for each product. However test also
adds to the overall product cost. In [2] an economic test cost
model is presented that helps to make trade-offs between
test benefits and costs. This model includes test prepara-
tion cost, test execution cost, test-related silicon cost, and
imperfect-test-quality cost. It does not include the cost as-
sociated with the late introduction of a new product on the
market, which test can help reduce. If an increase in test cost
results in a larger decrease in other product costs, for exam-
ple by improving the yield or shortening the time-to-market,
this would also be very acceptable. That is why we generally
refer to our requirements for test as good, cheap, and fast. A
test has to be good (high defect coverage), cheap (Design-
for-Test area and test execution time), and fast (fast test de-
velopment, and market introduction). In practice, we need
a different trade-off between these three aspects for each
product and market segment. This paper describes trends
in testing integrated circuits and the practical trade-offs we
make to bring a wide range of chips to a number of different
competitive markets.

The remainder of this paper is organized as follows. In Sec-
tion 2 trends in test quality are described. Section 3 presents
efforts in Design-for-Testability (DfT). Section 4 outlines
the trends in Automated Test Equipment (ATE). In Section 5
trends in both single die diagnosis and rapid yield improve-
ment are described. Section 6 addresses other (miscella-
neous) trends in test. We conclude this paper with Section 7.

2 Trends in Test Quality

Process technologies have become progressively more com-
plex. Each new technology node introduces new materi-
als, more process steps and generally pushes the capabilities
of manufacturing equipment closer to the limits of what is
physically possible. It is not surprising that this trend gives
rise to new test requirements. There are two main reasons
why the industry requires better tests. These are (1) more
stringent customer requirements, and (2) the integration of
more functionality using smaller device structures.

e More stringent customer requirements.
While in the 1970s a defect level of 1000 DPM (de-
fective chips per million delivered) was perhaps still
acceptable, automotive products nowadays require
DPM levels below 10. Moreover initiatives are on-
going to push these requirements even further and go
for a ‘zero’ DPM level.

e Integration of more functionality using smaller device
structures.
With the introduction of device structures with
smaller feature sizes comes the possibility to integrate
more device structures and consequently more func-
tionality on a given silicon area. With each new tech-
nology node, the number of single structures (transis-
tors, vias, line segments) that can be put in a certain
area size grows with a factor of about two. To keep
the same test quality for this area, the test quality level
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for a single structure needs to increase with at least the
same factor. In addition, not only does the complex-
ity of chips grow quadratically with the decrease in
feature size, also the number of metal layers is slowly
increasing. Combined with the smaller feature sizes,
this requires that we detect defect mechanisms that
could still be ignored in previous process technolo-
gies.

Table 1 shows a simplified example to highlight how these
two items affect testing. Let us assume that we have a defect
type (e.g. an open via) which causes a test escape in 1 out of
10'2 manufactured structures. Over the decades and tech-
nology nodes, we have designed an IC with the same area,
but with increasingly more functionality and device struc-
tures. As a result the impact of this defect on the defect
level of the complete IC rises with a factor of 20 per decade.
In addition, the required defect level has become smaller
by for example a factor 5 per decade, due to more stringent
customer requirements. If no improvements in the manufac-
turing process or in the defect detection methods are made,
this defect type, which could initially be ignored, now has
gradually become a quality issue and may end up making
the quality level of the IC unacceptable for customers.

Table 1: Quality trends over the past few decades

Technology | Structures | DPM | Total DPM

Impact | Allowed
1985 1.0 gm 5 x 101 0.05 100
1995 350 nm 1 x 108 1 20
2005 90 nm 2 x 107 20 4

As a result of these trends, improvements in test quality are
clearly required. From a test point of view these improve-
ments can be made by using more advanced fault models for
the creation of test patterns and by applying additional test
methods. Both options are described below.

2.1 Improved Fault Models

Improving the fault models used is one way to achieve
higher test quality. In this subsection we describe the search
for better fault models and investigate the acceptance of var-
ious fault models by the industry.

In the 1990s, the semiconductor industry successfully used
the single stuck-at fault model to achieve high quality.
At that point, achieving higher test quality could still be
achieved by higher fault coverage given the stuck-at fault
model. Presently a single stuck-at fault coverage of 98-99%
is not uncommon, while a decade ago people still discussed
its usefulness [3]. The single stuck-at model has been the

main fault model for the last few decades and there is no
indication that this will change in the future. Despite the
known limitations to describe real defects such as intra-gate
shorts, bridging faults, complex shorts and opens, the stuck-
at model is still the most popular fault model in use today.
This is due to its strength in ATPG and the fact that both
practice and defect simulations show that it is very effective
in catching a wide range of unmodeled defects. However
this model does not catch all defects. As a result even if
one would reach a 100% single stuck-at fault coverage this
is not sufficient to reach a zero DPM customer requirement,
because some unmodeled defects will surely be missed. So
improvements in fault models are required and they have
also been provided by academia and industry.

The multiple stuck-at fault model is a logic choice to try to
further increase test quality. It is relatively easy to generate
multiple stuck-at test patterns using an existing single stuck-
at fault ATPG core. These patterns are also successful in
detecting additional defects. The success of these patterns
to detect additional defects can however not be explained
solely on the fact that there are defects in silicon that exhibit
multiple stuck-at behavior [4] (see Figure 1).
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Figure 1: Defect with multiple stuck-at fault behavior.

After all, most of these defects are also detected using sin-
gle stuck-at test patterns. The main reason why multiple
stuck-at test patterns are successful in detecting additional
defective chips is because, in order to detect these defects,
for each targeted fault, the local environment around that
fault is set to several different states while testing for that
fault. Testing for a fault under different local circumstances
decreases the chance of fault masking. Fault masking can
occur if a few neighboring structures, which interact with
each other, are affected by the same defect. For the situation
in Figure 1 fault masking is however very unlikely to occur,
but this example does show that we can improve detectabil-
ity, if we put the local environment during test in all states
that can occur during its functional use. If for all these states
the result is fault-free behavior then the IC is free of defects
that behave as single or multiple stuck-at faults. Methods
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which comes close to this approach are N-detect [5] and Do-
Re-Me [6]. These methods are based on the single stuck-at
model but now potential faults are targeted multiple times
by the ATPG tool with an additional requirement that the
stimulation and/or observation conditions are different. For
resistive shorts [7] and opens it is easy to show that some
defects missed with single stuck-at testing can be caught us-
ing this method. Given the pragmatic approach with respect
to fault models in the last decades, N-detect seems to be the
natural extension of single stuck-at testing for the coming
years.

Most defects however are actually not really hard defects
(i.e. hard opens or hard shorts), which prevents their be-
havior from being completely modeled by the stuck-at fault
model. In addition, the stuck-at model assumes that a de-
fect only affects a circuit’s static fault behavior, which also
is not always the case. Stuck-at patterns are usually applied
via scan chains at a speed well below the application speed
of the IC. As a result, different fault models are needed that
have defect coverages that are complementary to the defect
coverage of stuck-at faults.

The most commonly used fault model next to the stuck-at
fault model is the delay-fault model. Delay-fault testing
(also referred to as AC-scan) fills a large gap in defect de-
tectability, as it checks the dynamic behavior of the circuit-
under-test, which the stuck-at test does not. In its simplest
form a delay-fault ATPG tool creates test patterns with tran-
sitions from zero to one and from one to zero for all gates.
These patterns can detect defects that have a negative impact
on the speed of the circuit-under-test. This includes other
defects than stuck-at detects, such as opens, bridges, resis-
tive wires, and resistive vias. Often however these pattern
generators are still based on the stuck-at ATPG core and as
transitions are harder to generate, the resulting test pattern
count for delay-fault testing is typically a factor four higher
than for stuck-at testing. Also, typically the fault coverage
figures are still well below those of stuck-at fault testing,
either due to pattern generation problems, pattern count re-
strictions on the ATE, or test time restrictions. This is defi-
nitely an area in which much progress can still be expected.
Especially the introduction of pattern compression removes
some of the restrictions in pattern count.

Next to resolving these test generation and ATE restrictions,
delay-fault testing itself can still be improved. At present a
defect is only detected if the combined delay of the tested
path and the defect is longer than that of the critical path.
Besides these gross delays, we also need to start detecting
smaller delays, e.g. to detect resistive opens, to further im-
prove test quality. This capability to detect small delays is
needed, because statistical process anomalies have started to
emerge in ICs that are not designed on the basis of the worse
process conditions. Practical methods to detect these delays
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are just emerging [8].

Similar capabilities for resistive shorts exist already for
decades in the form of current-based testing [9] or very low-
voltage testing [10]. One would also like to have this capa-
bility for opens to catch reliability risks or defects that only
cause a failure under extreme conditions.

2.2 Additional Test Methods

A second option to improve the test quality level is to de-
velop additional test methods that can supplement the con-
ventional ’stuck-at’ test method of measuring single volt-
ages for test responses and comparing them to the expected
binary responses. The voltages used are often the nomi-
nal voltage for the circuit and ground, with some margin
as specified in the functional specifications.

Well-known complementary methods are current-based test-
ing (Iddq) from the 1980s and very low voltage testing from
the 1990s. However, process scaling does not favor these
methods. Iddq testing is hampered by the increase in the
transistor off-state current, which manifests itself as a larger
static current for the entire IC due to the increased num-
ber of transistors. This increased static current obscures the
additional currents due to defects. Very-low voltage test-
ing becomes less effective due to the unequal scaling of the
supply voltage and threshold voltage. Therefore most of the
attention is focused at finding ways to keep these methods
effective. This has led for example to the introduction of
Alddq testing, which can handle static currents that are 100
times larger than the defect current.

An interesting aspect that has changed in recent years is that
advanced test methods for digital ICs have become more
and more analog. In current-based testing one does not only
want to know if the current is above a certain threshold but
also what the actual value is. Likewise in very low voltage
testing one wants to know the fail voltage and in delay fault
testing the maximum speed. Based on these values and ad-
ditional information about the chip or its neighborhood on
the wafer [11] the pass/fail limits are determined. More-
over, information of two measurements can be combined to
allow tighter limit settings. These methods allow one to de-
tect outliers. The values for these outliers are still within
the test limits, but are outside the normal distribution of the
wafer [12] and can therefore be considered a reliability risk.
It is expected that these methods become a standard part of
test and could replace expensive alternatives such as burn-
in.



3 Trends in Design-for-Testability

A typical modern IC contains tens of millions of transistors
and wires and can contain defects that manifesting them-
selves as opens in and shorts between these structures. In
order to test for this, ATE access is provided exclusively
via the I/Os of the circuit-under-test, of which we typically
only have a few tens or hundreds. There is a gap between
the very large number of on-chip components to be tested
and the (relatively) small number of I/Os through which test
access can be provided. This gap necessitates design mod-
ifications to improve the accessibility from the I/Os to the
internals of the IC and vice versa. The traditional defini-
tion of Design-for-Testability (DfT) has been exactly that:
additional on-chip hardware, added to the IC design in or-
der to improve its internal accessibility for testing purposes.
For this, we distinguish between the ability to drive arbitrary
stimuli combinations (‘ controllability’) into and the ability
to read responses (‘observability’) out of specific on-chip
circuitry. As the ratio of on-chip transistors over circuit I/Os
keeps growing [1], so does the need for DfT.

We distinguish three main roles for DfT. The first role is
to enable high-quality testing, achieved by the DfT inside
the on-chip modules. The second role is the test access
from I/Os to (deeply) embedded modules, in the form of test
wrappers and Test Access Mechanisms (TAMs). The third
role is the on-chip generation of test stimuli (sources) and
evaluation of test responses (sinks). Figure 2 shows these
three roles of DfT for a SoC. We discuss these three roles in
more detail in the following three subsections.

Figure 2: Generic test access architecture for embedded
cores, consisting of source and sink, TAMs, and wrapper.

3.1 Module-Internal DfT

The most well-known example of DfT for individual mod-
ules is of course scan design, in which in a special ‘scan
mode’ all of the module’s flip-flops (‘full scan’) or a subset
thereof (“partial scan’) are connected into one or more shift

registers. Pioneered by NEC as early as 1968 [13, 14], to-
day scan design has become a mainstream design approach
for most companies. The success of scan design is related to
the fact that it provides controllability and observability, in
addition to cutting sequential feedback loops in the circuits.
Full scan design enables the usage of Combinational Auto-
matic Test Pattern Generation (C-ATPG) tools, which offer
a fast and reliable route to high-quality test patterns.

3.2 Access to Embedded Modules

The larger the IC, the more attractive a modular test ap-
proach [15]. Non-logic modules (e.g., memories, analog,
RF) as well as black-boxed third-party cores require stand-
alone testing. For the remainder of the IC, modular testing
can reduce the test generation time, as it presents more di-
gestible chunks of circuitry to the ATPG tools and enables
concurrent engineering. At the same time, modular testing
facilitates test reuse, which especially pays off in the case
of a family of chip derivatives [16]. Modular testing re-
quires an on-chip test infrastructure in the form of test wrap-
pers and Test Access Mechanisms (TAMs) [17]. The test
wrappers enable separation of stand-alone testable modules,
while the TAMs transport data from IC pins to test wrapper
and vice versa.

IEEE Std. 1500 (a.k.a. SECT) [18, 19] describes a standard-
ized, yet parametrizable test wrapper. Some of its features
are based on IEEE Std. 1149.1 (a.k.a. JTAG) [20], which
is in essence a chip-level wrapper to facilitate board-level
testing. Nevertheless, there are also important differences
between JTAG and SECT.

e JTAG has a fixed one-bit test data interface, while
SECT also supports a scalable multi-bit test data port.

¢ JTAG mandates two-bit wrapper cells, while SECT
also allows both single-bit as well as multi-bit wrap-
per cells.

e JTAG enforces a fixed operation protocol through its
standardized finite-state machine implementation of
the TAP controller, while SECT does not have such a
fixed protocol.

At the time of writing, the endorsement of IEEE Std. 1500 as
a full standard is forthcoming. It is to be expected that IEEE
Std. 1500 becomes a widely used standard. This will be the
basis of a new range of EDA tools, amongst others for wrap-
per design, compliance checking, TAM architecture design,
test expansion from core to chip level, and test scheduling
[21,22].

Another example of ‘wrapper-type’ DfT is Reduced-Pin
Count Testing (RPCT) [23]. The RPCT wrapper, which is
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typically shared with the JTAG wrapper, is used to reduce
the number of IC pins involved in testing. RPCT enables
testing of high-pin-count parts on low-pin-count ATE, or,
alternatively, enables testing of multiple ICs in parallel on
the same ATE (‘multi-site testing’). Multi-site testing is dis-
cussed in Section 4.2.

3.3 Stimulus Generation and Response Eval-
uation

Traditionally, the generation of test stimuli and evaluation
of test responses was done exclusively on the ATE, and
hence, no DfT was provided for this task. However, with
the growth in test data volume, DfT has started to invade this
arena as well. We refer to this as Built-In Salf Test (BIST).
With BIST, the need for external test equipment is reduced
or even eliminated, as test stimuli and responses can be gen-
erated respectively evaluated by the IC itself. BIST also
resolves the test access problem to embedded modules, as
the stimulus generator and response evaluator can be placed
right next to the module-under-test.

BIST was first applied on embedded memories [24]. Memo-
ries require large test pattern sets, and hence there is a press-
ing need to generate them on chip. Fortunately, memory test
patterns are very regular in nature, and hence can be gener-
ated relatively straightforward by means of an on-chip finite
state machine. For medium-sized and large embedded mem-
ories, BIST has become a mainstream approach.

An important trend for the future is the growing size of on-
chip memory [1]. Both the number of embedded memo-
ries, as well as the sizes of these memories is growing. As
memories are quite susceptible to manufacturing defects,
this trend threatens the yield of these products. Currently,
large embedded memories (say, >2Mbit) are equipped with
redundancy in the form of some spare columns and rows,
such that a limited number of faulty cells can be repaired,
in order to improve the product yield. To determine which
repairs to perform, the traditional memory BIST has to be
extended with the capability to either make the repair de-
cisions itself on-chip, or transport the fault bitmap of the
memory off-chip. The latter is required also for failure anal-
ysis and yield ramp-up. As a result, the area cost of the BIST
for embedded memories increases and with many embedded
memories, it is becoming increasingly important to evalu-
ate whether we can share test and repair resources between
memories, i.e. to determine which test and repair resources
are local to the individual memory versus global.

Test patterns for random logic are quite irregular, but defi-
nitely not random in nature. Nevertheless, most logic BIST
stimulus generators are based on pseudo-random genera-
tors (e.g., Linear Feedback Shift Registers or Cellular Au-
tomata [25]), simply because they can be implemented area-
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efficiently. These get augmented by modifications of the
module-under-test (such as Test Point Insertion [26]) or of
the stimulus generator (such as Bit-Flipping [27]) to in-
crease the obtained fault coverage to an acceptable level.
Test responses are typically based on a Multiple-Input Shift
Register in some form or another. BIST for random logic is
not (yet) widely applied. Especially for circuits with many
random-resistant faults, the silicon area costs of BIST for
logic are relatively high. These costs can often only be jus-
tified if BIST is a customer requirement for in-field testing,
when no ATE is available and BIST is the only feasible so-
lution.

In recent years, the research field of test resource partition-
ing (TRP) has come into existence. It explores the spec-
trum between the two extremes for implementing source and
sink: fully off-chip (ATE) and fully on-chip (BIST). With
test data compression (TDC) techniques, test data is stored
in compressed format onto the ATE, and decompressed only
when loaded into the IC [28]. TDC is effective, as it exploits
the fact that in an ATPG test set for logic, only 5% or less
of the bits are actual ‘care’ bits, while the remaining bits are
‘don’tcare’. As the test data decompression hardware is rel-
atively cheap in silicon area cost (especially when compared
to full BIST), this approach has quickly gained a lot of mo-
mentum. In other TRP approaches, the sequencer-per-pin
on certain ATE systems is exploited to compress the data
stored onto the ATE by means of runlength coding [29].

4 Trends in Automated Test Equipment

Today, requirements for a system chip may consist of a large
set of digital, analog, and high-end RF functions. A com-
bination of high-end RF, digital and analog performance
in one semiconductor process is still far away, but via the
System-in-Package (SiP) technology, this integration has
become a reality much earlier than anticipated. This devel-
opment will potentially lead to high-end test requirements
in all of these domains at the same test stage.

To test the specification of such a system chip on any avail-
able ATE at a reasonable cost is a problem. It is clear that
the sum of all these requirements cannot be met by a single
hardware ATE solution. Even if a high-end-high-speed-RF-
analog-digital-fast-data-managing-flexible system did exist,
it would likely be too expensive. In addition, its delivery
times would certainly not be in-line with the dynamics of
the semiconductor industry. As such, the industry has to
search for alternatives.

4.1 DfT-Based Testers

The price of a digital ATE depends on its channel count, vec-
tor memory depth, and accuracy. While large ICs seemed to



require large, and expensive ATEs, companies have started
to realize that for many of their (structural) tests, at most
10% of the capabilities of their expensive ATEs is really
used [30]. This led to a wave of interest into low-cost ‘ DfT
testers'. Such testers do work, provided that one is willing
to rely on DfT-based structural testing only, and one is will-
ing to add some on-chip DfT hardware to compensate for
the reduced capabilities of the low-cost ATE.

As already indicated in the section on DfT, a main change
in production test solutions is to find solutions via advanced
DAT techniques. For example loop back techniques for high
speed I/O testing [1] reduce the need for special high end ca-
pabilities on the ATE. Not only are these capabilities expen-
sive, especially since they are in general active less than 1%
of the total test cycle, they also have the risk of being out-
dated in a very short time. Using the proper DfT techniques
reduces the needs for high-end performance, enabling real
low-cost production ATE. A prerequisite for this is that a
thorough evaluation and characterization of the device is
still possible with a clear correlation to the DfT technique
used.

4.2 Multi-Site Testing

Multi-site testing refers to testing multiple products on one
ATE at the same time. When testing low-pin count devices
in parallel on high-pin count testers, the infrastructure cost
of a test cell is divided by the multi-site factor and the uti-
lization of available testers is increased. The ability to per-
form high multi-site testing (up to 128 x for wafer test and
32x for final test) is further enabled by the availability of
advanced probe technologies and strip testing.

The application of large multi-site can in practice be re-
stricted by several factors. Because the tests of the devices
in one set run in parallel, the test of a new set cannot start un-
til all devices in the current set have completed their test. In
addition, multi-site may be restricted due to insufficient in-
dependent resources within the ATE, such as channels, ana-
log instruments, data processing units, and/or power sup-
plies. For example: To allow 32x multi-site testing of an
IC which requires two independent power supplies, an ATE
with 64 independent supplies is required. To be able to of-
fer better multi-site support, ATE should be able to perform
highly-parallel data processing and offer the possibility to
use a scalable number of independent instruments.

4.3 Improved Utilization of the ATE Fleet

As the semiconductor market is characterized by steep up-
and down-turns, matching test capacity to demand is an im-
portant issue. Subcontracting to dedicated test houses pro-
vides limited flexibility only, as in periods of scarcity, all

market players are looking for extra capacity at the same
time. Hence, proper management of the in-house ATE fleet
remains important. Traditionally, ATE platforms have not
been compatible; a test cannot be easily ported from one
platform to another. That is certainly true for ATEs from
different vendors, but even between the various platforms of
a single ATE brand. This might lead to situations in which
there is overcapacity on one platform, while we cannot se-
cure sufficient capacity on another. Standardizing on one
ATE platform prevents such situations and makes the test
floor capacity management simpler and more effective. Cur-
rently, this can only be done by standardizing on one ATE
vendor, which brings risks related to relying on one supplier
only. An Open Architecture ATE platform [31] should allow
multiple vendors to contribute components to a standardized
ATE machine at competitive prices.

Standardized ATE platforms are something of the future; if
only, because new ATEs are expensive, and we still have
a working installed base, consisting of many different, in-
compatible platforms. In order to allow for a more balanced
loading of all platforms in our current ATE fleet, we have
engaged in porting the test program of many products to
two or more platforms. IEEE Std. 1450 (Standard Test In-
terface Language or STIL) [32] is a crucial help to reduce
the porting effort.

4.4 Product Lifecycle Reduction

Lifecycles for products are getting shorter. This leads to
three different requirements. First, to be able to have a
short first-time-right test development, the need to simulate
and predict the device behavior during testing will increase.
Second, since production ramp-up will be sharp, quick ex-
tension of production capacity is a must, giving pressure to
lead times to be in the order of weeks rather than months.
Third, during the quick ramp-up of the production, very fast
and specific feedback is needed from the test operation to
the wafer fab. A fast feedback will serve to find and correct
failures that otherwise can have a negative impact on suc-
ceeding batches from the same product. Fast feedback will
increase the yield learning, advancing both the process and
the product quickly to maturity.

4.5 Enhanced Test Data Management

Collecting, storing, and retrieving of test data becomes in-
creasingly important. For test quality, rejects are increas-
ingly based not only on fixed pass/fail thresholds, but also
on outlier behavior in a population of ICs. This requires that
we collect and store the measurements of the population, be-
fore taking the actual pass/fail decisions. In order to remove
the operational step of inking faulty dies in a wafer, we need
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to store wafer maps, and make sure they remain linked to the
corresponding physical wafers. Unique IDs per chip allow
the identification of a single device all the way from wafer
fab to customer, provided corresponding data is kept and ac-
cessible. And finally, test data management obviously plays
a crucial role in the yield learning process between test floor
and manufacturing fab.

5 Trends in Fault Diagnosis

The capability of test methods to provide feedback to the
process engineers marks a shift in the position of testing. If
one looks at the chain: from fab through test and product
to customer, manufacturing test always has had the purpose
to minimize the costs down-stream. Testing was only about
determining if a chip is good or bad and we were willing to
spend this money on testing because we knew that replacing
bad ICs in PCBs or products is far more costly. Nowadays
test should also provide information back to the process en-
gineers to reduce the time-to-volume/yield of a process tech-
nology.

Process engineers have to find a balance between feature
sizes and manufacturability. Large feature sizes ensure a
high manufacturability however they result in larger and
therefore more costly ICs, smaller feature sizes reduce the
cost of making a single IC but with a higher probability
that it is bad. To find this balance is an increasingly hard
task, which is expressed in the growth of the number of de-
sign rules. An increasing fraction of the ‘defects’ is caused
by design-process interaction or marginalities in the pro-
cess instead of contaminations by particles. Most of these
marginalities are detectable with test structures but certainly
not all. Feedback from manufacturing test therefore be-
comes a necessity to economically make ICs in advanced
process technologies.

As a result failure analysis and diagnosis are becoming key
activities in today’s IC manufacturing process. Successful
silicon debug, yield improvement, and reliability enhance-
ment heavily rely on the ability to quickly and precisely
identify the root cause of the defects. Once the defect is
detected and characterized, correction steps can be taken to
on the one hand improve its detectability and on the other
hand improve the manufacturing process to reduce the fu-
ture chance that this defect occurs.

Fault diagnosis is the process of locating failures in ICs that
have been identified as defective during test or customer ap-
plication. There are two main activities in which fault diag-
nosis plays an important role: single die analysis and yield
learning. The objective of these two activities is different
but the end result is the same, improving the manufactur-
ing process and achieving higher yields. The following two
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subsections try to give an overview of the challenges and
trends in diagnosis seen from the perspective of these two
application fields.

5.1 Single Die Analysis

Single die analysis is actually the traditional failure analysis
process that consists of three steps: fault localization, depro-
cessing and defect characterization/visualization. Smaller
feature sizes, higher integration densities, new materials
and new defect mechanism introduced at each new technol-
ogy node challenge the traditional physical fault localization
methods. Some of these challenges as they are mentioned in
the SIA roadmap [1] are the following: it becomes increas-
ingly difficult to: probe a defective transistor for defect be-
havior characterization and localization without altering its
functionality, to penetrate six or more metal layers with a
laser beam (e.g., Optical Beam Induced Resistance CHange
or OBIRCH) to activate the defect in order to locate it, and
to use frontside and backside waveform acquisition tech-
niques (e.g., Picasecond Imaging Circuit Analysis or PICA)
because transitions emit less light. Therefore, precise and
accurate software-based fault diagnosis methods are needed
to supplement and/or substitute some of the physical local-
ization methods.

The main trend in fault diagnosis is to develop methods
whose callout should contain only one suspect location, and
the spatial resolution to be limited to a single transistor or a
metal line not longer than 10 ym [1]. These methods have
to be able to analyze fail data from all test methods (scan
for stuck-at, Iddq, and delay faults, and BIST.), cover new
defect mechanisms introduced by the new technologies, and
maybe even combine several test results for one single die
if available to meet the precision and accuracy goals previ-
ously mentioned.

Software-based fault diagnosis techniques can be classified
in two main groups [33]: cause-effect and effect-cause anal-
ysis. Cause-effect diagnosis techniques (see Figure 3) use
fault simulation to determine the possible response of a cir-
cuit in the presence of faults when a test set is applied.
This information is then matched with the response obtained
from the tester in order to obtain the fault location. The
other group of diagnosis techniques, effect-cause analysis,
combine backtracking techniques, which justify all the val-
ues from the primary outputs as observed on the tester, with
fault models to locate a fault within an equivalence class.

A fault model and a matching (comparison) algorithm are
the primary elements involved in almost all software-based
fault diagnosis techniques. On one side more complex fault
models such as resistive bridging, resistive opens, path de-
lay, and fault tuples [34] are being used for diagnosis pur-
poses to try to cover every defect’s complete behavior for



better localization with the cost of increasing the compute
time. On the other side, the use of composite signatures
and/or more complex matching algorithms [35, 36] tries
to overcome the disadvantages related with a simple fault
model to achieve the same goal. Adding layout information
and the electrical characteristic of the neighborhood of the
suspect fault location [37] have become a must if a good
spatial resolution is desired.
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Figure 3: Cause-effect fault diagnosis flow.

5.2 Yield Improvement

The ability to get to high yields in a short time has become
vital for every semiconductor company. Due to the increas-
ing complexity and level of integration demanded by the
new designs, the traditional methods based on using special
test structures, embedded memories and in-line inspection
data are no longer able to bring the yield fast enough to the
desired high levels. Therefore, new techniques based on an-
alyzing the failure that occur in the logic part of the design
are needed. There are three main requirements imposed to
any technique to be used for yield improvement:

e Production worthiness: the data processing algo-
rithms have to be able to run in real-time and with
little tester overhead.

e Volume: the data from several failing lots has to be
analyzed because unique and rare defects are for yield
improvement of lesser interest as our attention is fo-
cused on finding systematically recurring defects.

e Accuracy and precision: the technique has to pinpoint
correctly to the processing step that is the main cause
for the yield loss.

In recent years, software-based fault diagnosis techniques
have started to fill this need with success: dedicated fault di-
agnosis algorithms have been developed to answer the first
requirement [38]; statistical methods for post-processing of
primary diagnosis callout and correlations with in-line in-
spection data have been implemented for highlighting sys-
tematic failure mechanisms [39, 40]. Fault diagnosis also

starts to play an important role in yield improvement activi-
ties due to its ability to distinguish between the nuisance and
real defects detected by the optical in-line inspection tools.
The optical in-line inspection tools are loosing resolution
due to the smaller feature size and increasingly detect also
nuisance defects.

As mentioned earlier, the research in this field is just be-
ginning, the trend is to build integrated systems which are
able to analyze multiple data sources such as: diagnosis re-
sults of fail data from several types of test (e.g. scan based
and parametric) performed at wafer level, data from yield
monitors which may be present on the product wafers, de-
fectivity information from in-line inspection systems, and
design characteristics (e.g. critical area); in order to quickly
and correctly pinpoint to the main cause of the yield loss.

6 Other Trends in Test

So far we have discussed trends that need to be solved
largely in the test domain. In this section we discuss several
other important trends, visible in the semiconductor indus-
try, that will have their impact on the test community.

One of these trends is the move towards a disaggregated
semiconductor industry. Where IP design, IP integration,
design tools development, manufacturing, testing, and prod-
uct marketing previously used to be done within the same
company, these days we see companies specialized in one
activity from this semiconductor supply-chain. An example
is the manufacturing fab that is dedicated to offering tech-
nology processes to other companies. This allows semicon-
ductor companies for instance to go fabless and outsource
the manufacturing of their designs. To maintain compet-
itiveness, whilst outsourcing some of your previously in-
house activities, requires careful alignment between com-
panies to allow efficient and effective exchange of infor-
mation. Integrated Design Manufacturers (IDMs) have also
started to use these additional services offered, for example
by buying IP cores from third parties. The test techniques
required for these cores have to be in line with the cores
still developed internally, which is why standardization of
test and diagnostic support is especially important for suc-
cess in a disaggregated industry. IDMs also see the cost of
their investments increase and try to align and standardize
with other companies, for example in the domain of process
technology development.

Today’s chip designs, especially those with embedded mi-
croprocessors, start to include special functional modes to
reduce the power consumption depending on the operational
requirements. As these modes are by default not re-used
during test, the power consumption during test is becoming
an issue. A trade-off in both the design as well as the test
domain is required to address this issue. The designer and

Paper 24.2
695



test engineer are left with two choices; either the power grid
is designed to tolerate the (increased) power consumption
during test, or the test patterns are modified to reduce the
power consumption during test. The difficulty of this trade-
off is that for the former solution, the design ends up being
larger in silicon area and hence more expensive. For the lat-
ter solution, there is at this point little support in commercial
tools to support power-constrained ATPG, which increases
the test development time, and makes this solution unattrac-
tive to use.

A trend in today’s system-on-chip designs is the use of
multiple clock domains and, in many cases, multiple in-
ternally generated clocks. Internally there may not be one
global clock controlling all communication. Instead, the
communication between parts of the IC may be decoupled
and handled asynchronously. Synchronizing and comparing
the responses of these individual parts with test responses
stored on the ATE may be extremely difficult due to non-
deterministic behavior. In addition, the frequencies used in-
side the chip may be higher than the ATE’s, resulting in the
need to put part of the ATE functionality on the chip.

Improved security of consumer electronics devices, such
that malicious persons cannot tampered with the operation
of these devices, is becoming increasingly important. This
applies both to mobile and domestic consumer appliances.
The need for tamper-proof security appears to conflict with
the requirements for test and diagnosis. The test commu-
nity is used to adding ‘back doors’ to the design, for exam-
ple DfT, that increase the internal observability to efficiently
test for defects and provide feedback for the manufacturing
process. Care has to be taken not to expose secret data, such
as decryption keys, to the outside world. BIST offers a so-
lution to this problem, as it keeps all information generated
during test inside the device. Of course, this in turn makes
failure analysis and fault diagnosis more difficult to impos-
sible. Hybrid solutions, for example through providing au-
thorized test and diagnosis operations, are still in a research
and development phase.

Another future problem is the need to address the impact of
soft errors, i.e. temporal glitches caused by alpha particles
and neutrons. The first serious impacts of soft errors have
already been reported. Soft errors cause intermittent faults,
and hence cannot be tested for in the factory. The only
known protection technology is by means of masking: func-
tional redundancy or redundant logic. Traditionally, testing
and redundant logic do not go together very well, simply
because detection and masking are contradictive. The in-
creasing impact of soft errors will lead to an increasing role
for redundancy, not only in memories, but also in digital
logic [41]. Fine-grained redundancy might relieve hard-to-
meet test quality constraints, although masking of hard de-
fects will deteriorate the protection offered against soft er-
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rors [42]. Test technology and fault tolerance will have to
learn to live together in a new equilibrium.

7 Conclusion

The continued development of new process technologies
with smaller feature sizes and ICs with increased complex-
ity is the driver behind many of the test challenges. This
paper provides an overview of current trends in test.

We see a continuation of the research to find better fault
models, and better test methods to detect more and weaker
defects in our ICs. Statistical analysis, e.g. using the mea-
sured behavior of neighboring dies to help decide on what is
still normal device behavior and what is defective behavior,
starts to play an increasingly important role. Design-for-
Testability continues to play its role as the enabler of struc-
tured test methods. In addition, it will increasingly be used
to help drive ATE requirements down, by implementing part
of the ATE’s functionality on-chip. The need to efficiently
utilize available ATE, through the use of standard and open
architectures, or multi-site testing, will reduce the test cost
per device. Improved fault diagnosis is required to analyze
both individual parts, and help determine process and de-
sign marginalities. In production it should provide accurate
and fast diagnosis information which can drive yield learn-
ing when fed back from test to the fab. This is essential to
enable rapid yield ramping of new technology nodes. In the
future test will continue to be the gate keeper to ensure that
quality parts are shipped to the customer, and given the un-
deniable trends in the semiconductor industry, this role will
be more and more important.
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