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As technology scales down, digital VLSI (very large-scale integration) circuits are prone to many manufacturing defects.
These defects may result in functional and delay-related circuit failures. The number of test escapes grows when
technology is downscaled. Small delay defects (SDDs) and hidden delay defects (HDDs) are of critical importance in
industries since they are the source of most test escapes and reliability problems.
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| 1. Introduction

The downscaling of technology increases integrated circuit density, as predicted by Moore L. The fabrication process has
become increasingly challenging and complex with the evolution of deep submicron technology. The complex fabrication
process can make semiconductor chips more prone to defects, affecting the chip’s functionality and timing of operation.
When the technology becomes smaller and smaller, and with the advancement of the fabrication process, the defects can
cause undesirable delays in the circuit rather than catastrophic failure.

Interconnects play a vital role in distributing clocks and propagating data signals. The interconnect delays are significant
compared to the gate delays with decreased feature size. Tight interconnect pitches, and the narrowing of wires can
cause capacitive coupling between the interconnects [@. The capacitive coupling can affect the delay of the switching
signal and is referred to as crosstalk . Moreover, smaller technology nodes are more susceptible to process variations,
affecting the oxide thickness, coupling capacitance, interconnect length, etc. This makes the signal propagation delay
even more unpredictable.

Any physical defects that affect the signal propagation delay and produce an erroneous output at a particular operating
frequency are called delay defects. Defects can be random or systematic. Random defects are due to the airborne
particles and chemicals used during the fabrication of chips . These defects are a significant cause of reliability
problems, as they can cause resistive openings or shorts in the circuits. Strong resistive openings cause large delay
defects or functional defects, and weak resistive openings cause SDDs in the chip . The weak resistive openings in the
vias and interconnects are prone to electromigration and cause reliability problems in the chip B, These reliability
problems manifest as small delays and grow into large delays and can affect the at-speed operation of the chip . The
reliability defects in the semiconductor chips used for safety-critical applications like automotive, avionics, medical, etc.,
can be life-threatening. Hence, in-field testing of these defects is also essential.

On the other hand, systematic defects are due to process variations or crosstalk and can manifest as small delays. This is
specific to a particular process technology. The major challenge in detecting SDDs and HDDs is testing them in the
presence of process variations and crosstalk. It is difficult to differentiate the delay due to defects (resistive opens/shorts
due to airborne particles in wafers) from the delay due to process variations or crosstalk. Also, traditional delay testing
methods detect large delay defects, but most test escapes happen for SDDs and HDDs. Hence, there is a need to detect
these defects.

| 2. Fault Models for Delay Defects

Generally, the industries use two popular delay fault models for detecting delay defects. These include the transition delay
fault (TDF) model & and path delay fault (PDF) model 191 A single vector pattern is generated for the stuck-at fault
model, which is used for logical testing. But for the TDF and PDF models, two vector patterns are generated to test the
delay faults. The first vector sets the initial transition value, and the second vector sets the final transition value and
propagates the fault effect to the output. The TDF model assumes that the large delay defect is localized at a single node,
such that any transition passing through this node will be detected regardless of the slack in the sensitized path. The TDF
model considers two types of faults per node: slow to rise and slow to fall, for generating the test patterns. The defects



that cause a small delay in signal propagation can escape the traditional TDF model-based testing. Figure 1a shows the
pattern generation for the fault site at node A based on the TDF model. Here, the fault effect can be propagated from
faulty node A to output C or D. Based on the assumption of the TDF model such that the delay is significant enough to fail
the circuit when it is propagated through any path. The TDF pattern propagates the fault effect from faulty node A to output
C, which is the shortest path, leaving the SDDs undetected. Scan based TDF 2 vector patterns is generated either
through launch-off-capture (LOC) 2 or launch-off-shift (LOS) 22! mode. The advantage of LOC over LOS is discussed
briefly in Section 2.1. Another well-known fault model is the PDF model. This model assumes that the delay defect is
distributed across a path. The PDF model considers two types of faults per path: slow to rise and slow to fall for
generating the test pattern. When an SDD occurs along a path, and if the cumulative delay of the path exceeds the clock
period, the SDD gets detected. Figure 1b illustrates the PDF-based pattern generation. Here the slow to rise transition
through path A to D is tested, detecting small delays that accumulate along the path. But for larger designs, the number of
paths grows exponentially with the size of the design, and test pattern generation for all these paths will be time-
consuming. But in the TDF model, the number of fault sites is proportional to the number of nodes in the design. Even
though the TDF model fails to detect certain SDDs and HDDs, it is still widely used, with some changes to detect these
defects. Since this model is widely adopted, it is essential to explore the various available pattern generation schemes
and choose the appropriate one based on the requirement.
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Figure 1. (a) TDF based pattern generation to propagate the fault at node A; (b) PDF based pattern generation for the
path Ato D.

2.1. Advantage of LOC over LOS

The major difference between LOC and LOS lies in the launch of transition. In LOC, the transition is launched at the at-
speed functional launch clock cycle, but in LOS, the transition is launched at the last shift cycle. The LOS scheme is
difficult to implement for high operating frequency because of the complexity of generating a high-speed switching scan
enable (SE) signal. Figure 2a illustrates the waveform of the LOC scheme for pattern generation. Here the SE signal is
de-asserted before the launch clock edge. Hence avoiding the need for high-speed switching SE signal. Figure 2b
illustrates the waveform for the LOS scheme. Here the clock for launching the transition is in shift mode, and the SE signal
has to be switched between the launch and capture clock cycle, which demands a high-speed SE signal.
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Figure 2. (a) Waveform for LOC based scheme for pattern generation; (b) Waveform for LOS based scheme for pattern
generation.

Figure 3 and Figure 4 shows the result comparison of LOS and LOC based test pattern generation scheme for delay
faults that evolved over time 24, Figure 3 compares the test coverage of both the schemes produced by the commercial
ATPG tool. It can be inferred that the LOC scheme has evolved over time and provides better test coverage. Figure
4 represents the pattern count for both the schemes generated by the commercial ATPG tool over the years. By
comparing both Figure 3 and Figure 4. It can be inferred that the test coverage of LOC has been improving at the
expense of pattern count. As compared to 2006, the test coverage of LOC has improved and is very close to that of LOS
in 2012. But the pattern count is more. In 2019 noticeable test coverage increase is found in the case of LOC than in LOS,
but still, the pattern count is higher. This is the case when the test coverage of LOC is more than the LOS. But in 14, it is
reported that the pattern count will be almost equal for the same test coverage in the year 2019. This shows that the LOC
scheme has been evolving in commercial tools in terms of test coverage. But in the case of run time, the LOS scheme
remains better. Still, the LOC scheme-based pattern generation can be adopted, especially for low-cost testers.
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Figure 3. Result comparison of LOC and LOS based test coverage (commercial ATPG tool) with the evolution of years
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Figure 4. Comparison of LOS and LOC based pattern count (commercial ATPG tool) with the evolution of years 241,

| 3. Small Delay Defects vs. Hidden Delay Defects
3.1. Small Delay Defects

A small delay defect 1211261 js 3 type of delay defect that makes the chip fail during at-speed operation. The total path delay
may go beyond the clock period when the small delays get propagated through the long paths. These delay defects will
be huge enough to fail the circuit during the at-speed operation, but it will escape the traditional TDF model-based tests.
The TDF model assumes that only large delay defects are localized in a single node, so whatever transition passes
through this node will get delayed past the clock period. Hence, the TDF-based ATPG tool will try to propagate the fault
effect through the easiest and shortest path possible to reduce the run time, as shown in Figure 5a. Here Path 1 and Path
2 are short paths through which the fault can be propagated, but the longest path is the third path mentioned as the
Longest path in Figure 5a. If the TDF ATPG tool tries to propagate the fault effect through Path 1 or Path 2, then this will
leave the small delay fault undetected. But this delay can cause the circuit to fail during at-speed functional operation.
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Figure 5. (a) Delay of each path of the circuit through fault site X and the observation time T1 and T2 for detecting the
small delay; (b) Delay of the path through the fault site X and the observation time T1 to detect the hidden delay.

3.2. Hidden Delay Defects

An HDD is a special type of SDD that does not fail the circuit during at-speed operations. These defects exist only in the
shorter path. Even though the TDF model-based test generation propagates the fault effect through the short paths, the
impact of fault is not visible at the particular at-speed operating frequency. This is clearly illustrated in Figure 5b. Assume
that the longest path and the path sensitized by the pattern are the same. But the small delay effect is not visible during
the at-speed clock period. These delay defects may grow due to aging effects and may cause early life failure and
reliability issues (7.
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