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Abstract— Reversible scan chain is an architecture targeted towards
improving the quality of chain diagnosis. In this scan architecture,
chains are designed to shift the test data in both directions to isolate
a defect. We implemented this technique on a test chip in one of the
most advanced technology nodes to measure its benefit over its cost.
Test chips are typically low in volume and may suffer from worse
diagnosis resolution and lower diagnosis convergence than produc-
tion chips due to early process technology. Hence, it is very important
to enhance diagnosis resolution and increase successful diagnosis
data volume without losing accuracy to help expedite yield learning.
In this paper, the detailed evaluation method together with silicon
data and failure analysis results are presented. Moreover, we utilize
this novel methodology for improving diagnostics suspect resolution
and physical area. Overall, we observe significant benefit in diagno-
sis quality. Specifically, 4X improvement in the number of suspects
and up to 7X improvement in suspect cell area is observed without
losing accuracy. Design overhead is also presented and discussed.
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1. INTRODUCTION

The objective of diagnosis is to accurately find the actual defect
location with as small number of suspects as possible. In scan chain
failure scenario, an ideal diagnosis would suspect a single scan cell
for each physical defect. In failure analysis (FA), however, a single
scan cell suspect may not necessarily mean small search space, be-
cause it is required to examine gates and connections all the way
from the scan input to the suspect scan cell and to the scan output. If
there are buffers/inverters along the scan paths, they are all required
to be examined, too. In practice, multiple scan cells can often be re-
ported as suspects, which tend to include a large silicon area, making
it harder and time-consuming to perform FA. Hence, it is very im-
portant to optimize diagnosis resolution (i.e., number of suspects or
FA search space), which, most likely, results in faster and more ac-
curate FA execution.

Diagnosing defects on scan chains has become an important ve-
hicle for yield analysis and product ramp up in the past two decades.
Scan chain tests are applied before logic tests, and therefore often
effective in detecting defects not only in the scan cells but also in the
interconnects. Especially, in the early stages of a new technology
node, it is possible to obtain more failures from scan chain tests due
to underlying process issues or higher defect density inside the scan
cells and/or along the scan paths, which, consequently, provides
yield learning opportunities from diagnosing chain defects.

Scan chain fault diagnostic techniques can typically be classi-
fied into three categories: tester-based, hardware-based, and soft-
ware-based diagnosis techniques [1]. Tester-based diagnosis tech-
niques use automatic test equipment (ATE) to control the test condi-
tions and load/unload values into a faulty scan chain. By observing
defect responses at different test conditions, failing scan cells can be
identified. A hardware-based diagnosis technique modifies the con-
ventional scan chains to isolate failing scan cells. Software-based
techniques use algorithmic diagnosis procedures to simulate scan
patterns and identify failing scan cells.

In prior work [2] — [5], one of the hardware-based diagnosis
techniques called reversible scan chain architecture (RS) was pro-
posed to improve diagnostic resolution. It can change the scan chain
shift direction between loading and unloading flush patterns, which
increases the possibility to attain perfect diagnostic resolution (i.c.,
narrow down a defect to a single scan cell). This approach can further
reduce the search space in the input and output paths of suspected
scan cell(s), which is discussed in detail in Section IV.

One of the biggest concerns of such hardware-based solu-
tions is design overhead (area, leakage, etc.) that may be too
expensive to adopt in production chips. On the other hand, test
chips tend to be more tolerant to design overhead, where the
emphasis is on finding defects and process issues for early yield
learning, making diagnosis an essential element. However, test
chips are typically low in volume and may suffer from worse
diagnosis resolution and lower diagnosis convergence due to
early process technology and/or high defect density. Hence, it
is extremely important in a test chip to enhance diagnosis reso-
Iution and increase successful diagnosis data volume without
losing accuracy to help expedite yield learning [6].

In this context, we implement the previously proposed re-
versible scan chain architecture in an industry test chip fabri-
cated in one of the most advanced technology nodes. In this pa-
per, a new diagnosis algorithm is described that pinpoints the
defect location by identifying the failing shift direction(s). In
addition, the reversible scan chain implementation is evaluated
by comparing the effectiveness of its diagnosis against the
state-of-the-art. Results show a significant reduction in FA
search area.

The remainder of the paper is organized as follows. In Sec-
tion II, we review the reversible scan architecture proposed in
[2]—[5]- Section III discusses multi-bit scan element in the con-
text of the reversible scan chain. In Section IV, the proposed
diagnosis algorithm is described. In Section V, we present the
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success criteria and the experimental results to illustrate the di-
agnostic performance and quality improvement by using the
proposed method. FA findings and design characteristics are
presented in Sections VI and VII, respectively. This is followed
by conclusions and future work in Section VIII.

II. REVERSIBLE SCAN ARCHITECTURE

In prior work [2] — [5], different versions of reversible scan
architecture have been proposed. In such architectures, the scan
chain performs both forward and backward scan shift to diag-
nose scan faults. Each scan cell can receive shift values from its
neighbor cell either on its left or on its right. Therefore, the scan
chain is stitched together in both directions. The scan data can
be shifted from left to right (denoted as “L2R”) or right to left
(denoted as “R2L”) by a control signal. A simple scan chain ex-
ample with 4 scan cells is illustrated in Figure 1 and Figure 2.
The signal DIR controls the direction of the scan shift via two-
input multiplexers (referred to as direction MUX). The scan path
in red color in Figure 1 indicates L2R shift from Cell 3 to Cell 0
(DIR = 0), whereas the scan path in green color in Figure 2 in-
dicates R2L shift from Cell 0 to Cell 3 (DIR=1).

L2R: DIR=0
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Figure 2. Reversible scan chain R2L shift.
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As an example, two U-turn chain patterns are required to
locate one single stuck-at-0 permanent fault:

(1) A pattern with all “1”’s first shifts N cycles L2R, where
N is the scan chain length. Then it makes a U-turn to
shift N cycles R2L. We denote such patterns as
LRLim1.

(2) Similarly, we can have another pattern RLR 111, where
a pattern with all “1”’s first shifts N cycles R2L and
then makes a U-turn to shift N cycles L2R.

Let us take pattern LRL 111111 as an example illustrated in Fig-
ure 3. Assuming Cell 2 has a stuck-at-0 fault, the loaded values
of pattern LRL 111111 will be “111000”. Then we change the shift
direction to unload the pattern from right to left. We will observe
“111000” at the scan chain output on the left. Because the first
failure is observed at Cell 2, we can be certain that Cell 2 has a
stuck-at-0 fault.

L2R: 111111
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Figure 3. Identification of the upper-bound suspect cell.

Similarly, in Figure 4, if the identified suspect cell using
the pattern RLR 1111 results in unloading value “000011”, we
can deduce that Cell 2 is failing. In both cases, we obtain a single
suspect cell. Detailed diagnosis methodology is described in
prior work [5].

R2L 111111
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Figure 4. Identification of the lower-bound suspect cell.

Note that, by using the above-mentioned two patterns
(LRLy11111 and RLR;;1111), we can only narrow down the defect
associated with Scan Cell 2. However, there is not enough infor-
mation to know whether the defect is at the scan cell input, scan
cell output, or internal to the cell. In Section IV, we propose an
enhanced diagnosis algorithm that may allow us to further im-
prove the diagnostic resolution.

III. MULTI-BIT SCAN ELEMENTS

Multi-bit flip-flops (MBFFs) reduce chip power con-
sumption and area by merging single-bit flip-flops during the
physical implementation process [7]. Each MBFF has one scan
input and one scan output. Scan chains including MBFFs can
employ an existing bidirectional scan technique by treating
each MBFF as a single unit. However, diagnostic resolution
would suffer because the existing bidirectional scan technique
would report all bits of an MBFF as suspects if the multi-bit
flip-flop is a suspect. In [8], we introduced an adaptation meth-
odology that does not modify the existing MBFF cell models
but, instead, leverages the ability to shift in the opposite direc-
tion.

Figure 5 illustrates a 3-bit reversible MBFF. In compari-
son to the conventional MBFF scan chain architecture, the re-
verse scan insertion procedure adds a two-input multiplexer for
each bit (M0-M2) to control shift direction and capture proce-
dure for subsequent scan cells. Each inserted multiplexer, based
on the direction signal (DIR), selects either the data input (DO-
D2) or the output of the previous scan cell. Each multiplexer
output is connected to the data input of the corresponding scan
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flop. The restitched MBFF's use a new scan enable signal (SE’)
generated from the original scan enable (SE) and inverted scan
direction control (DIR) signal.

A scan chain may comprise both single-bit and multi-bit
flip-flops. Figure 6 illustrates a scan chain that comprises a
three-bit flip-flop, a two-bit flip-flop, and two single-bit flip-
flops. A new scan enable signal generation circuitry is config-
ured to generate a signal for both reversed MBFF segments (3-
bit and 2-bit flip-flops). Two single bit flip-flops use the origi-
nal scan enable signal. In this architecture, the scan chain per-
forms a capture operation when the scan enable (SE) and scan
direction control (DIR) signals are set to be “0”. Scan shift op-
eration in the normal shift direction is conducted when SE and
DIR are set as “1” and “0”, respectively. Scan data is shifted in
reverse direction when both the signals are set to “1”.
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Figure 5. A 3-bit reversible MBFF.
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Figure 6. Reversible scan with single and multiple bit flops.
IV. PROPOSED DIAGNOSTIC ENHANCEMENTS

In the reversible scan architecture, a fault may only impact a
single shift direction (referred to as lane) rather than both direc-
tions. In such a scenario, the two U-turn patterns (described in
Section II), will not be able to converge on a single suspect cell.
A load-unload procedure visualized in Figure 7 and Figure 8 ex-
plains the L2R-only (single direction) failure situation.

As the first U-turn pattern LRL;11111 is shifted in over a faulty
lane, the downstream cells from the fault site will be loaded with
faulty values, which is highlighted in red in Figure 7. Unload
proceeds over the fault-free lane, and the first observed faulty
value is on Scan Cell 2, which is same as before.

On the other hand, as shown in Figure 8, the second U-turn
pattern RLR 1111 loaded on the fault-free lane from right-to-left
will load all scan cells with good values. Unloading the good
values happens via the defective lane, so the first observed faulty
value is on Scan Cell 3.

L2R 111111
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Figure 7. Single direction failure: L2R load - R2L unload.
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Figure 8. Single direction failure: R2L load - L2R unload.

In this situation, a minimum of two scan cells are suspected
(Cells 2 and 3), because the first failing scan cell from both di-
rections will not converge on a single location. Suspect topology
is highlighted in red in Figure 9. Such a diagnosis result could
have been an outcome of insufficient sensitive bits, multiple
faulty scan cells, or a fault site impacting only a single-lane.
Without any robust method to determine the real root cause, the
entire suspect network (highlighted in red in Figure 9) would be
reported as candidates and examined in FA.

DIR DIR DIR

|
Figure 9. Multi-cell suspects diagnosis callout with single-lane
failure.

In this work, to address the above-mentioned limitations of
the prior work and enhance diagnostics resolution, we propose
using two extra non-reversible flush patterns to identify the fault
types by analyzing if the defect affects both shift directions
(called dual-lane failure) or only one shift direction (called sin-
gle-lane failure). The two extra flush patterns are applied to each
scan chain, one from either end with no U-turn. Pattern loaded
and unloaded from the left (i.e., the cell connected to the scan
chain input), without direction change, will detect the fault type
of defective scan cell assuming the chain has a single defective
cell. In case of multiple defective cells within the same chain,
L2R pattern can detect the fault type for the scan cell that is clos-
est to the scan chain output. Similarly, the pattern loaded and
unloaded from the right (i.e., the cell connected to the scan chain
output) will detect the fault type of the cell closest to the scan
chain input.
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For single-lane and dual-lane failures, the diagnostic algo-
rithm described next leverages the information about the direc-
tion of the failing shift direction to narrow down the suspect
count and critical area.

1. Dual-Lane Failures

If both flush patterns for a single chain fail, then following a
diagnostic procedure described in prior work [5], the suspect to-
pology includes the scan cell itself, the most immediate branch
of the input scan path and output scan path. Take an example
illustrated in Figure 10. Assume a defect is located inside Cell
2, we observe a dual-lane failure. Applying the proposed en-
hancement, chain diagnosis suspect topology can be limited to
the scan Cell 2 itself. Additionally, we will include the most im-
mediate segment of the input scan path network and the stem of
output scan path branch, as highlighted in red.
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Figure 10. Reduced suspect area for dual-lane failure.
2. Left-to-Right Single-Lane Failure

Let us assume that stuck-at-0 defect is located on the AO-
input net of direction MUX on the output of Scan Cell 3 in Fig-
ure 11. Such a defect will only impact the data coming in from
left-to-right whereas reversed scan path will not be affected by
the defect. The previous solution in [5] would not be able to dis-
tinguish it from cell defect or the output side defect and result in
suspect topology as in Figure 9. In contrast, with the proposed
enhancement, it can be observed that only the L2R flush pattern
fails. Suspect topology can be limited to a single direction MUX
and its AO-input net. What is most important, as illustrated in
Figure 11, is that the polygons of Cell 3 can be omitted from the
suspect topology, which likely reduces FA effort.

DIR DIR DIR

Figure 11. Reduced suspect polygons for left-to-right single-
lane failure.

3. Right-to-Left Single-Lane Failure

RS architecture introduces new fault sites on the reversed
shift direction, that can be very beneficial during chain diagno-
sis. Suppose that a defect is located on the Al-input of direction
MUX of Scan Cell 3 in Figure 12. With the proposed enhance-
ment, it can be observed that only the R2L flush pattern fails.
Hence, the suspect topology can be limited to a single direction
MUX and its Al-input net, as highlighted in red in Figure 12.
As with Left-to-Right single-lane defect, Scan Cell 3 can be
omitted from the suspect topology.

DIR DIR DIR
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Figure 12. Reduced suspect polygons for right-to-left single-
lane failure.

V. EVALUATION CRITERIA

The presented enhancements to support MBFFs and enable
high diagnosis resolution for single and dual-lane failures are
used to evaluate the reversible scan technology in the field of
silicon learning for advanced nodes. A set of success criteria is
established to compare the diagnostics quality between the new
method and state-of-the-art (denoted as Point of Reference or
POR):

1) Failure detection — detect equal or higher number of defec-
tive devices.

2) Diagnostics time — improve average runtime of diagnosis.

3) Defect chain level accuracy — same chains should be sus-
pected on any given faulty device.

4) Accuracy check in FA — failure analysis can locate the de-
fect in more than 90% of selected dice.

5) Number of single-suspect diagnostics — number of diagno-
sis reports with 1 suspect per symptom is increased by a
factor of 2.

6) Diagnostics resolution — decrease the average number of
suspects in volume data.

7) Enclosing circle — reduce the physical search space illus-
trated in Figure 13 and defined as the minimum radius of
circle that encompasses all the symptom bounding boxes on
all layers.

8) Enclosing rectangle — reduce the physical search space il-
lustrated in Figure 14 defined as the minimum diagonal of
rectangle that encompasses all the symptom bounding
boxes on all layers.

9) Net Area — reduce the average physical area of suspect in-
terconnects.
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10) Cell Area — reduce the average physical area encompassing
suspect cells.

11) Integration in volume flow - solution should offer seamless
integration to the existing volume diagnostics flow and sup-
port various design features (e.g., multi-bit flip flops).

Table 1. Success criteria and comparisons.

Criteria POR RS Improvement
Diagnostics attributes
1 | Failure detection 795 1204 1.5X
2 | Diagnostics time 936 245 4X
3 Defect chain 4 291 PASS
level accuracy
4 FA - - PASS
5 Resolutlon of 126 748 6X
single suspect
6 | Diagnostics | o5 | 77 3.9X
resolution
Physical attributes
7 | Enclosing 2066 | 1009 2X
circle [um]
g | Enclosing 1148 | 477 24X
rectangle [um]
9 | Netarea [pm?] 3.28 1.8 1.8X
10 | Cell area [um?] 9.57 1.37 7X
Other
11 Integration in ) ) PASS
volume flow

Failure detection is expected to be higher for RS due to ad-
ditional fault sites in the reverse lane. Silicon results confirmed
the assumption and we achieved 1.5X increase in number of
failed dice, which can be used for yield learning.

Diagnosis throughput is key during volume silicon manu-
facturing. To identify faulty cell, RS diagnostic algorithm uti-
lizes flush patterns, which don’t require expensive computation
of circuit capture state. Number of patterns required to guarantee
perfect diagnostic resolution is also smaller. This allowed RS to
achieve 4x faster runtime. One of the most important factors
driving yield improvement is the number of diagnoses with
ideal resolution, so that information can be used for process
changes and learning. As seen in Table 1, criteria 5 was met and
number of perfect diagnosis reports increased by a factor of 6.

It means that, with reversible scan architecture, 62% (748 out
of 1204) of all cases resolved the failure to a single suspect,
whereas the percentage of single-suspect diagnostics is 12%
(126 out of 795) for POR.

When the physical area suspected by diagnostics is com-
pared between the two methods, we observe that the diameter
of the enclosing circle is 2X and the diagonal of the enclosing
rectangle is 2.4X smaller for RS. In other words, the area that
needs to be investigated during FA would decrease by 2X (or
2.4X depending on the metric). Moreover, diagnosed failures
have 1.8X less net area. Most importantly, we see that cell area
was reduced by a factor of 7, dramatically decreasing the time
and effort needed for physical failure isolation and analysis.

The improvements for presented physical factors clearly
indicate that the usage of reversible scan architecture can enable
diagnosis algorithm to significantly reduce the suspect search
area compared to the POR solution.

Additional analysis was done concerning diagnosability of
a die with multiple failing chains. Out of a total of 735 dice that
failed both POR and RS, we found that 185 contain more than
1 failing chain (on average 8.3 failing chains per die). RS was
able to diagnose 30% (54 out of 185) of all dice with perfect
accuracy for all failing chains. POR was able to achieve that for
only 4% of dice (8 out of 185). Additionally, POR reported 31%
(58 out of 185) cases with no suspects. There were no such
cases for RS.

Figure 13. Defect enclosing circle.

Layer 1 Bounding box
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Layer 2 Bounding box

Figure 14. Defect enclosing rectangle.
Additional benefit of reversible scan chain diagnosis solu-

tion was the ability to not disrupt the established volume diag-
nosis flow, either in the form of introducing new elements in
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the tool chain, or pre/post processing of diagnosis input or out-
put data.

VI. FAILURE ANALYSIS

One of the most important success criteria is checking for
the accuracy of diagnostics suspects through FA. At the time of
publication, Laser Voltage Imaging (LVI) was conducted on 2
dice selected for physical analysis. It is worth mentioning that
setting up LVI analysis did not come with additional work re-
lated to design containing reversible scan.

1. Double-lane suspect

POR diagnosis identified 2 neighboring flops 3 and 4 as
suspect. RS diagnosis identified a single scan flop 4 with indi-
cation of clock tree defect relation. Defect affected both shift
directions and exhibited intermittent behavior at low test volt-
age, and permanent at high test voltage for both RS and POR.

To corroborate diagnosis findings, LVI used RS test vec-
tors and found, that during flush application. the clock signal is
present at cell 3, which drives suspect cell 4. Clock signal was
also present on other flops except bit 4. This indicated a discon-
tinuity on the clock signal branch feeding only a single cell
(marked in red circle in Figure 15).

DIR=0

6 — 5

D QT D Q D QT D Q
St Sl Sl Sl
4.2
8 3.

CLK |

Figure 16. Double-lane defect position data impact.

2. Single-lane suspect

POR diagnosis reported 9 flops in range 71-79 during low
voltage testing. Suspect range narrowed down to 2 flops in
range 78-79 during high voltage test. RS diagnosis called out

position 79 for all voltage levels, with indication that the defect
is in the interconnect logic outside of scan cell. This was be-
cause only L2R lane was failing.

Investigation using LVI for comparing POR vector appli-
cation imaging and RS vector application was done. During
POR mode, the data goes from positions closer to scan-in to
scan-out, and the data transfer direction is reversed during RS
vector application. LVI images in Figure 17 proved that defect
only impacts L2R shift direction.

POR (10MHz Data) RS (10MHz Data)

INTERNA]

Figure 17. LVI éomparison of POR and RS activity.

Based on LVI, it appears that the failure is isolated between
the output of bit 78.2 (buffer) and the input of bit 78.1 (multi-
plexer) as shown in Figure 18. The RS vector passed because
the reversed shift does not go through input A of multiplexer
78.1.

POR mode: DIR =0
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RS mode: DIR= 1
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Figure 18. Single-lane defect position data impact.

According to feedback from LVI team, results were clear
enough to confirm diagnosis accuracy. There was no need for
further FA effort.

VII. DESIGN CHARACTERISTICS

It is important to establish the hardware cost of the evalu-
ated solution. The comparison had been done between identical
blocks, one of which had been instrumented with reversible scan
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capability while the other was not. The Key Performance Indi-
cators listed in Table 2 show that 11% of cell count increase is
in line with expectation, since there is additional shift direction
mux added for every flop. The overall hardware utilization cost
is 5%. A big part of the overhead is the costly re-stitching of
connections outside of MBFFs. A mitigation strategy is de-
scribed in Section VIII.

Table 2. Design overhead of reversible scan chains.

Key Performance Indicators Change

Leakage power 11% increase

Cell count increase 11% increase

Routing wire length increase 15% increase

Place and Route ~5% increase

DRC effort High

Designs with a high percentage of scan cells which
are packed into MBFF arrays would be a very expensive solu-
tion for production chips, but test chips may afford the overhead
in design.

VIII. CONCLUSIONS AND FUTURE WORK

Reversible scan chain is a design-for-diagnosis technique
to improve the quality of chain diagnostics. It pinpoints the de-
fective scan cell by shifting in and shifting out the test data in
forward (i.e., from the scan cell closest to the scan in to the cell
closest to the scan out) as well as reverse (i.e., from the scan
cell closest to the scan out to the cell closest to the scan in) di-
rection. This paper describes (a) the diagnostics evaluation of
the implementation of the reversible scan chain architecture in
an industry test chip manufactured in a bleeding-edge process
node, and (b) a new method that endeavors to further narrow
down the diagnostics candidates by identifying whether a defect
affects one of the shift directions (single-lane fails) or both the
shift directions (dual-lane fails).

Comparison with the state-of-the-art demonstrates the su-
periority of reversible scan for diagnostics performance as well
as quality. Specifically, the proposed solution spends 4X less
runtime, produces 6X more ideal diagnostics, and reduces phys-
ical search space for failure analysis by at least 2X (depending
on the metric). LVI confirms that the increased physical reso-
lution does not sacrifice accuracy. Additionally, the identifica-
tion of multiple failing chains is more accurate; about 7X more
diagnostics correctly identify multiple failing chains compared
to the state-of-the-art.

The impressive effectiveness of the proposed solution
comes however at the cost of design area, routing complexity
and leakage power. There are at least a couple of ways that are
worth exploring to address the design overhead. First approach
is to reduce the area overhead by compromising the diagnosis
resolution for multi-bit flops. The idea is to treat the MBFF as
a single cell (instead of individual bits) and design the reverse
scan architecture at the cell level instead of bit level. For certain
defect types (e.g., hard defects) where electrical/optical fault
isolation is typically skipped, the physical FA effort may re-
main the same because the entire cell irrespective of the bit-
level suspects will most likely be examined. On the other hand,
for defects causing voltage-sensitive failures, more electri-
cal/optical fault isolation resources may be consumed because
the number of transistors that need to be analyzed increases.
Eventually, the goal is to find the right tradeoff between design
overhead, diagnostics quality, and FA resources.
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