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ABSTRACT

Semiconductor industry goals for the quality of shipped products continget to
higher to satisfy customer requirements. Higher quality of shipfesadronic devices can
only be obtained by thorough tests of the manufactured componeats.cBains are
universally used in large industrial designs in order to costtefédye test manufactured
electronic devices. They contain nearly half of the logic istmrs in large industrial
designs. Yet, faults in the scan cells are not directly tiadgby the existing tests. The
main objective of this thesis is to investigate the detedabil the faults internal to scan
cells.

In this thesis, we analyze the detection of line stuck-at, st@msstuck-on,
resistive opens and bridging faults in scan cells. Both synchronouasgndhronous
scan cells are considered. We define the notion of half-shesdtest and demonstrate
that such new tests increase coverage of internal faultamcsdls. A new set of flush
tests is proposed and such tests are applied at higher &umpsrto detect scan cell
internal opens with a wider range of resistances. We also propasscan based tests to
further increase the coverage of those opens. The proposed tedtevaneto achieve the
maximum possible coverage of opens in transistors internal to cells. For an
asynchronous scan cell considered, two new flush tests are ado®atdhe faults that
are not detected by the tests for synchronous scan cells. Asiar@flygetection of a set
of scan cell internal bridging faults is described. Both zesistance and nonzero-
resistance bridging fault models are considered. We show that theatetdsome zero-
resistance non-feedback bridging faults requires two-pattests. t&Ve classify the
undetectable faults based on the reasons for their undetectability.

We also propose an enhanced logic BIST architecture that agsbespthe new

flush tests we propose to detect scan cell internal opens.
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The effectiveness of these new methods to detect scan cehlainfaults is

demonstrated by experimental results using some standard starfrael a large

industrial design.
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The effectiveness of these new methods to detect scan cehlainfaults is

demonstrated by experimental results using some standard starfrael a large

industrial design.
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CHAPTER | INTRODUCTION

Semiconductor industry goals for the quality of shipped products contirget to
higher to satisfy customer requirements. For example high end @nitermanufacturers
are requiring zero defects in the electronic components. Simelguirements are
customary for life critical systems. Higher quality ofpgled electronic devices can only
be obtained by thorough tests of the manufactured compofesteng of Very Large
Scale Integrated (VLSI) circuits is an experiment in whiah dircuits are exercised by a

group of binary values to ascertain the correctness of circuit behaviors.

1.1 Design-for-test and scan design

Test complexity can be converted into costs associated withstitegterocess. It
may be from the cost of test pattern generation, the cost of daulilation and
generation of fault location information, the cost of test equipmedtttee cost related to
the testing process itself called the time required to datéatilt [1.1]. Testability is a
design characteristic that influences various costs associatiedesting. Design for
testability or design-for-test (DFT) methods are design efforts spatifiemployed to
ensure that a device is testable.

Testable circuitry is both controllable and observable. congr ollability is used
to measure the difficulty of setting a line to a value. In ofdethe detection of a fault,
fault propagation is required where primary inputs are set to ajpge®palues such that
the fault is able to propagate to at least one of the primary sufpet, one or more
primary outputs present the faulty value due to the fault). Thigyadsilfault propagation
is measured by thabservability which indicates the relative difficulty of propagating an
error from a line to a primary output. In a testable designngetpecific values on the
primary inputs results in values on the primary outputs which irelighether or not the

internal circuitry works properly.
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The most common DFT technique to increase the controllability andvabdey
of a circuit isscan design, which modifies the internal sequential circuitry of the design.
The digital circuits are classified into combinational logiod sequential logic.
Combinational circuit outputs depend solely on the primary inputs, whesegsential
circuit outputs depend on stored values from previous time frame also theypinmats.
The goal of scan design is to make difficult-to-test sequeatialiit behave like an
easier-to-test combinational circuit during the testing prodaserder to achieve this
goal sequential elements are replaced with so called scanTedise scan cells are then
stitched together into scan chains. This process is demonstrated next rejare¢d. .

The design shown in Figure 1-1 contains both combinational and sequential
portions. In Figure 1-1(a), the values of functional data-in (Ds) inméeory elements
are the state outputs from the combinational logic. These values are tisfertesl to Qs
which are the inputs of the combinational logic in the next tiramé. To initialize the
states of the circuit in Figure 1-1(a) we may need bautking the states of the previous
time frames. In addition, it may also require line justificatitmgpropagate the errors.
Hence, this “Before scan” circuit is difficult to initiaé to a known state, making it
difficult to both control the internal circuitry and observe its betrausing the primary
inputs and outputs of the design. However, we may add the scan ginototthe design
to set the state variables and observe the state outputs directly.

Figure 1-1(b) has two additional inputs, scan-in (TI1) and scable(&E), and
one additional output, Q(n+1). The scan cells replace the originabrgegtements so
that scan data are shifted into the combinational logic fromigftaswhen TE is active.
During the functional mode (normal operation), TE is deactivated. Nevare read in
from TIs in scan cells. Ds are selected to propagate to Qsngdthe testing, the
operating procedure is as follows:

(1) Enable the scan enable signal TE to allow shifting to inigafizan cells.

This will load TlIs with proper values.
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(2)

)
(4)

Turn off the scan clocks and apply primary inputs to the circuifhe

primary outputs and new values on Ds are set after this step.

Pulse the clock to capture new values into scan cells.

Finally, activate the TE signal to shift Qs out of thensclhain. The values at

Q(n+1) are then compared with the expected values.

In the scan design, we can set input states and primary inputde8dsoth state outputs

and primary output are observed.

Combinational logics

Vaa Vt:ld l led
1
D1 o1 D(n) | | D(n+1)
— Q(n) Q(n+1)
T T
T \}SS Vss VSS
CP ’
(a) Before scan
Combinational logics
Vldd ng l led
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Figure 1-1: Scan design process
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1.2 Overview of the thesis

Because of the rapid increase in the complexity of VLSI ciguthe issue of
testing and design-for-test are becoming increasingly nmopsrtant. In order to cost
effectively test manufactured electronic devices, scan mesiguniversally used in
industry. In full scan designs, all flip-flops in the logic partaoflesign are grouped into
the scan chains that facilitate loading tests applied tatdéédects as well as observing
the circuit response to the tests. This requires augmentingitibgohal flip-flops into
what are called scan flip-flops or scan cells. Even though the puapose of scan cells
is to facilitate loading tests and unloading test responses, fawudtan cells may affect
functional operation if left undetected. This is because scanamgltain the functional
flip-flops. The undetected faults in scan cells may also aftew term reliability of
shipped products. Table 1-1 shows the gate and transistor counts of an@istnial
design we investigated. Approximately 14.3% of the logic celissaan cells but they
contain about 43.6% of the total number of transistors in the logic painieadesign.
Nevertheless, faults in the scan cells are not directly edgmtd assumed detected by
what are called flush tests. Thus, it is important to deterniieecoverage of faults
internal to the scan cells and investigate cost effective mettmdsugment tests
generated by standard automatic test pattern generation (ATP@jlpres to detect scan
cell internal faults.

The assumptions made to represent the nature of logic faultsabed fault
models. Traditional fault models include stuck-at, stuck-on, stuck-open arig)itgi
faults. In this thesis, we investigate the detectability of saickransistor stuck-on,
transistor opens and shorts internal to scan cells by thengxissts which include flush
tests and ATPG tool generated tests. This thesis investigatksvelop new tests and

methodologies to apply the tests to maximize the fault coverage.

www.manaraa.com



1.3 Organization of the thesis

The rest of this thesis is organized in the following manner.

Chapter 1l gives an introduction of the structure of scan flip-flod ariefly
reviews of the existing tests and some related previous work for testiognotells.

Chapter Il presents results of the first step in the direction of igadisty the use
of standard scan cells and existing methods of generation andasippliof scan based
tests to detect scan cell internal faults using stuck-atsaurgk-on fault models. A new
flush test, half-speed flush test, is proposed to enhance the dditgctab those
considered faults.

Chapter IV reports the detection of a set of scan cellnateoridging faults
extracted from layout. A comprehensive analysis of bridging fantksnal to scan cell is
developed.

The detectability of large resistance opens in transistoraitéy scan cells is
investigated in Chapter V. New flush tests to maximize thk é@verage of those opens
in a synchronous scan cell are described.

Chapter VI investigates the scan chain internal transistor opghsmoderate
resistances. The flush tests proposed earlier for the detectiangefresistance opens
internal to scan cells are modified to maximize the rarigietectable open resistances.
Application of flush tests at higher temperature to improve thgerah open resistances
detected is also discussed.

Chapter VII presents an enhanced logic BIST architecture fareotdsting. The
new flush tests for opens internal to scan chains are augmemteéddnests generated by
the new logic BIST architecture.

In addition to synchronous scan cell considered, in Chapter Vidswamchronous
scan cell is also studied and two new flush tests are added totlcevaults that are not

detected by the tests for synchronous scan cell.
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Finally, Chapter IX summarizes this thesis and describes sopies for future

research.
Table 1-1: Gate and transistor data of an industrial design
Combinational Gate Latch Scan Flip-Flop
# of Cells 3678245 3256 614159
(85.6%) (0.08%) (14.3%)
# of Transistors 30634354 53588 23670019
(56.4%) (0.1%) (43.5%)
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CHAPTER Il REVIEW OF TESTS AND METHODS FOR TESTING OF
SCAN CELL

In this chapter we summarize the previous works on testing ai sells.
Specifically, in the first part we introduce the structure ahscell using a standard scan
flip-flop from industrial design and discuss the existing teststdsting scan chains.
Generally speaking, testing methods in order to enhance the igstaibdcan cells can
be classified into two major types. One is to develop testing metbogenerate tests
other than the existing tests and the other is to change the oés$iige scan cell such that
the internal faults are detected by the existing tests.sEeend part of this chapter
reviews some test methods for scan cell internal faults. In the lastyeantroduce some
design for test methods to enhance the testability of scan Eatlslly, Section 2.4

summarizes this chapter.

2.1 The scan cell and existing tests

There are various flip-flop structures even for the same wfpdlip-flop.
However, they operate in a similar manner and are obtainedsiogdiag two latches
each showing input logic values at one of the two clock phases (clb@nd clock = 0).
One of a scan cell implementation is shown in Figure 2-1. lpisséive edge triggered
Muxed input D flip-flop (MD flip-flop) whose transition table ggven in Table 2-1. The
circuit highlighted by the dashed rectangle is the multiplessed for selecting between
the functional data-in (D) and test scan-in (TI) inputs. Theuttiteetween the nodes DP
and MD is the master latch of the flip-flop and this is conneaeitie¢ slave latch, the
circuit between the node MD and the output (Q). When the test esighld (TE) is set
to 1 (0), TI (D) is selected. The value of Tl (D) then propagateo the master latch
when clock (CP) is low. Meanwhile, the nodes in the slave latchn rigta values from
the previous clock cycle. When CP turns to high, the signal stordeeimaster latch

propagates into the slave latch and to the output of the scan cell.
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The existing ATPG tools model scan flip-flops in scan chainblask boxes
shown in Figure 2-2(a) and generate tests for faults at iapdt®utputs of the scan flip-
flops. The tests generated by ATPG targeting stuck-at andition delay faults at data
input (D) and output (Q) are called boundary SAF/TDF tests showabite -2 in this
thesis. The test procedures are described as follows. Thevldgas required at the scan
input (TI) of all scan cells are shifted into the scan chain with TE = 1 for n cjotésan
is the number of scan cells in the scan chain). Then TE is tbgglé for one or more
cycles so that the appropriate values will apply to the combimetiogics, present at D
inputs and finally propagate to the outputs of scan cells. The outpgtsaofcells are
shifted out for another n clock cycles to compare with the éggedalues thereafter.
“Internal Faults On” command is an option often found in commerci&@tools. If the
“Internal Faults On” command is used for the scan cell showigird-2-2(a) the ATPG
library model for the scan flip-flop used will be the one in FegRf2(b). However, this
model still hides the transistor level implementation of then dtip-flop. Thus, no
additional test patterns are generated using “Internal Fanlt@nmand. In addition,
stuck-at faults (SAFs) and transition delay faults (TDFs)fith gate level and ATPG
library models are equivalent and results in the same tdstrmat Therefore, “Internal
Faults On” option does not improve the coverage of internal faults of the scan cells.

In addition to the ATPG tests targeting D and Q, faults on TEnd@l @P and
faults residing in the scan cell are assumed to be detectetidiyare called flush tests.
The flush tests are used to ascertain the integrity of scan chains.|liyymea flush tests
are all zeros (00...0), all ones (11...1) and 0011 sequence repeated olesigtheof a
scan chain (00110011...). The flush tests are scanned in and out of tlehaicesnwith
scan enable active (TE = 1) throughout the application of thé flests. Figure 2-3
shows that the flush test 00110011... is applied to a scan chain widgntjth bf n. The
sequence 0011 is scanned in and out of the scan chain with test egrablldBi = 1 in

Figure 2-3. The output is observed at the output Qn and compared wigxpbeted
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value. Obviously, faults in the circuit elements internal to tla® s@lls are not directly

targeted during the flush tests. In the sequel, flush tests an® AdBndary SAF/TDF

tests are referred to as existing tests. Earlier works;2[8]1 showed that existing tests

miss many internal faults.
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Figure 2-1: Scan flip-flop implementation
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Figure 2-2: Gate level and ATPG library models for a scan cell
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Figure 2-3: Application of flush test 00110011... to a scan chain

Table 2-1: Transition table of MD flip-flop

D TI TE CP Q
0 X 0 1 0
1 X 0 1 1
X 0 1 1 0
X 1 1 1 1
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Table 2-2: Boundary SAF/TDF list and ATPG test patterns of scan flp-flo

Faults Test Pattern

D stuck-at-0 D=1, TE=0,TI=X,Q=1

D stuck-at-1 D=0, TE=0,TI=X,Q=0

Q stuck-at-0 D=1,TE=0,TI=X,Q=1

Q stuck-at-1 D=0, TE=0,TI=X,Q=0

D slow-to-rise D=01, TE=00,TI=XX, Q=01
D slow-to-fall D=10,TE=00, TI=XX, Q=10
Q slow-to-rise D=01, TE=00,TI=XX, Q=01
Q slow-to-fall D=10,TE=00, TI=XX, Q=10

2.2 Test methods for testing of scan flip-flops

In this section, some previous works of test methodologies for meteft scan
cell internal faults are reviewed. We first introduce angstnethod relies on measuring
the supply current in the quiescent state (when the circuit isnichsig and inputs are
held at static values). Then a method that models the scaroffigdl a state machine and

generates tests using the developed state tables is discussed.

2.2.1 Current testing (IDDQ testing)

In a fault-free quiescent CMOS digital circuit, there is radistcurrent flowing
from power supply to ground assuming leakage current is negligibis.is because
under normal conditions, only gates of field effect transistors (F&®sconnected to the
power supply (vVdd) or ground (Vss), and gates are highly insulated praydd@
current flow. Conducting paths from Vdd to Vss only exist during switchiHence, the
measured current in defect free circuit is small. However, yms@miconductor

manufacturing defects cause the current in the faulty cirouibdrease by orders of
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magnitude, which can be easily detected and differentiated #akade currents. The
testing method of measuring power supply current in the quiesceataftalefective
chips is calledcurrent testing or IDDQ testing. This method has the advantage of
checking the tested circuit for many faults with one measurenhe addition, IDDQ
testing is easier than voltage based methods in terms of tiegdhee tests since IDDQ
test vectors require only controllability and not observability. Tisisbecause the
measurement is observed through shared power supply (Vdd).

For example, short which is usually modelled by bridging faultdeh is a
common defect frequently presents in CMOS integrated circwtsiefect such fault, the
two bridged nodes are set to opposite values. It has been shown whendte bri
resistance increases above some resistance both faulty noldeshaile as in the fault-
free circuit. However, the current flowing from one bridged ntdéhe other node still
presents even though it is weaker with increased bridge resistancesoiihenehddition
to the voltage based test methods IDDQ testing is one optiorigct desistive bridging
fault. [2.8] showed that IDDQ tests can detect many faultsan fip-flops and latches
not detected by the voltage-based tests.

As we mentioned earlier the capability of tester to sensexbess current is the
key in this method. However, it may lead to higher start-up casts & current sensor
circuit design is required. In addition, as the new technologiesnaento shrink the
feature sizes of integrated circuits, the leakage currehnutilbe neglected. Therefore,

defining the “cut-off’ current value to determine faulty IDDQ will be viawial.

2.2.2 Checking experiment method
The scan flip-flop has the structure with two latches cietavhere the operation
involves the inputs changes during two clock phases (clock = 0 ackl €l1). In order
to accomplish this in the testing, one can generate the tesnpadttat cover all possible

inputs transitions from one clock phase to the other. In [2.4-2.8], MakibMaCluskey
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proposed a checking sequence based tests set derivation procedusssirfgrfaults
internal to bistable elements (latches or flip-flops). Theffop is modeled as a state
machine. It generates test for all transitions to the tesgikdin addition, both voltage-
based method and IDDQ testing method are applied in the simulasuisr€hecking
experiment is an input-output sequence that distinguishes a given state méaohnmall
other state machines with the same inputs and outputs, and the same @fuontdewer
states [2.4].

The first step of the method is to create a primitive stdike for the tested latch
or flip-flop. The state table is developed based on the primpuots and outputs. For the
scan cell of Figure 2-1 which has 4 inputs and 1 output, there atat82. She primitive
state table may be reduced from the operation limitations of inputsperation
assumptions. For example, it may assume that the value of s€Ey-gan only change
when CP = 1. Then the state transition from “CP =0, Tl = 0, TE>= 1" to “CP =0,
TI=1, TE=1, D =1"is not allowed and can be deleted fronotlggnal state table. In
the next step, a set of sub-sequences identify each statevesdd€&inally, test patterns
for all sub-sequences are defined.

The advantage of this method is that the test generation procedesenot
require the internal implementation (circuit in transistor leeélthe cell since the scan
cell is modeled as a state machine. Hence, it is independentaaf fip-flop
implementations. However, the checking sequence based method reguuestsl
ATPG procedures even for the circuit with full scan. In additionenegates a large
number of tests. The average size of the resulting testsSS@AS circuits, is 4.5 times
the size of a single stuck-at test set which is a bawiéts use in practice. Since the
checking sequence based method is a functional tests generatiedypepdt needs to

modify the existing ATPG which is expensive.
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2.3 Design-for-test methods to enhance testability of scan

flip-flops

In this section we give a brief review of design for testhods to enhance the
testability of scan cells.

Many open defects affecting functional mode of operation of sd&are hard
to detect. Some of them in the transistors internal to scamaglkturn the scan flip-flop
from a static state to a dynamic state. Consider the opend@uitted by an arrow in
Figure 2-4. When CP = 1, logic value 1 enters the slave latobde SD, N4 = 0 and
output Q = 0 since transistors MP06 and MNO6 are on. When CP switcloeg, tN5 is
driven by Vdd since MPO08 is on in the fault-free circuit. HenceaN8 Q hold logic
value 1 and 0. In the faulty circuit, SD is floating when CP = Oshlitretains the logic
value 1 from the last half cycle (when CP = 1) since SD drgghslowly (assume the
open resistance between N5 and F is large enough such thatetloé charging SD is
lower than the discharging rate). Thus, Q will remain at 0. Toerethis fault is not
detected. In functional mode of operation, if this flip-flop is notesied often enough, it
may lose the stored information. This fault turns the scan cellimtynamic flip-flop. If
the clock is toggled often, the faulty scan cell functions propeen though it is
dynamic, since it is refreshed often. However, when clock isafhduring clock gating,
SD is floating. If SD was set to 1 prior to this then the falltappear when we get out
from the clock gating phase. This is a problem if state reterdioequired. Frequency
scaling is another scenario when such faults could manifest tivesmsiele to the current
leakage. Such problem is identified in [2.2] and a design of D-labith can be used to
compose flip-flop is proposed. A clocked D-latch shown in Figure 2-5(sluiied in
[2.2]. PFETs P3 and P4 and NFETs N3 and N4 are not detected betdheereason
described above. Those faults may be detected by applyingitesiy slow speed to let
the voltage at node Q1 discharge/charge to the faulty value. ldowtbe time required

to reduce the voltage at node Q1 in Figure 2-5(a) depends on the aagmeit this node
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and leakage current. In addition, this method increases the testmgvtiich may not be
cost-effective. In order to detect such faults, the data anddble signals are required to
be independently controllable. The D-latch shown in Figure 2-5(a) isentgthwith an
additional controllable input, C, as shown in Figure 2-5(b). During noopetation C is

set to 1 and during testing operation C can be changed irrespective state of the
clock. For example, to detect open fault in P3, the test sequeh¢€ELT=1, D=0, C =
1,Q1=0),T2(CL=0,D=1,C=1,Q1=0), T3(CL=0,D=1,C=0,Q1=0), T4 (CL
=1,D=1,C=0,Q1=0),T5(CL=0,D=X,C=0,Q1=0)anqdBb=0,D =X, C
=1, Q1 = 0), is applied. However, this design introduces one primput and four

transistors. Hence, it increases the size of the scan cell which is natgiracti
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Figure 2-4: Open fault turns scan cell into dynamic state
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Figure 2-5: D-latch used and proposed in [2.2]

Obviously, stuck-open faults in the serial path are easily detectaecause the
output of every gate on the serial path is uniquely set by testtheother hand, open
faults in the branches in the parallel path are much harder w detéthey represent the
main problem. For example, the master latch and latch staggureR2-1 are shown in
Figure 2-6. Consider the open faults denoted by arrows in Figure Bey. dre not
detected since one of the transistors in the transmissionsgagen will not block the
signal propagation from multiplexer to the master latch. To digeproblem, one can
change the design shown in Figure 2-7. It is a scan cell imptatien where four
clocked inverters composed by MP02 and MPX1, MNO2 and MNX1, MP06 and MPX2,

and MNO6 and MNX2 are used instead of the transmission gatedretive master latch
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and slave latch. By replacing the transmission gates in &ige$ with the clocked
inverters as shown in Figure 2-7, those untestable stuck-open &aultsot exist.
However, this implementation may degrade the scan cell pemigendhe transmission
speeds from multiplexer (DP) to master latch (N1) and méstsh (MD) to slave latch
(SD) is reduced since two transistors in parallel is redlaégea single transistor between
them which increases the resistance.

The problem of undetected opens in parallel branches can also be splved b
removing the redundant part of circuit. [2.9] proposed to change the desiggtan cell
at transistor level without changing the logic behavior ofciheuit. This can be done by
identifying the partial redundancies, i.e. those circuit elemtrats do not cause any
change in logic behavior, but cause other behavior changes, e.g¢ anaingng (signal
transition speed). For example, one of the transistors (e.g. MN@2nsmission gate in

Figure 2-6 can be removed.
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Figure 2-6: Undetected stuck-open faults (SOPSs) in Figure 2-1
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2.4 Summary and remarks

This chapter shows that ATPG patterns only target inputs and outpatarof
cells and do not give high coverages of the defects internal tedhecslls. Those faults
not detected may lead to functional failures or pose reliabdgiyds. It had been shown
that IDDQ tests were effective to detect a large portioncah scell internal faults.
Especially for large resistance bridging faults, the faoltsy not be detected by logic
testing because the two bridged nodes may take the fault-fieal leglues. However, as
feature size of VLSI decreases (45nm is coming up), the faulgscgmt current is too
small compared to the total chip nominal current. Determining theert limit to
differentiate faulty and fault-free circuit is crucial andidiflt since it is a dynamic value
depending on bridge resistance, power supply voltages and transissbottireoltages,
etc. Thus, the IDDQ only detectable faults will become an impbdantributor to test

escapes.
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In addition to the fault coverage, testing cost in terms of tesérpasize is
another major concern to detect scan cell internal faults. $wetieds such as checking
sequence based tests reviewed in this chapter are not prdagcto the large size of
tests and difficulty to generate the tests.

Changing the scan flip-flop design or layout may be an alternate#hod to
improve the scan cell testability. However, the considerable ,a@rfaea added and cell

performance degradations introduced by the new designs aoalcisBues need to be

carefully considered.
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CHAPTER Il ON DETECTABILITY OF SCAN CELL INTERNAL
FAULTS USING STUCK-AT AND STUCK-ON FAULT MODELS

Stuck-at fault model has been extensively used in the industnyniec defects at
lines and nodes in circuits. Defects in transistors are usualieled by stuck-on fault
model. In this chapter, we present the first step in developing tamative test
methodology for scan cell internal faults by using stuck-at &ukn fault models. A
new flush test is proposed to improve the stuck-at and stucktdhdoverage. Other
conventional methods, IDDQ testing and low power supply testin@lsoenvestigated
to cover the identified coverage gaps. Experimental results am@astl scan cell used in

a 90 nanometer industrial design are included.

3.1 Introduction

As shown in Chapter I, there are a large number of faults residisgan cells.
Thus, it is important to determine the coverage of faults intemalkcan cells and if
necessary investigate cost effective methods to augmentgeseated by standard
automatic test pattern generation (ATPG) procedures to improveagaevef scan cell
internal faults.

In this chapter we report the results of a case study on artriatldesign. We
report fault coverage using standard test patterns and flush Tést study exposes test
coverage holes that need to be addressed. We also propose a newsflualei® half-
speed flush test that closes some of the coverage holes. In @rdeniéve the defect
coverage or lowest Defects Per Million tested devices (DPi¥e)defect behaviors need
to be described as accurately as possible. Such defect behagidssaribed by many
fault models. In this chapter, we focus on detection of stuck-at faulssjS#d stuck-on
faults (SONSs) internal to scan cells.

It has been noted that many faults internal to latches anddpp-inay not be

detected [3.3-3.11] by standard scan based tests. In Chapter I, exweaé\a checking
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sequences based test method and showed that it is not practicaltdedatge size of
tests generated and difficulty to generate the tests.

Noting that some of the transistor stuck-on faults cannot be ditegteoltage
based tests, a testable design of latches was proposed bgm&igSlaniyan [3.11]. Use
of this design increases the area of scan cells and requoesdtlitional primary inputs
to control internal nodes of scan.

The goal of our work is to investigate the use of standard scanacell existing
methods of generation and application of scan based tests to detectedl internal
faults. In this chapter we present results of the first stefhis direction. The main
contributions of the work presented are:

(1) Defining the notion of half-speed flush test and demonstrating that half

speed flush tests increase coverage of internal faults in scan cells.

(2) Demonstrating that existing test generation and test applicatethods
together with the half-speed flush test cover cell internal Sawoltsimilar
degree as the checking sequence based tests.

(3) Showing that IDDQ testing of 90nm and beyond designs may not be feasible
for a significant portion of the faults leaves coverage holes which, in addition
to the issue of quality of shipped products, could result in a sericaisilig}
risk.

We quantify the above using a 90nm commercial product described in T-able

which consists of approximately 4.3 million cells and 54 million transistors.

The remainder of the chapter is organized as follows. In Sectiowes riefly
discuss related earlier works on the detection of scan celhaht8AFs and SONs [3.5-
3.10]. The stuck-at and stuck-on fault models and some test methodsHdiaslts are
also reviewed. In sections 3.3 and 3.4 we discuss the half-speecetuslretdefined and

the probabilistically detected faults. In Section 3.5, we pregenHSPICE simulation
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results on scan cell internal faults and discuss the conclusamdHe simulation results.

Finally, Section 3.6 concludes this chapter.

3.2 Preliminaries

In this section we briefly review the stuck-at and stuck-amt fenodels. The
conventional test methods targeting these faults are alsonfésén addition, we will
discuss some related earlier works on the detection of faultamcells applying these

fault models.

3.2.1 Stuck-at and stuck-on fault models
Fault models are abstraction of defect behaviors and test pattergenerated by
targeting certain fault models which describe the defectscesrate as possible. The
investigations in this chapter focus on scan cell internal fasltgy stuck-at and stuck-on

fault models.

Stuck-at fault model is the most widely used fault model in which represents a
single line being permanently stuck at a logic value (@)avhich is caused by unwanted
shorts between the line and power supply (Vdd) or ground (Vss). Fglfa) shows
that the gate (node a) of a PMOS stuck-at 0 and the sourceqnstdek-at 1 faults. This
fault model is independent of the technology, as the concept of éuwiimg stuck at a
logic value can be applied to any structural model. It was la@&n found that the tests

based on this model detect many unmolded defects.

In addition, the stuck-at fault model can be used to model other ¢ypmhfects.
For example, NMOS transiststuck-on fault where the faulty transistor is permanently
turned on can be modeled by the gate of the NMOS transistor sticdhawn in Figure
3-1(b). Note that when counting nodes for considering scan cell infaudtd, stuck-at
fault model may not consider fan-out branches. For example, altmmaghN4 has two

branches in Figure 2-1, only two stuck-at faults (N4 stuck-at 1N#hdtuck-at 0) are
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considered. N4 stuck-at-0 makes transistors MP08 stuck-on and MNO&#tuthkis is
different from the gates of MP08 and MNOS8 stuck-at-0 independentéy/sititk-on fault
can be caused by intra-gate shorts (the shorts between theaddhithe source of the

faulty transistor) and gate to power supply shorts.

The stuck-at fault model has been extensively used in industry fadeed~or the
detection of single stuck-at fault, we must activate the faylsetting the logic value
opposite to the faulty value at the faulty site. For examplectivade the fault a/0 in
Figure 3-1(a) the node a is set to 1 which involves the linefipadion. The line-
justification problem deals with finding an assignment of primary input valuesethats
in a desire value setting on a specified line in a circuit. dér@rollability is used to
measure the difficulty of setting a line to a value. In ordertlie detection of a fault,
fault propagation is required where primary inputs are set to ajge®palues such that
the fault is able to propagate to at least one of the primary sufpet, one or more
primary outputs present the faulty value due to the fault). Thigyadsilfault propagation
is measured by the observability which indicates the relatiiewdtly of propagating an
error from a line to a primary output.

The detection of defects applying stuck-on fault model is similar to thetioatet
stuck-at fault. Instead of activating the fault by setting faekt value at the faulty site,
the gate of the faulty transistor is set to 0 for NMOS and PMOS which attempts to

turn off the faulty transistors.

3.2.2 Previous related work

A checking sequence based tests [3.6-3.9], discussed in Chaptavél, the

advantage of independent of scan cell implementation. A sequentidb ASTRequired
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even for full-scan circuits. The complexity of the sequentia ¢emeration process

restricts its use to small circuits.

Applying checking sequences based tests to muxed-input scan cell shown in Figure
3-2, the following fault coverage was obtained in [33]: out of a total of 32 (96.9%)
SAFs and 18 out of a total of 26 (69.2%) stuck-on faults (SONsjletexted without
using IDDQ. With IDDQ testing, one more SAF and 5 additional SONs are dktduis

making SAF coverage 100% and SON coverage 88.5%.

3.3 Half-speed flush test

Scan input TI (cf. Figure 3-3) of a single flip-flop in a sadain gets its value
from the output of the previous flip-flop which changes value at shifk rising edge.
There is a path delay between the two stages. Thus Tl cagechalue either within the
half cycle where CP = 1 if the path delay is less thahdmit clock period or the half
cycle where CP = 0 when the path delay is greater than hdlé ahift clock period. In
the fault-free circuit a new value can propagate to the outputlgf-top only when it
arrives within CP = 0. However, we found that detection of sortleinternal faults
require that scan input Tl change when CP = 1. To detect autts fve define a new
type of test calledhalf-speed flush test. For example, Figure 3-3 shows line CP1 stuck-at-
0 (highlighted by arrows on the fan-out branches of CP1). This rfaaltes transistors
MPO0O2 and MPQ7 to be always on and transistors MNO3 and MNOG6 to be aiffiaye
refer to Figure 3-3 and Figure 3-4 in the following discussion of this fault.

To detect CP1 stuck-at-O fault, we can first set Q to O irkatgcle i by setting
Tl to 0 when CP = 0. After that we set Tl to 1 in clock cyele when CP = 1. In the
fault-free circuit, this change of Tl in shift clock cycleliwill not propagate to Q, since
MP02 and MNO2 are turned off when CP = 1. However, in the faultyitithis change
in TI, during clock cycle i+1, will propagate to Q in clock cyetd, since MP02 is on

due to the fault and MPO6 is on since CP = 1. This is shown in R3gd{a), where solid
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lines are signals from fault-free circuit and dashed litesvsfaulty waveforms. By a
similar argument, as shown in Figure 3-4(b), we note thattéaasof changing Tl when
CP =1 in clock cycle i+1 we change Tl when CP = 0, then the fault will not be detected.
Detection of faults by changing Tl when CP = 1 poses a problemndtest
application we will not be able to change TI directly, but indlyethrough the output of
the previous flip-flop in the scan chain. We next discuss a method to accomplish this.
In Figure 3-5 three MD flip-flops are cascaded to fornegngent of a scan chain.
Assume the fault discussed above occurs in the second scawglipffFigure 3-5. TI1
gets its value from the previous scan flip-flop output (QO) instten chain. There is a
path delay between QO and TI1. Assume that the shift mode of thelsianhas been
closed during timing closure for f mega hertz (i.e. theimar delay between QO and
TI1 is T = 1/f). Then the propagation delay (d) from QO to [id4 between O and T. Let
us assume that the shift clock period is S. Q0 = 00110 (a segmelnsioftést), is
produced at the shift clock rising edge. Therefore, TI1 changesnwitRi = 1 if d is
smaller than S/2. As discussed previously, if the path delay sesulfll transition
within CP = 1, then this fault can be detected by the flush\téiséreas the fault cannot
be detected if d is greater than S/2, causing TI1 to changenv@thi= 0. Figure 3-6
shows the waveforms when the shift cycle time S = T. The pé&dly detween QO and
TI1 is greater than S/2 causing TI1 to transition within CP ByOobserving outputs of
scan flip-flops Q1 and Q2, as discussed above, the fault is not detBecte we can
expand the clock until TI1 transitions within the half cycle with €R. This can be
accomplished by slowing down the scan shift speed during thecatpmh of the flush
test 00110011...Figure 3-7 shows that the fault is detected by applying tish ftest
with scan shift cycle period S = 2T. The dashed lines show fadtyeforms and the
solid lines are fault-free waveforms. Starting from risinggeedR3, faulty value

(00110/11100) of Q2 is generated. This flush test with shift clock p&iod less than
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2T detects the fault with path delay both greater and smalleM#2a S = 2T is preferred
in order to maximize the flush test shifting speed.

This motivated our definition of half-speed flush test. Assume tleathave
timing closure of scan chain at frequency f, then the shift smeduaff-speed flush test
will be at frequency /2 or less. For example, if timinglssed at 10 mega Hertz (200
MHz) half-speed flush test runs at 5 mega Hertz (100 MHz)ss:. IHote that we only
slow down the flush test 00110011....

In [3.8], the authors discussed slow speed application of the checkingneesjue
The motivation for that was to detect additional stuck-open fault®$p0n [3.8], the
above mechanism of detecting such scan cell internal faults figsigtests was not
considered. Furthermore, the frequency for the test we are propesietated to the

timing closure frequency of the scan chains of the design.

3.4 Probabilistically detected faults

Probabilistically detected faults are faults that are not proved to be detected but
have a high probability of detection. Consider node N19 stuck-at-1 higididiv an
arrow in Error! Reference source not found.Error! Reference sawnt found.. The
detection condition for this faultis D =0, TE=1, TI=1, Q = hcBITE = 1, it cannot
be detected by a scan cell boundary SAF test. Assume thallyirtia scan chain has
random bits and the length of the scan chain is L. Consider thevbasethe flush test
00110011...is applied to the scan chain. Data input D, which is driven by the
combinational logic, can be either 0 or 1. If we assume thatODo=D = 1 with equal
probability, then the probability that N19 stuck-at-1 is not detectethdéylush test is
(4/5)-. When the flush test of all ones is applied, the probability thatfault is not
detected, under the same assumptions on D, is (I#2dypical industrial designs L can
be about 1000. Thus the fault can be assumed to have been detettedilsh test. In

this work we say that the fault is assumed probabilistickhected. We perform such
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probability analyses to identify faults which can be clasdifas probabilistically

detected.

3.5 Experimental Results

In our HSPICE based simulation, we used the segment of a saarsbhban in
Figure 3-5. A target fault is injected into the second scadnbgeimodifying its circuit
description. To simulate SAFs, we connect the faulty node to Vddk(st-1) or to Vss
(stuck-at-0). A SON is modeled by connecting the gate of ayf&lMOS transistor to
Vdd and the gate of a faulty PMOS transistor to Vss. Thera to®@l of 44 SAFs and 34
SONs. Table 3-1 summarizes the simulation results. The numbaults fietected by
normal speed flush test, with the corresponding percentage is shawiumn 2. The
additional number of faults detected by half-speed flush testag/n in column 3. It is
important to note that even though we do not explicitly show this ineT&ldl all faults
detected by the flush test 00110011... applied at normal shift frequenalg@ametected
by the half-speed flush test. Thus one only needs to apply the fiisét tealf-speed to
detect all the faults reported detected by the flush test. @ofushows the number of
faults not detected by flush test and detected by scan cell bguSddr tests. Fifth
column shows the number of probabilistically detected faults. Wieetdumn gives the
total number of undetected and IDDQ only detectable faults. Thexdeoov is the
results for SAFs. Results for SONs are presented in the roesfeatively. Next we
discuss each of these rows in details.

From Table 3-1 we observe that 34 (77.3%) out of 44 SAFs are detgdiedt
test, and another 1 (2.3%) fault is detected only by the half-speed flush test.olimnad c
shows that boundary SAF tests detect 5 (11.3%) additional SAFgé¢habtadetected by
the two flush tests. Four faults (9.1%), N19 stuck-at-1, N20 stidk-TE stuck-at-land
TE stuck-at-0, are probabilistically detected. We comparer#sslt with D flip-flop

results from [3.8]. Out of a total of 24 SAFs one fault was natatied by the checking
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experiments and required IDDQ testing. In our case, all SAFdetected without
IDDQ, assuming that the probabilistically detected faults areethdietected. Given the
uncertainty of using IDDQ for future technologies, removal of deisendency on IDDQ
tests is a significant step forward. Half-speed flush dé&si increases SAF coverage by
2.3% for a cell and by 1.03% for the full-chip using the data forrttiastrial design in
Table 1-1. Given that today’s designs attempt to achieve over 99%agewis increase
IS quite significant.

From Table 3-1 we note that the flush test detects 11 (32.4%) anderarot
(8.8%) SONSs are covered by half-speed flush test. Scan cell bgupiartests detect 1
(2.9%) additional fault. The faults MNO1B, MPO1A and MNOLE stuck-on faarés
probabilistically detected. The remaining 16 (47.1%) SONsatreletected by Boolean
tests. However, 12 (35.3%) of these faults can be detected by &g if such
measurements are feasible. Comparing with the results 8d8h g out of a total 20
SONs in the D flip-flop considered in [3.8] were not detected byhieeking experiment
based tests. If we restrict ourselves to the two latches d¥iihdlip-flop used in our
design, we get the same coverage as [3.8] but without using theHenking sequences.
Once again note the importance of the half-speed flush test.dt adwbut 8.8% SON

coverage per cell.

3.5.1 Coverage gaps identified
The last column of Table 3-1 shows that fault coverage gaps»sst. Many of
them are IDDQ detectable only. By simulating a scan cell UslBigICE we determined
that for all the IDDQ only detectable faults, the IDDQ throughtransistor affected by a
fault is within JuA when the fault is not present and the IDDQ is in the rang& GfluA
to 3651A in the presence of the fault. For the 90nm product under studguhe IDDQ
is less than 0.04% of the nominal total chip IDDQ. Hence, we leelieat full chip

IDDQ based measurements will not detect such defects.
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We note that many of the defects that require IDDQ testirighei activated
during the functional mode of operation. Consider the example in Figurevi8e
MNO1C SON is highlighted by a dashed circle. For MNO1C SONgésiecondition is D
=0, TE=0,TlI=1, Q=0. AVdd to Vss path is formed in the plger. IDDQ for
fault-free circuit remains as low agA, whereas it is 478A for this faulty circuit. Note
that this condition will be satisfied during the functional modemération. Whenever
this condition is satisfied MPO1A and MPO1B sink about 47 times morentuiThis
current surge is a major reliability issue for these transistors.

Using the data in Table 1-1, we estimate that the percemtid®@DQ only
detectable SONs is approximately 35.3% of the transistors inothe [This poses a
potential reliability risk if not addressed.

An alternative to detecting such defects could be low voltagedgesior the fault
in Figure 3-8, we performed a simulation and the results ara gwvéable 3-2. In order
to detect the fault, the supply voltage was progressively edvétote that only when the
supply voltage was reduced by more than 50% the output showed a valusy
However, lowering voltage by more than 50%, we believe, is nobfeaand therefore
low voltage testing cannot be used. An alternative test for such defects isghusd.

We performed probabilistic analysis using simple assumptions @na fthat
9.1% and 8.8% of SAF and SON of the cell faults are probabiligtidatected shown in
column 5 in Table 3-1. Translated using the data from Table 1slintplies full-chip
coverage of 4.08% SAFs and 3.83% of SONs. Considering desired SAFctargedge
in the high nineties this is very large. It is therefore imgrdrtto determine what
percentage of the probabilistically detected faults is dgtalgtected. Additional tests

may be required to cover any coverage gaps found.
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3.6 Conclusions

The detection of scan flip-flop internal faults is importantitamay result in
functional failure. Nearly 50% of the SAFs reside in the scamsland are currently not
directly targeted for test generation. The earlier proposed methasing checking
experiment [3.8] to detect these faults is not practical beaafuge large size and the
difficulty of deriving the tests. An analysis of SAFs and S@Na MD flip-flop using
flush tests and boundary stuck-at tests was presented in thisrciaptproposed a new
flush test called half-speed flush test and showed that itomeprfault coverage by a
couple of percentage. We also identified that a large proportionawoitsf are
probabilistically detected. It is important to verify with protldata if these faults are
actually detected by the ATPG and flush tests. We showedhtrat is also a large class
of IDDQ only detectable faults that poses a serious reliabiky Given these gaps, we

believe, alternative tests to detect these faults are required.

Table 3-1: HSPICE simulation summary

Normal Half-speed | Boundary | Probabilistically IDDQ
Flush Test | Flush Test | SAF Tests Detected /Undetected
SAF 34 1 5 4 0
77.3% 2.3% 11.3% 9.1% 0%
SON 11 3 1 3 16
32.4% 8.8% 2.9% 8.8% 47.1%

Table 3-2: Low Vdd testing of MNO1C SON fault at 25°C withtest: D=0, TE=0, Tl =

1,Q0=0

Vvdd

1v

0.8V

0.7v

0.42v

0

0

0.42
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Figure 3-1: Stuck-at fault model
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Figure 3-2: Scan cell used in [3.8]
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Figure 3-5: Logic diagram of a scan chain with length 3
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CHAPTER IV ANALYSIS OF DETECTABILITY OF INTERNAL
BRIDGING FAULTS IN SCAN CELL

In this chapter, we report a comprehensive analysis of detedtiarset of scan
cell internal bridging faults extracted from layout. Bothozegsistance and nonzero-
resistance bridging fault models are considered. Some obses/ain detection of
internal bridging faults are presented. We classify the ectdile faults based on the
reasons for their undetectability. A low power supply voltage basédnethod and
IDDQ testing are also examined for resistive bridging faldtection. Experimental

results on a scan cell used in a 90 nanometer industrial design are included.

4.1 Introduction

In Chapter 11, we studied the detectability of SAFs and S@isnal to the scan
cells. We showed that the cell boundary tests and a new #ésshpplied at a frequency
related to the timing closure of the scan chain achieve faudrages similar to those
achieved by checking sequence based tests in [4.4-4.7].

Experimental analysis and studies [4.12-4.17] based on Inductive Faujsinal
(IFA) have shown that a short between physically adjacent, Iwbgh is called a
bridging fault, is a frequent defect mechanism in CMOS IManufacturing tests based
on the stuck-at fault model are becoming less effective in tilejedefects which are
typically resistive opens and shorts.

A vast volume of work has been done previously to model [4.19-4.24] and detect
[4.25-4.28] bridging faults. A few works considered bridges internatao sells [4.29-
4.31]. IDDQ testability of bridging faults in flip-flops was dywed in [4.29-4.31]. A
modified flip-flop introduced to improve the testability of interbaldging faults [4.31]
increases the size of the scan cells quite significantly and hence may nattizajpr

In this chapter, we consider bridging faults internal to sedls. We consider the

case where the resistance of the bridge is negligible hsasveesistive bridging faults
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with non-negligible resistances. We investigate the detedialofi a set of realistic

bridging faults extracted from the layout of a scan cell imgletation. HSPICE

simulation of scan cell internal bridges is used in a 90 nanomm@temercial product. In

this product, the scan cells contain approximately 45% of the starssin the design.

The tests we used are flush tests and ATPG generatedReststhe analysis, we show
that both single pattern and two-pattern tests are requiredvier all the detectable
bridging faults, even for the non-resistive bridging faultsli€&aproposed IDDQ based
tests and low power supply voltage tests are also investigataver bridging faults not

covered by the normally used flush tests and ATPG boundary SAFE4: The main

contributions of this work are the following:

(1) Demonstrating for the first time that detection of some-resistance non-
feedback bridging faults requires two pattern tests.

(2) Demonstrating that detection of some bridging faults regjthaf-speed
flush tests described in Chapter Ill.

(3) Demonstrating that earlier proposed methods such as IDDiytasd low
power supply voltage testing to increase coverage of resistivanyitiults
may not be applicable for designs using 90 nanometer and srheatare
devices.

We also discuss the possibility of achieving complete fault regee of all
realistic bridging faults by appropriate placement and rouwingignal lines in the scan
cell studied in this work.

The remainder of the chapter is organized as follows. In@edt? we review
bridging fault model and test generation for bridging faulise faults and tests we
consider in this analysis report are discussed. In sections 4.3 and dive examples of
faults that are not detected by existing scan tests. Ino8et¢tb we give experimental

results and an analysis of the results. Section 4.6 concludes the chapter.
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4.2 Preliminaries

In this section we briefly review the bridging fault model anst generation
methods for both non-resistance and resistive bridges. Thergifailts internal to a
standard scan flip-flop used in an industrial design are desciibedests used for fault

detection analysis are also discussed.

4.2.1 Bridging fault model

As the integrated circuit technology improves rapidly, transsittgs decreased
to 90nm and below and the density of the ICs becomes high. New nsatamnial
manufacturing processes are being applied. These advancesebaled in shorts and
opens to occur most frequently [4.34-4.3Btidging fault model describes the defects
that provide an undesired conducting path between two electrical ndagsare usually
caused by regions with extra conducting material and missing timgutaaterial during
manufacturing process. Bridging faults cause functional &sldor negligible bridge
resistances and timing faults for non-negligible resistances [4.32].

For bridging faults causing hard failures which are sometigiesred to as DC
failures or static failures, wired-AND, wired-OR [4.36] anrdiVAY [4.37] bridging fault
models are commonly used. Assume A and B are the two faulty noessead in the
defect. Wired-AND bridge model shown in Figure 4-1(a) assumes logic value O is
presented at both A and B whenever the two lines are driven tppiosite values. Thus
there are two faults in such a model: A stuck-at 0 whenOBaizd B stuck-at O when A is
0. Wired-OR bridging fault model shown in Figure 4-1(b) assumes both A and B have
the logic value 1 whenever the two lines are driven to the oppediies. Therefore, the
two faults included in this model are: A stuck-at 1 when B isd. B stuck-at 1 when A
is 1.4-WAY bridging fault model assumes that one node dominates the other node by
forcing its logic value on the other line. This model includesf#udts in both wired-

AND and wired-OR models. The detection of a non-feedback negligdsistance

www.manaraa.com



39

bridging fault needs a single pattern test just like theftasstuck-at fault detection.
These bridging fault models can be considered as constrained sfiacktanodel. For
example, the faults in a 4-WAY bridge model can be modeled by&k-stt O with the
constraining condition B = 0; A stuck-at 1 with the constraint B B stuck-at 0 with the

condition A = 0 and B stuck-at 1 with the constraining condition A = 1.

A = 1/0 (0) :”: A=0M1(1) :":
L I
B = 0 (1/0) B =1 (0/1)

(a) Wired-AND model (b) Wired-OR model

Figure 4-1: Negligible resistance bridging fault models

If there is (at least) one path between A and B through tha@tdiogic gates, then
a bridging fault creates one or more feedback loops. Such a dardfeirred to as a
feedback bridging fault [4.33]. Feedback bridging fault transforms a combinational
circuit into a sequential circuit. Therefore, the detection of duakging faults may
require two or more test patterns. The feedback bridging &albridging fault such that
both involved leads lie on the same path in the circuit [4.38]. The sensitized loops with an
odd number of inversions have the oscillation effects which take plaaefrequency
much higher than the IC’s clock frequency. The oscillation mayrbpagated to the
observable outputs. However, whether the test equipment will detefauter not is

random since it depends on the exact strobe time of the tester.
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It has been found that most of the short defects have significastarese
between the two defective nodes [4.18esistive bridging fault model inserts a
resistance between the faulty nodes models the short defectsealistcally. However,
unlike the zero-resistance or negligible resistance bridgedatlt behavior depends on
the value of the bridge resistance. As the resistance increasesiltihelavior is weaker
and weaker. Intermediate voltages are generated at both faulty lines assivogure 4-
2. V1 and VO will have the same value if the extreme case,resistance bridges,
presents. When the bridge resistance increases to infinity, rig f@llle is generated.
The logic values on the bridged lines depend on the successor gateetiateon and
driving gates strengths. Thus, the tests generated using tradiiratgihg fault models
(Wired-AND, Wired-OR and 4-way) may not guarantee the dete®f the resistive
bridging faults. Many strategies have been developed for resistivengriidglt detection
[4.19] [4.24-4.25] [4.28] [4.39]. IDDQ testing we discussed earlier isoptien to detect
resistive bridging fault. In the presence of short defects, IDReachby fault varies with
bridge resistance and depends on the number of transistors includedvitdthe Vss
path. If the current limit used to distinguish between a faldyQ and a fault-free
IDDQ is set too high, some faults may not be detected. Conveifselg current limit is
low, a fault-free circuit will be incorrectly indentified to Waulty. Therefore, precise
current limit setting is crucial to the IDDQ testing performance. [4.29ktiyeated IDDQ
testability for bridging faults in a variety of flip-flopi.used a static current limit which
is derived from bridge resistance values, gain factors for IMEJS, power supply
voltage, threshold voltages and gate to source voltage. It is ttlatrcurrent limit
depends on the resistance values of the bridges. However, tige beisistance is an
unknown factor which varies with technology, material and sevefityhe defects.
Therefore, the current limit is a dynamic parameter. BExpntal analysis may help to

define more precise current limit.
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The resistive bridging fault may also lead to soft faillsash as timing delay
failures. [4.31] identifies that a few faults producing small iteors delays or possibly

giving rise to “race” conditions can not be detected by either logic or IDBX{pds.

Voltages
1V
Vth1
VO
ov Rd
Bridge Resistance

Figure 4-2: Resistive bridging fault behavior

4.2.2 Faults and tests analyzed

The scan cells used in a 90 nanometer industrial design describakléenl-1 are
positive edge triggered MD flip-flops. The number of stuck-at $aunlthe design is over
60 million and over 27 million faults are in the approximately 614knsoells in the
design. Scan flip-flop presented in Chapter Il shows one of drecall implementations
we studied in this work. However, it should be noted that the observat®rderive
based on this scan cell also apply to other scan cell implementations.

If bridging faults between every pair of scan cell intersgnal nodes are

considered, there is a total of 231 faults. We investigated detedtadh231 faults. We
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also considered a subset of 29 realistic bridging faults based daythé of the scan
cell. In this chapter, we report experimental results on thisfgealistic bridging faults.
We investigated the detection of bridging faults with bridgéstasces of 1Q, 10Q2,
5000 and 1KQ.

In this work, we considered the existing tests for scan chaindahecdiscussed
in Chapter Il and flush test 00110011applied at half-speed. In a half-speed flush test
discussed in Chapter lll, the flush test is applied at halfrédguéncy at which the scan

chain is timing closed.

4.3 Non-feedback zero-resistance bridging faults requiring

two pattern tests

Bridging faults cause functional failures for negligibladge resistances and
timing faults for non-negligible resistances [4.32]. Detectabdeo-resistance non-
feedback bridging faults in combinational logic are known to bectisteby single
pattern tests [4.33]. However, in scan cells we found that somgalgeezero-resistance
non-feedback bridging faults require two-pattern tests whiler®tieguire single pattern
tests. Next we give an example of a zero-resistance nonafgediibidging fault whose
detection requires a two-pattern test.

Consider the bridging fault D-CPN between nodes D and CPN of &imecedl of
Figure 2-1 shown by a line connecting nodes D and CPN in Fig8ré&#hce node CPN
does not drive D and vice versa, the fault is a non-feedback bridging fault.

Next we discuss the detection of the D-CPN bridging fault. Inraeactivate
this fault either the condition CPN = 0 and D = 1 or the condition EPNand D = 0
should be satisfied. From HSPICE simulation, we determined tlsabtilcige behaves as
an AND bridge (i.e., if either D or CPN is 0, both nodes behavegas®. Consider the
first condition. CPN is set to 0 when CP = 1. Both nodes D and CPN bekafe
However, transistors MP02 and MNO2 are turned off when CP = 1. Theg Vallie D =
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0 will not propagate through the faulty circuit. Thus, with the factivation condition
CPN = 0 and D = 1 the fault cannot be detected using a singéernptest. For the fault
condition CPN =1 and D = 0, CPN is set to faulty value O due to itigimgy fault. The
value 0 on CPN is a faulty value only if CP = 0. CP = 0 turns on MiRA@2VINO2 in the
fault-free circuit. Hence, D = 0 will propagate into the mastage if TE = 0 in the fault-
free circuit. However, in the faulty circuit, CPN = 0 sets @1 and together they turn
off MNO2 and MP02. Hence, the propagation of D = 0 from the multiplexgret master
stage is blocked. The output of the scan cell will remain atalise set earlier which is
not known. Thus, no single pattern test to detect the non-feedback gridglhD-CPN
exists.

Next we show that a two-pattern test can detect the D-@RIging fault. In this
discussion we refer to the waveforms in Figure 4-4 where siole$ are fault-free
waveforms and faulty waveforms are shown in dashed lines. Wenfiralize node N1
to 1 by applying D = 1 with TE = 0 in clock cycle i. Node N1 dkeslogic value 1 at the
falling edge in clock cycle i. Next, we set D to O in clogkle i+1. In the fault-free
circuit, Din is driven by Vdd through node N19 since D = 0 and TE = 0 darn
transistors MP0O1B and MPO1A, respectively. This will set DB.t%/hen CP changes to
0, CP1 and CPN change to 0 and 1, respectively. They turn on MP02 d02 &hd
logic value O propagates to node N1 at the falling edge okaydl in the fault-free
circuit. This value propagates to output Q when CP changes to 1 in cycle i+2.

However, in the faulty circuit, CPN remains at 0 when CP =dyate i+1 due to
the bridging fault D-CPN. CP1 is then set to 1 since CPN =<ha#n in Figure 4-4.
Hence, transistors MNO2 and MPO02 are not turned on when CP = 0 m ieycl
Therefore, the logic value 0 from DP will not propagate intontfaster stage (or node
N1). N1 will retain the logic value 1 from cycle i in the fauttiycuit. The faulty value

can be observed at the output Q in cycle i+2. We note that thetidatcondition of this
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bridging fault, D = 10, Tl = XX, TE = 00, Q = 10, is a two-pattezattthat detects the
slow-to-fall transition delay fault at input D.

We also note that the fault discussed above results in functichakfé left
undetected. Consider the scenario that a 10 sequence appears atimghe finctional
mode of operation where TE = 0. Due to the fault the signal patinthe multiplexer to
the master stage is blocked when D = 0. The output of thecetlad retains the value of
1 since D was at 1 in the previous cycle and this value was progagatee master

stage.

4.4 Detection with half-speed flush test

Next we describe a bridging fault that is detected by #iespeed flush test but
not by the same flush test applied at normal-speed. The half-8psedest [4.10] was
introduced in Chapter Ill. This test ensures that the Tl inputstcaa cell changes when
clock = 1, whereas in normal operation the Tl input may change omg albck = 0. As
in the case of some stuck-at faults [4.10], some bridging fauatsdetected by the
normal-speed flush tests are detected by the half-speed flush test.

For example, consider the bridging fault DP-N1 indicated biye donnecting
nodes DP and N1 shown in Figure 4-5. When CP = 0, transistors MP02 and MNO2 a
turned on. The logic value on node DP propagates to node N1. It will then gi®pag
the output when CP =1 in the fault-free circuit.

If the scan_in (TI) changes when CP = 0 only, in both faulty andffadtcircuit,
N1 is getting the value from DP since transistors MNO2 and MP&2uaned on. No
faulty value will be generated.

However, if TI changes when CP = 1, the output of the multiplBlechanges
within the CP = 1 period. This change will not be propagated to the aotpu fault-
free circuit since MP02 and MNO2 are off when CP = 1. Howeveharfdulty circuit

the change on DP is propagated to N1 due to the DP-N1 bridging faealtatity value
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on N1 is then propagated to the scan cell output in the faulty cifhwathalf-speed flush
test ensures that Tl changes during the CP = 1 clock phasee Hbe detection of this
fault requires half-speed flush test.

Note that this fault, if left undetected, may lead to an emrdhhe functional mode
of operation when the D input of the faulty scan cell changes whltieg the CP = 1

period.

4.5 Experimental results

In this section we report experimental results on a segalistic bridging faults
extracted from layout. We investigated the detection of brgldaults with bridge
resistances of X0, 1002, 502 and 1K2. We used HSPICE for simulations using the
tests described in Section 4.2.2. The scan chain was represerdedabygade of three
scan cells and the faults were injected one at a time into the second cell.

A bridging fault is modeled by interconnecting two bridged nodes with
resistance between them. Table 4-1 summarizes the simulatidts i®r bridging faults
with a negligible bridge resistance oftLOWe simulated 29 realistic bridging faults.

The number of faults detected by the normal-speed flush test, thvith
corresponding percentage is shown in column 2. Column 3 shows the number of
additional bridging faults detected by the half-speed flush tesun@old shows the
number of faults not detected by the flush tests but covered bycstlaboundary
SAF/TDF tests. Finally, 3 (10.3%) out of the total 29 bridging faulhdetected by
Boolean testing are shown in the last column and are discussieer fur Section 4.5.1.
The detection of 2 (6.9%) faults included in the faults detectethddAWTPG generated
boundary tests requires two-pattern tests.

In addition, we performed simulations with bridges of different tasce values

and the results are discussed in Section 4.5.2.
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4.5.1 Undetectable faults analysis

There are 3 bridging faults not detected by Boolean testingedBan the
undetectability reasons, we classify them into two classes.

In the first class, called “same polarity”, the two nodeshie bridging fault are
assigned the same values in both clock phases. Figure 4-6 shdwisigineg fault N4-Q.
When CP =1 a new value from the output (node MD) of the masterestégys the slave
stage and assigns the same value to both N4 and Q through an invéer. CP
changes to 0 both transistors MP0O7 and MNO7 are on. If N4 = 0, MPO&aisdoN12
is on since SD is driven by Vdd. Q is thus driven by Vss. A similgument applies if
N4 = 1. Q and N4 hold the same value in both clock phases. No faulty \zaiuleec
generated in this case. No functional failure is caused bycldss of faults. Thus this
fault is redundant.

The faults DP-D and N2-CP are in the other class of undeteautéid.fThis class
of faults is Boolean undetected due to the weak strength of the $egrilal. Consider the
fault DP-D shown in Figure 4-7, indicated by the line connecting nbdesd DP. First,
consider the boundary tests where TE = 0. DP gets the value fromDinputaddition,
both nodes are located in the multiplexer. Therefore, they hawairhe value in both the
clock phases. The fault is not detected. In the shift mode where ITbeth transistors
MPO1A and MNO1B are off. The value on TI propagates to the node DRe Ifaulty
circuit, the value on D provides the faulty value, which is oppositee¢walue on TI, to
the node DP. In the scan cell we investigated, the driver stren@@howeaker than the
one on DP. Therefore, the faulty value cannot be observed.

We note that this fault may be detected with test conditiorsO[ID =1, TE = 1
if a strong driver on node D or a weaker driver on DP is usedla8iynithe fault N2-CP
can be detected by giving a strong driver for clock signals. Memyé¢he fault CP-CP1
will not be detected given strong clock signals. These obsemgathow that we can

derive a design rule of applying driver strength, weak or strontijeoboundary nodes of
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the scan cell to maximize the coverage of internal bridg@anyd. Scan cell gets value of
Tl from the output of the previous cell in the scan chain, the valu® dtom
combinational logic, TE and CP from designed testing signals thrditfghent drivers.
The strength of drivers may also vary from one scan cell ingiéation to another in the
same scan chain. For example, we can enhance the drivettswéngd by putting two or
more inverters in parallel. The design rule can be derived th@msimulations and
analysis shown above. For the scan cell studied, it needs a stdoivgeron D. Drivers
on Tl, TE and CP can be designed weak or strong. This combinatioiverlsdmproves

the internal bridging fault coverage by 1/29 (3.4%).

4.5.2 Resistive bridging faults

In Table 4-2, rows 2, 3 and 4 show the simulation results for bridgstaece
values of 10, 5002 and 1K). The fault coverage drops by 3.5% and 13.8% when the
bridge resistance goes up to 808nd 1KY, respectively. The undetected faults are listed
in Table 4-3. In order to overcome this coverage loss, two typie#thods for resistive
bridging fault detection, IDDQ testing and low power supply testing, weestigated.

By simulating a scan cell using HSPICE we measured IDD§th clock phases
for all additionally undetected faults due to the increase of brielgjstance. The higher
IDDQ determined in the two clock phases is used for this analyi$is. IDDQ through
the transistor affected by a fault is @6with no defect present and in the range BA.5
to 3731A in the presence of the fault. For the 90 nanometer industadlipt we studied
in this work, the faulty IDDQ is less than 0.04% of the nominal g IDDQ. Hence,
IDDQ testing may not be feasible to cover the high resistamdgimg faults for 90nm or
beyond.

However, we also note that in the faulty circuit, the transistorthe Vdd to Vss
path sink over 100 times more current than in the fault-free cirfthis. current surge

could be a major reliability issue for these transistors.
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An alternative method for resistive bridging fault detectiotoibower the supply
voltage of the scan cell. The nominal supply voltage for the desig.iWe performed
simulations by applying supply voltages at 0.9V, 0.7V and 0.5V for bridgialgsfwith
1KQ resistance. Our simulation results show that the supply voltagetohdse
aggressively lowered to 0.5V from the normal value of 1.0V in orddetect the faults
CP1-CP, CP1-Q, CPN-N4 and CPN-Q introduced by increasing ttigebresistance
from 100 OhmsQ) to 1 kilo-Ohms (K2). However, lowering the supply voltage by 50%
may not be practical. Therefore, the low supply voltage methochotaye applicable for

alleviating the coverage loss due to the bridge resistance increase.

4.5.3 Design for test to address undetectable bridging faults

The results presented above show that several bridges are ntealbieBoolean
or voltage measurement based tests and that other test metbbdsdDDQ and low
power supply voltage tests may not be feasible in future technalofiesachieve
detection of all realistic bridges, one can consider the followtngtegy. Among all
possible bridges between different pairs of nodes in the scarorellcan determine all
the detectable faults. For example in the scan cell considetds ivork there are 22
nodes and hence there are a total of 231 pairs of nodes. Out of 231 posiyas (of
10Q resistance) we determined that 206 bridges are detectable usingamBdebts.
During the design of the scan cell one can attempt to perforre plad route such that

the undetectable bridges between node pairs are unlikely to occur.

4.6 Conclusions

In this chapter we investigated the detectability of resistive bigdiginlts internal
to scan chains. A complete analysis of bridging faults apglfiush tests, a half-speed
flush test and ATPG patterns targeting inputs and outputs of thesitavas presented.
It shows that some bridging fault detection needs single pa#sts while detection of

other faults requires two-pattern tests even for zero-rasesthridges. The half-speed
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flush test improves the fault coverage by about 10.3%. In addition, we albsbatean

optimized combination of scan cell input driver strengths for thgulesay improve the
fault coverage by 3.4%. We also showed that internal bridgingdaudirage drops when
the resistance of bridges increases. IDDQ testing and lowrgupely voltage methods
were investigated in order to cover these coverage gaps. We foainthése methods
may not be feasible for the detection of scan cell internal lziolgthe 90 nanometer or

beyond industrial products.

Table 4-1: Simulation results for resistance a210

Total NumberofNormal-geed Flus|Half-speed Flus Boundary Tests Undetected
Faults Test Test y /IDDQ
29 19 3 4 3
BFs 65.6% 10.3% 13.8% 10.3%

Table 4-2: Simulation results for bridge resistances 0216002 and 1K

Normal-Speed FlushHalf-Speed Flus Boundary TestIndetected/IDDQ
Tests Test detected Faults
1000 651. 2% 10_33% 13%8% 10.33%
5000 621. ?% 10_33% 13%8% 13%8%
1KQ 511_ 3% 10_33% 13%8% 24.71%
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Table 4-3: Undetected faults for bridge resistances aR2180Q2 and 1K

10002 50 1KQ
DP-D DP-D DP-D
N4-Q N4-Q N4-Q
N2-CP N2-CP N2-CP
CP-CP1 CP-CP1
CP1-Q
CPN-N4
CPN-Q
vad vdd vdd vad
‘D MPO1E Alj Mpg|jp———
vdd
TE TEN CcP N5
MNO1E
vad | e |—<i MP09
Vss }: I—l [ N4
MNO9
vdd MPO4 vad MNO7 |—CPN
N2 NG Vss
mpos|p—cpn—q[ weos mnog] |
. vad
Din N1 Ves
mnog]f—cP1 s —q[ w12
N3 Q
Vss Vss
MNO4 —| MN12
Vss Din Vss
I
MnoTA] | [/ o [fFo18 MNOTE] —— ¢ TEN —=i [FP01D
N20 P N19 N21 N22
MNOTE] = TEN TE ——a| [1F014 MNOTD] | T <| [MPoiC
Tl
Vss Vdd Vss Vdd

Figure 4-3: Bridging fault D-CPN
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Figure 4-4: Detection of fault D-CPN with two-pattern test
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Figure 4-5: Bridging fault DP-N1
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CP1

Figure 4-6: Undetected bridging fault N4-Q

MD vdd Vdd
MP10 MP11
CPN
CcP CP1
MN10 MN11
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N20

MNO1B Jl—TEN

1
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{ d[roie mrno1c]— TE  TEN—<[MPO1D

D
N1 N21 MPO1E
TE—<[[MPo1A Mno1E]} | qd[ mPo1c MNO1E

TI
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Figure 4-7: Bridging fault DP-D
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CHAPTER V NEW TESTS FOR DETECTION OF INTERNAL LARGE
RESISTANCE STUCK-OPEN FAULTS IN SCAN CHAIN

In this chapter we investigate the detection of large segistopens in transistors
internal to scan cells. A new flush test and a new method to apply flush teste@rsed
to greatly enhance the coverage of opens. In addition, an additiow&l/sSERPG patterns
are proposed to detect additional stuck-open faults (SOPs). The progstsegre shown
to achieve the maximum possible coverage of large resistance opdransistors
internal to scan cells. Experimental results on a scanuseddl in a 90 nanometer

industrial design are included.

5.1 Introduction

In Chapter Il and IV we studied the detectability of SAFs, S@Nd bridging
faults internal to scan cells. In addition to short, break dédeahother common defect
mechanism in current CMOS ICs. The main reasons of thesetsledee missing
contacts, metal cracks over oxide steps and particles in geneflese failure
mechanisms will certainly grow with the demand for increasaygut density (smaller
contact size etc.). In this chapter, we focus on the detection lofrésgstance opens in
transistors internal to scan cells. A new flush test and a retivoeh to apply flush tests
are proposed to greatly enhance the coverage of opens. We also propesaméased
tests to further increase the coverage of opens. The proposedréesteown to achieve
the maximum possible coverage of opens in transistors interrsgiato cells. We will
quantify them using a 90nm commercial product which consists of apmatety 4.3
million cells and 54 million transistors.

The remainder of the chapter is organized as follows. In Sectigstick-open
fault model and test generation for opens are reviewed. In@udite discuss the open
defects we target in our study and review earlier relate#tsvIn Section 5.3, we present

the proposed set of flush tests and discuss in detail how the praessedletect the
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targeted opens. In Section 5.4 we propose an additional set of pdf&ns to detect
additional stuck-open faults. In Section 5.5 we give experimental semudt an analysis
of the results. The undetected opens are discussed. Finally, Sectioonélédes the

chapter.

5.2 Preliminaries

In this section we review known methods to test for open faults. Siadecus
on the large resistance open faults in transistors internahtocgdls in this chapter, the

detection of large resistance open faults is also discussed in this section.

5.2.1 Stuck-open fault model

Break defects have been found to be an important contributor to trestages
[5.1]. Transistor stuck-open fault (TSOP) mode is common fault model manifesting
the physical line breaks happened at the gate, source or dragndadfdctive transistors.
In the stuck-open fault model, a resistance is inserted betieeindin, source or gate of
the faulty transistor and the node to which it would otherwise be ctathecthe defect-
free circuit as shown in Figure 5-1.

Opens in the terminals of transistors may cause the terminétsat if the open
resistance R is an infinite value (in completely open). Detectf open faults in
transistors requires two pattern tests [5.13]. The first vectois \applied in order to
initialize the circuit to 0 (1). The second test pattern is afp toggle the state of the
circuit from 0 to 1 (1 to 0). In the faulty circuit, the circatate (observed output) will
remain the state from pattern.\FFor example, to detect the gate open of the PMOS in
Figure 5-2, the first pattern V1 (a = 1, d = 1) is appl®dhitialize node F to 0. In the
second test pattern V2 (a = 0, d = 0) attempting to set Faitidates the open fault.
Node F retains the value 0 getting from last test pattern dine topen between nodes a

and the gate terminal of the PMOS transistor.
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The open faults may be classified by their locations eitharfaslt at the source/
drain terminal or at the gate terminal of a transistothdf opens happen at the drain or
source of the faulty transistor, the transistor will be permnamned off. However, the
conductivity of the faulty transistor is unpredicted if the open happerteeagate
terminal. For example, the gate of a PMOS transistor is opEigure 5-2. The transistor
is turned on if the initial value at gate is 0 and it is ofh# initial value is 1. The initial
value at gate is not controllable due to the completely open fatknVepplying first
pattern in Figure 5-2, node F is driven by both Vdd and Vss ifniialivalue at gate of
PMOS is 0. In addition, when applying the second pattern PMOS camnse on even
the open fault presents. Therefore, in order to detect this stuokfapk, the gate of
PMOS is required to be initialized to 1 so that the PMOS renadfnshen applying the
tests. In [5.16], Champac investigated the testability of figagiate defects in sequential
circuit. A transistor with a floating gate defect may presamhe weak conduction for a
wide range of realistic situations. In [5.16] the logic and ID@&tability conditions of
floating gate defects in sequential circuit using a reald#fect model is investigated.
Large opens are assumed so that any influence of the input atghal floating gate is
considered negligible. Champac also shows that the IDDQ tegipigcable for open
defects which a low impedance path between the power supply and ground ttimeug
defective transistors is created [5.16]. For example, the ritpagate fault shown in
Figure 5-3 is detected by IDDQ with the detection condition istsrsMP03, MP04,
MNO3 and MNO4 on. Note that the assumption for the detection is thefgktl04 is
initialized to 1 and the discharging time is long enough forecirdetector to make the
measurement. Therefore, the IDDQ detectability of floatinge ghfects depends on
technology and topology parameters (e.g. defect parameters, chaaitelnd position
of the defective transistor). Hence, the current leakage armp#reresistance affect the
testability of open faults. To consider open resistance factor in tqpét detection,

breaks are modeled by resistive stuck-open fault where the open resistananknown
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value. In this chapter we focus on large resistance open fawtectidon of variable

resistance open faults will be considered in the next chapter.

5.2.2 Open faults studied

In this work, we consider the drain, source and gate open faults ofraasistor
inside a scan cell. In the scan cell we studied in Figure tBete are a total of 34
transistors and hence we consider 102 stuck-open faults.

The large resistance stuck-open fault model shown in Figure &ed in this
work. Considering the open shown in Figure 5-4(a), the faulty namdn e set to 1 (0)
if we keep node c at 1(0) for long enough time. The length of tiopairesl varies for
different transistors and also depends on the resistance insertet:riviézl these values
from simulation.

Detection of opens in transistors requires two pattern tBst8][ Opens in the
gate terminals of transistors may cause the gate termifflalat if the open is an infinite
resistance open. A floating gate may have an intermediate voitalgieg the affected
transistor to conduct weakly [5.14-5.16]. Detecting such opens may réguiréased
tests [5.14-5.16], or they can be detected using tests for trarstist&ron faults. In this
work, we consider only finite resistance opens and detection by mgigoltage
measurement based tests. If the resistance of the open isgapttieen the effect of the
open will be to increase the delay of the affected scan cehl. &ens may require delay
tests targeting small delay defects [5.17]. In this chapter,coresider only large
resistance opens that cause gross delay defects. Such opensngatered in [5.3] and
[5.18]. In [5.3], methods to add transistors such that all the opens ircahecsll are
detected by appropriate two pattern tests were described. Howbese methods
increase the size of the scan cells and hence may not be grdnti®.18], methods to
design scan cells were proposed such that the probability ofreccarof undetectable

opens is minimized. These methods do not increase the size aftheel and also do
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not affect the performance. However, the methods leave some openactettidy the

standard flush tests and scan cell boundary tests for SAFs and [hDFs chapter, we
consider enhancing flush tests and ATPG generated testshatictl the detectable high
resistance opens are detected. The opens that are not detected afeéhe two parallel
transistors open in a CMOS transmission gate. Such faults cabeuletected, if at all,

by tests that can detect small delay faults [5.3].

5.3 Scan stuck-open flush tests

In this section, we define a new combination of flush testeatsdhn stuck-open
flush tests along with a new stuck-open ATPG test set to improve the caverfalgrge
resistance SOPs. We found that the proposed tests guaranteg¢ettimmef all such
opens other than those in the transmission gates that control the data propagatioe from t
multiplexer to the master latch or from the master latdchecslave latch. Analysis of the
proposed tests is given next together with a discussion ofulis &lditionally detected.
Next we describe the tests.

As noted earlier, traditionally the three flush tests 00...0, 11...1 and 11001100...
described earlier are applied in arbitrary order. We propose tg sigdlush tests shown
in Table 5-1. The first three tests are the same asatigianal tests with the following
restrictions. The three flush tests are applied in the order given in Tabkdghfionally,
after scanning in the third flush test 00110011... the scan clock is ¢hém@eand held
in that state for M clock cycles. This is followed by scanningthe fourth test
00110011.... After the fourth test is scanned in, the scan clock is changetbtand
held in this state for N cycles followed by scanning in a flash test 0101..at half
speed. Finally, we scan in two additional bits 01 for even numbexaof cells or 10 for
odd number of scan cells in the scan chain at very low frequencymasthat the scan
chains are closed at 10 nanoseconds. Half-speed flush test ispgiiesl avith clock

period of 20 nanoseconds. Normal speed flush tests are applied at 106ienzgd he
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value of the time to hold the clock lines at 1 and 0 is experatigrietermined, and a
duration of 15 cycles is found to be adequate for the scan cellBi¢uife 2-1) described
in Chapter Il. An adequate clock period for the last twodiitiied is determined to be 1
microsecond for the scan cells under consideration.

In the following subsections we will discuss in detail each efejhe proposed
scan stuck-open flush tests. An important issue we discuss use¢hdness of detecting
the additional faults that are not detected by the traditionsl t&gault is meaningful if
left undetected it can either affect the functionality in thevaamnode of operation or

pose a reliability risk.

Table 5-1: Scan stuck-open flush tests

Tests Comments

11...1

00...0 Flush tests in this designated order

00110011...
Hold CIOCkO%%rIgloTﬁ Tor M cycles Flush test after pre-charging clock lines to|1
Hold clock signal at O for N cycles| Half-speed flush test after pre-charging clock
Half-speed flush test 0101... linesto O

Applying 01 slow for 2 clock cycles Slow speed flush test

5.3.1 Flush tests in the designated order
Before we load the flush tests into the scan chain, thalingilues stored in the
scan cells are unknown. Therefore, the initial value on a faulty rodedetermined
(when the first test is applied) if the flush tests 00...0, 11...1 and 001100¥lappired
in a random order. We observe that some additional large resisS@tes are detected if
we run the sequence of these tests with appropriate irotiditions applied to the faulty
nodes. To obtain such detections, we order the tests to initializéadity nodes.

Specifically applying Tl = 1 or 0 for multiple clock cyclesnggithe flush tests 11...1 and
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00...0 was found to result in detection of additional SOPs. An example cfuchefault
IS given next.

Consider the gate of MPO5 (node N1) stuck-open highlighted by an arrow in
Figure 5-5. The faulty node is denoted by F. In order to ddtectault, we want to pre-
charge node F to 1 by applying a 1 to node N1 over many cyqed/ing Tl =0, N1 is
set to 0 when CP = 0. It will turn MPO5 on in the fault-free ctrNbde MD is then
driven by Vdd. However, in the faulty circuit, F is driven throudharge resistance and
hence retains its initial value 1. It discharges slowly when N&tiso O by applying Tl =
0. The transistor MPO5 will remain off and the node MD cannot be driyéfdt. Thus,
the value 1 cannot be stored at MD. This can be accomplished foyirgganultiple 1s
followed by a 0 through the input pin TI. Applying multiple 1s helps tialize MD to O
and charges F to 1 as well. Next, Tl = 0 is scanned in. MD retaimalue of O from the
previous cycle instead of 1 in the fault-free circuit. Note Watmay observe the fault-
free value after applying multiple TI = Os since they keep NQ and discharge F to O
finally. However, if the open resistance is large enough suchtlitedength of time of
discharging F to turn on MPO5 is longer than half the clock ¢ywtecan still capture the
faulty value after we first apply Tl = 0. Waveforms in FigGr6(a) show the detection of
this fault with initial value on node F = 1. Figure 5-6(b) shows thatfault is not
detected with initial value 0 on the faulty node F.

Similarly, the stuck-open fault on SD of MP12 denoted by F1 in Eigub is
detected by scanning multiple Os followed by TI = 1.

Since scan chain consists of a large number of scan cedis ecsafely assumed
that applying the flush tests 11...1 and 00...0 will be enough to initidheaefaulty
nodes. Accordingly, we apply the flush tests in the following ordpply flush tests
11...1 followed by 00...0 and then shift the test 00110011... into the scan chain.
Applying 11...1 will initialize the faulty nodes for the fault detion that needs multiple

Tl = 1s. Next, by applying the 00...0 test, we generate the 1 @n6ition necessary to

www.manaraa.com



60

detect the faults while at the same time the internal nadesinitialized for fault
detection requiring multiple Tl = 0Os. Finally, the flush test 0011001%.applied to
detect additional faults.

Note that the faults illustrated in Figure 5-5 can afféet functional mode of
operation and therefore it is important to detect them. For exaoyisjder the fault
where the gate of MPO5 is open in the scenario where, during functrats, a long
sequence of 1s appears at the D input. This will charge up the fendg; When a 0
appears at D in a subsequent clock cycle the output will be faulty.

We also note that traditional flush tests do not guarantee idgteditthese faults.
For example, the three flush tests running in the order 00110011... and OOavetbll

by 11...1 misses the fault where the gate of MPO5 is open.

5.3.2 Flush testing after holding the clock signal at O or 1
for a duration of several clock cycles

As discussed above, stuck-open faults located on internal dash isggles can be
detected with proper initial conditions. We also observe that detesti@ome large
resistance SOPs requires specific initial state of clagpkasi(CP) before applying flush
tests.

For example, Figure 5-7 shows the master and slave latcheesvidf flip-flop
with the gate of MNO2 (node CPN) stuck-open. The fault site igliglged by an arrow
and F denotes the faulty node. In the fault-free circuit, node F is cedn® CPN. In the
faulty circuit if the gate of MNO2 (F) has initial value 1, MNB2on. Applying half-
speed flush test, Tl changing when CP = 1 will not propagatestoutput Q in the fault-
free circuit, since MNO2 and MPO02 are off (as discussed edudirspeed flush test
insures that Tl changes when CP = 1 for all scan cells). Hoyevéne faulty circuit,
MNO2 remains on since F is being driven through a large reses{doe to the fault) and

the value 1 on node F discharges slowly. Note that the open resigtaesumed large
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enough such that the first change in Tl is propagated into tseemstage before F is
discharged to turn off MNO2. Therefore, changes in Tl when CP # prepagate to the

output Q. This is shown in Figure 5-8(a), where solid lines arelsifnoan the fault-free

circuit and dashed lines show faulty waveforms.

If node F has an initial value O instead, MNO2 will behave as sificldssume
MPO2 operates normally. The value on node DP can enter node N1 and propéaigate
output only when CP = 0. Waveforms in Figure 5-8(b) show that this fuftot
detected. Therefore, this fault is detected by the half-sihestdtest if the gate of MNO2
has been initialized to logic value 1. To enable the detection diathlis we need to hold
the clock signal at O for a certain period of time in order togehthe node F to 1 before
applying half-speed flush test.

Another example shown in Figure 5-9 is a SOP on the gate ofstianBNO6
(denoted as F). The detection of this fault requires holding clotkatharge node F to
1 before applying the normal speed flush test. We refer to Fig@rand Figure 5-10 in
the following discussion. When CP = 0, CP1 is 0 and transistor MiN@6ried off in the
fault-free circuit. Changes in Tl within CP = 0 in clock leycwill not propagate to the
output Q. However, if F is pre-charged to 1 it discharges slasiign CP1 = 0. In the
faulty circuit, MNO6 is on when CP = 0. In clock cycle i, TI chamffem 1 to 0. This
change propagates to Q through the transistors MP02, MNO2 and MNO6adlhe f
value O is observed at the next rising edge of the clock as showgure 5-10(a).
Similarly, this fault is also detected when Tl changes w@ite= 1 as shown in the clock
cycle i+2. Figure 5-10(b) shows that the fault is not detected with F initiaiize.

When applying the flush tests, clock can start with either D and then change
state after half a clock cycle. However, we can pre-chidwgelock lines by holding CP
at the required initial state for a proper length of timeeAfhat, we can apply the flush

test for detection. To detect the gate of MNO2 stuck-open fault dsduebove, clock is
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held at O for a certain period of time. It helps to charge thieyfaode F to 0. Then the
half-speed flush test is applied for detection.

The above examples of fault detection motivated us to add two additiosial
tests after applying 11...1, 00...0 and the first 00110011... in designated orledd\a
normal flush test 00110011... after holding the clock lines at 1 for M dycles. Since
no additional fault is detected by half-speed flush test witlal condition clock = 0, we
use normal speed flush test in order to avoid increasing testcatppli time. It is
important to note that this test can not be merged into the lastahgpeed flush test
00110011.... The first 00110011... sequence is applied for detection of faultgghat a
initialized by the flush test 00...0. If we held the clock signdl &ir M cycles before we
apply this test, those initialized signals would lose their vaduessome faults will be
missed thereafter. For example, SOP on source or drain of MP12 ahéiguie 5-5 is
detected by applying 00...0 followed by flush test 00110011.... Flush test 00...Gdelps
charge F1 to 1. When Tl = 1 sets SD to 0, F1 discharges slowly. Qhas not be
driven by Vvdd. If clock signal was held for M cycles, F1 woulsctarge to O and the
fault cannot be detected.

After the second application of the test 00110011..., the clock signaldsahO
for another N clock cycles followed by the half-speed flesit ®101.... Other half-speed
flush tests like 00110011... also detect these faults. However, wéneidest 0101...
here to reduce the time required to apply the last flush tdstipafs given in Table 5-1,
this test consists of shifting in the bits 01 at very slow speel détails of this slow test
are discussed in Section 5.3.3. We note that high switching activétyain chains could
be caused by using the flush test 010tompared to that caused by the flush test
00110011.... In case the higher switching activity is unacceptableameeplace the
flush test 0101...with the flush test 00110011.... In the latter case thBulstsitest in
Table 5-1 should be changed to a five bit sequence 00110. This issseussdd in the

next section.
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It is important to note that some of the faults discussed aboe@ #it functional
mode behavior and therefore it is important to detect them. Inuttetidnal mode, clock
may be shut down to save active power. Consider the scenario tobidkés turned off
when clock = 0, it charges CPN to 1. When clock is powered on agaiD ahanges its

value when clock = 1, the output will be faulty due to the SOP on gate of MNOZ2.

5.3.3 Flush test with very slow clocks

Many SOPs located in the slave and master stages are aotedeby normal
flush tests since the output of the slave or the master sttgesrés value from the
previous half clock cycle. By giving enough time, the nodes witlhdisge and the faulty
value will be generated thereafter. To take advantage of thiglivein a test at very low
frequency but only for a few clock cycles. This test is equintai@ data retention tests
[5.18].

Consider the SOP located on the drain/source of transistor MP08 K)de
shown in Figure 5-11. When CP = 1, logic value 1 enters the slaveaitagde SD, N4
= 0 and output Q = 0 since transistors MP06 and MNO6 are on. Whewi€Res to
low, N5 is driven by Vdd since MPOS8 is on in the fault-free cirddénce N5 and Q hold
logic value 1 and 0. In the faulty circuit, SD is floating wheh €0 but still retains a
value 1 from the last half cycle (when CP = 1) since SD drgghslowly (assume the
open resistance between N5 and F is large enough such thatetloé charging SD is
lower than the discharging rate). Thus, Q will remain at 0. Ndyfaalue is generated.
However, if we run the tests slow enough to let the value on node 8kadjs to 0, N4
and Q will change to faulty value 1. MPO08 is then turned off while MNO8 is on. This fault
is detected. Thus, to detect this fault we set Din to 1 and apply one slow clock cycle.

Similarly, to detect N2 of transistor MP04 stuck-open we neexzt Din to O and
apply one slow clock cycle. Thus, to detect all such faults we teaset Din to 0, 1 and

apply one slow clock cycle each time.
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Makar and McCluskey in [5.8] proposed that running tests at clock peridd of
microseconds will detect these SOPs. For our scan cell ireptation, test running at
clock period of 1 millisecond is slow enough to detect these fadttwever, this poses
test cost problems. Running flush tests for a scan chain contalrongainds or more
scan cells at 1 mega Hertz or a clock period ofidrosecond takes over 1 millisecond
which is not cost effective.

Instead, we propose a new test to detect these faults. Wieditlsthe scan chain
with the flush test 0101..Consider two scan flip-flops X, Y such that Din of X (Y) is set
to 1 (0). We apply a slow clock with scan_in = 0. This detects falitef MP0O8 stuck-
open in X and fault N2 of MP04 stuck-open in Y. The slow clock setsoDX (Y) to O
(2). If we next apply one more slow clock with scan_in = 1 then NAR®4 SOP in X
and SOP on N5 of MP0O8 in Y are detected. Thus, this test wadtteall such detectable
faults. To optimize test application time, we merge this tést the last half-speed flush
test as discussed earlier.

Note that if the last half-speed flush test used is 00110011... inst@4d1..., in
order to set Din in each scan cell of scan chain to both 0 and leddmapply the low
frequency test using 5-bits 00110.

Note that the faults discussed above can also affect the funchoode of
operation. Consider the fault N5 of MP0O8 stuck-open. When clock is shdtioffg
clock gating, SD is floating. If SD was set to 1 prior to tihisn the fault will appear
when we get out from the clock gating phase. This is a problestatié retention is
required. Frequency scaling is another scenario when such faults cwuldest

themselves.

5.4 ATPG generated stuck-open tests

In addition to the standard scan cell boundary tests for SAFs and, Ti&Fs

propose an additional set of ATPG patterns shown in Table 5-2 to detect ad @M=l
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In Table 5-2, we show the states of the scan cell inputs D, TasTell as the fault-free

scan cell outputs for the two pattern tests used to detectamddikarge resistance SOPs.
It should be noted that these patterns require either 0 to lodd fransitions on the test
enable signal TE.

Flush tests are applied with test enable signal TE staddyTavo pattern tests to
detect TDFs are applied with TE = 0 if broadside tests a@ aisd TE changing from 1
to O if skewed load tests are used. There is no two patternatestpplied with TE
changing from 0 to 1. However, we found that the detection of some $€oRires
transition of TE from 0 to 1. We propose a new set of ATPG patiechsding O to 1
transition of TE to detect these SOPs. For the sake of commstandhis set we also
include the tests that use 1 to O transitions on TE. There are twpsgof faults. Both
these groups of SOPs require a two pattern ATPG generated tesvétpm one case
the initialization happens in the last shift clock when TE = 1.sdw®nd pattern requires
TE = 0. This requires a transition on TE from 1 to 0. For the segoodp the
initialization occurs when TE = 0 and the second vector of thepattern test requires

TE = 1. Thus it requires a transition of TE from 0 to 1.

Table 5-2: Additional stuck-open ATPG tests

D=X1,TI=0X,TE=10,Q=01
D=X0, TI=1X, TE=10,Q=10
D=1X,TI=X0, TE=01,Q=10
D=0X,TI=X1, TE=01,Q=01

5.4.1 Stuck-open faults detection requiring TE = 10
In order to detect SOP on the drain/source of MPO1E shown in FagliPethe
test must satisfy D = X1, Tl = 0X, TE = 10, Q = 01, where >a i&lo not care”. The
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faulty node is denoted by F in Figure 5-12. We will refer tauFégh-12 and waveforms
in Figure 5-13 in the following discussion. In the clock cycleR,i$ set to 1 initializing
TEN = 0. Transistors MNO1C and MP0O1D are on. Tl = 0 turns MP0O1C omdiadizes
Din to 1 in clock cycle i and propagates to Q at the next cloakakigsing edge. No
faulty value at Q is observed in the clock cycle i+1. When Tikches to O in the clock
cycle i+1 TEN is set to 1 in the fault-free circuit. Hence transistdOMB is turned on. D
=1 in cycle i+1 turns MNO1A on and sets Din = 0 in the fault-fieeuit. However, in
the faulty circuit, if open resistance is large enough, TENreshain at O from last clock
cycle since source/drain F of MPO1E is open. It turns MNO1Bmdf MPO1D on. If Tl =
1, MNO1D is turned on and MNO1C is off since TE = 1. In addition, D = 1 fMiH81A
on but MNO1B is off due to the fault. Din is floating but retains O from clock cycldi. If
= 0, it turns MP0O1C on and MPO1D is on due to the fault. Din is thus doyewdd
through node N22. Din will hold value 1 as well as the case of Tl Fhérefore, no
matter Tl is O or 1 faulty value 1 is generated at Dimilltbe propagated to the master
stage when CP = 0 in the clock cycle i+1. The faulty output beavbserved in the next
clock cycle at Q.

Consider a segment of scan chain with three scan cells castamia in Figure
5-14. Assume that the fault shown above is present in the second dcarheelest
condition for the fault discussed above is D1 = X1, TI1 = 0X, TE = 10, QL Fhis can
be accomplished by ATPG targeting bridging fault D1-Q1. Ontheftwo tests for this
bridging fault is setting logic values 0 and 1 to output pin of th&éyfacan cell Q1 and
input pin D1 when TE = 0. In order to set Q1 = 0, ATPG applies=sT0lin the previous
clock cycle where TE = 1. It initializes the node Din to 1. WhersiMiches to 0, D1 is
set to 1. In the fault-free circuit, Din = 0 when CP = 0 and Gktgo 1 one clock cycle
after. However, in the faulty circuit, Din retains value 1 froravpyus cycle. We will
observe the faulty value 0 at Q1 as discussed previously. Notéhdéisat OPs may be

potentially detected by other ATPG tests.
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Note that detection of this fault is important since it mawltes functional
failure. Consider the scenario that logic value 1 appears at O@inctional mode
operation where TE = 0. TEN is floating due to the fault. It chalcset to either 1 or O
based on the switching activity in its neighborhood. If TEN gdt$os@, we can not set
Din to 0 since MNO1B is off. The output of this scan cell therefarenot be set to 1 and

will cause intermittent failure during functional mode operation.

5.4.2 Stuck-open faults detection requiring TE = 01

There is another group of SOPs that requires TE = 01 transtdiodetection.
These are highlighted by arrows in Figure 5-15. For examplestulek-open on the drain
of MNOLE is denoted by F1. The test condition is D = 1X, Tl = X0, TEL=Q = 10.
Transferring to the second cell in Figure 5-14, itis D1 = 1X, TI1 = X0, TE =01, Q1 = 10.
A test targeting bridging fault DO-D1 satisfies this cdiodi. If the test DO =0, D1 =1 is
applied in the capture cycle TE = 0, Q0 and Q1 are set to 0 andnlWhewitches to 1
(shifting out mode). This satisfied the first pattern in the Belst= 1, TI1 = X, TE = 0.
TI1 gets value 0 from QO when TE = 1. The second pattern D1 = X3 DIITE = 1 is

satisfied. Therefore, this test detects the SOP deterministically.

5.5 Experimental results

To determine the large resistance SOP coverage by the pgegposed, we
simulated a scan chain using HSPICE. We used a segment of eéhsoa with three scan
cells shown in Figure 5-14. A large resistance SOP was eudst inserting a 100
mega-ohm resistor in the fault site. A target fault is ig@ehto the second scan flip-flop
by modifying its circuit description. For the 90 nanometer desigrusé®d in Chapter |,
the scan chain timing closure was at scan shift cycle of 10 eemuds. Thus, for half-
speed flush tests, the shift cycle time of 20 nanoseconds was usemls®determined

that holding the clock at 1 or O to pre-charge clock lines was achlgyvénolding the
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clock for 150 nanoseconds. The slow speed two bits flush test wasdagipé shift cycle
time of 1 microsecond.

Table 5-3 summarizes the simulation results. As discusséergeartotal of 102
SOPs reside in a single scan cell shown in Figure 2-1. The nwhlailts detected by
the new scan stuck-open flush test, with the corresponding percergagi@own in
column 2 of Table 5-3. Note that the traditional flush tests, 00...0, 11...1 and
00110011..., applied in arbitrary order only ensure that 37 (36.3%) SOPs artedlete
They are included in the 74 SOPs detected by scan stuck-open fltsshCalsimn 3
shows the number of SOPs not detected by the flush test but debgctecan cell
boundary TDF tests. Column 4 shows the number of faults detected bjutheopen
ATPG tests shown in Table 5-2. These faults are highlightedrows in Figure 5-12
and Figure 5-15. The remaining 8 faults are not detected by Bow@stamng. Next, we
discuss the undetected faults.

The last column of Table 5-3 shows that 8 (7.9%) SOPs remain utedet€bey
are drain and source stuck-open faults located on transistors MNEZ22,NMINO6 and
MPOG6 highlighted by arrows in Figure 5-16. These SOPs are undksagte they are in
one of the two transistors in the transmission gates that camerprdpagation of signals
from the multiplexer to the master stage or from the matstge o the slave stage. Open
transistor faults in CMOS transmission gates can only betddtatat all, by delay fault
tests [5.3]. One way to handle these faults is to use a dgiloglele sized NFET in a
transmission gate as suggested in [5.18]. If this is done, thetu@ttgpen faults in the

scan cell will be detected by the tests proposed in this work.

5.6 Conclusions

In this chapter, we investigated the detectability of scah ingdrnal large
resistance stuck-open faults. An analysis of large resistaD&s $ a scan cell under

flush tests and boundary SAF/TDF tests was presented. A newtsckiopen flush test
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was defined based on the flush tests typically used. In addition, aseteaf ATPG
generated tests was also presented. Together, these tesit ale detectable large

resistance stuck-open faults.

Table 5-3: Experiment summary of stuck-open faults detected

Test ?)CZT] \ISZtIE(S:E Boundary Stuck-open | Undetected
P SAF/TDF Tests | ATPG Tests Faults
Tests
74 10 10 8
# of Faults (72.5%) (9.8%) (9.8%) (7.9%)

c
(a) Gate open (b) DrainfSource open

Figure 5-1: Transistor stuck-open fault model

Wddd

I

a+<:=|
W1,WwW2 =1, O

01500

vi,v2 =1, O —]c

wWss

Figure 5-2: Stuck-open at gate of transistor
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Figure 5-3: IDDQ detectable floating gate defects
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Figure 5-4: Large resistance stuck-open fault model considered in €kapte
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Figure 5-5: Gate of transistor MP0O5 and MP12 stuck-open
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(a) Fault detected with initial value of F = 1
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{b) Fault undetected with initial value of F =0

Figure 5-6: Detection of transistor MP0O5 gate stuck-open
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Figure 5-7: Gate of transistor MNO2 stuck-open
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(a) Fault detected with initial value of F = 1 by changing Tl when CP =1
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(b) Fault undetected with initial value of F =0

Figure 5-8: Detection of transistor MNO2 gate stuck-open
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(b) Fault undetected with initial value of F =0

Figure 5-10: Detection of transistor MNO6 gate stuck-open
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Figure 5-11: SOP on drain/source of transistor MP08
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Figure 5-12: SOPs detected by ATPG test with TE = 10
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Figure 5-14: Logic diagram of a scan chain with length 3
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Figure 5-15: SOPs detected by ATPG test with TE = 01
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Figure 5-16: Undetected stuck-open faults
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CHAPTER VI ENHANCED TESTS AND METHODS FOR
DETECTION OF INTERNAL RESISTIVE OPEN FAULTS IN SCAN
CHAIN

In Chapter V, it has shown that new tests are requiredhvéodétection of a large
percentage of scan cell internal open faults which are not dittegtthe existing tests.
The new tests detect all detectable large resistance opemsever, the additional
coverage due to the new tests drops significantly when opens with teocksigtances
are considered. In this chapter we propose to augment earliemé#isdds to detect
internal scan chain opens with a wider range of resistancesi€ilg proposed method
includes application of tests at higher temperatures and modifisato an earlier
proposed flush test. We also present an analysis to explain theomalditoverage

obtained by the proposed test methods.

6.1 Introduction

Open defects frequently occur in the current VLSI technologid8,[®.14] and
are modeled by inserting resistances at the fault dite€hapter V we considered
transistor large resistance opens internal to scan celly 6. [6.12] high resistance
interconnect opens internal to scan cells were considered.allypigvo-pattern tests are
required for the detection of SOPs [6.15]. The use of stuck-af@e2®§ and IDDQ tests
to detect complete (infinite resistance) opens have also beeadsfGdi6-6.18]. A new
set of flush tests together with the ATPG boundary tests weye/rs to detect all
detectable large resistance transistor opens internal to stlan[&2]. In [6.12], the
coverage of interconnect opens by standard scan based ATPG genesttedere
considered for detection and diagnosis. Since only traditional chash tiest were
considered and no improved flush tests or advanced test methods wetereohsan

[6.12], fault coverages achieved were lower than by the tests pcopoe2]. However,
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the additional open fault coverage obtained by the tests propose@.2ih drops
dramatically as the open resistances decrease.

In this chapter, we consider resistive open faults at the ttaewinals of
transistors in the scan cells with lower resistance vallesyva@lue of open resistance can
range from a few kild2s to tens of gig&s [6.21]. We present an improved set of tests
to increase the range of resistances of detected opens. We shby téplacing one of
the normal-speed flush tests of [6.2] with the corresponding pe#es flush test [6.1]
improves the range of open resistances detected. In addition, fltshgpsed at higher
temperatures are shown to significantly improve the range of igs&tances detected.
Theoretical analysis to explain these improvements is provided.tefigberature testing
adds to the test cost. However, devices with embedded DRAMseadugir temperature
testing [6.27]. Many designs have embedded DRAMSs. Therefore, thd sektecost of
the proposed method will be minimal.

The remainder of the chapter is organized as follows. In Section 6.2 we theie
methods for detection of resistive open fault. The tests proposed]rid&detect large
resistance open faults in scan cells are reviewed. We asasdi the open faults we
consider and present the coverage gaps of the tests to dstistive open faults. In
Section 6.3 we present the proposed methodology and discuss the improviantleats
scan cell internal open faults coverage. We also give aryssmalhich supports the
achieved improvements. Experimental results are also shown. Séeticoncludes the

chapter.

6.2 Preliminaries

In this section we review known methods for detection of resisipen faults.
The opens in a scan cell is classified into 6 classes in tiris Whe opens considered in

this chapter are also discussed. The tests proposed earliargerrésistance opens in
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scan cells are also reviewed. In addition, the coverage gaps obrikiglered tests for

resistive opens identified from experiments are shown.

6.2.1 Resistive open faults

A resistive open in which the resistance is finite appears when the conductive
material is not completely broken. Contacts/vias are likelypthees for resistive opens
to occur [6.28, 6.29]. It implies that the faulty node F in Figure &alavbe charged or
discharged to the expected value if a long enough time is givenlehgéh of the
charging (discharging) time depends on the value of resistamtelso the threshold
voltages of the driven transistors. It has been found that somsévee®pens could be
hard to detect due to the unknown open resistance. Since given long emoeighdi
faulty node is going to be set to the fault-free value, thisties stuck-open fault may
lead to transition delays. This is shown in [6.30] that the lengtimefto charge up the
faulty nodes depends on the resistance of the fault and cuiaikagée If the resistance is
large enough such that the delay caused by the open fault isnoagheto be captured,
such opens can be detected by the delay tests. [6.28] investibatedsistive open
detectability using delay fault testing. It shows that the gge@arameter variation must
be taken into account to define the pass/fail limit. Thereforaydekts can detect open
faults only in a specified interval of resistance values. In aaleletect larger range of
resistive opens or smaller resistance opens, at-speed teis flatection of small delay
faults may be one alternative method.

In addition to the open resistance, the initial logic value atabkyfnode also
affects the detectable range of resistive opens. This isitecthe time to charge up the
faulty node is longer if the fault node has the initial value whidau#ty. The behaviour
of a CMOS symmetrical flip-flop under resistive opens is ingagtd in [6.19]. The
faults considered in [6.19] are high resistive opens in gateamsistors. These defects

depend on initial conditions before applying tests. In addition, the dependtmtice
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detectability of opens on the duty cycle is also investigatefé.19] it showed that high
resistive opens located at gates of the transistors arenoédéy initial conditions prior
to the application of the tests. In Chapter V, the test sequence 00...011...160...0
suggested to charge the faulty node to the required initial vgl0@ b.0 before activate
the fault by a test bit 1 [6.2]. In [6.19] authors state that shdtty cycles and cycle
time can detect smaller values of resistive opens. This isibe&maller resistive opens
introduce shorter delays. In order to detect smaller delays, hegjuehcy tests are
recommended. However, this is not always true for the detedrosome open faults.
For some faults detection, retention tests are needed [6.31]. Ireshidogic O or 1 is
applied to each scan cell and it is observed whether the scaarcettain the value for
an “unlimited” amount of time. Hence, this test is applied at i@wfrequency. Besides,
[6.19] only proposed tests for opens at gate in data signals. Detettaock related
control signals also need special attention.

Detecting small resistive open fault remains difficult. CGoedetect smaller
resistive opens is to apply low or high temperatures duringesing. Since lower
(higher) temperature can increase the open resistance for sategafe. Hence, the
smaller resistive opens can be detected at lower (highemetatures. In today’s
technology, a silicide thin film is deposited on top of the polysiliasra shunt layer to
reduce the effective resistance of the polysilicon. [6.32] desctitgethilure mechanism
of a major class of high resistance interconnects. It showedilicate opens are caused
by agglomeration which will become more sever in deep-submiecmology due to
the smaller dimensions. In addition, because of the negativdaresstemperature
coefficient (RTC) of the polysilicon, the resistances of dife local interconnects
increase with lower temperatures. Thus, the delay caused bpehedefect is increased.
Hence, the silicide open defect is more likely to be detegtetid delay tests at lower
temperatures. This technique can also be extended to improve tbaliéteg of other

defects that have negative RTC, e.g., a partial open defect attéhiace between via
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plug and metal. However, low temperature testing method depends opéhdailure

mechanism, i.e. the RTC for the material used in the defeegisred to be negative.
Therefore, other open defect mechanisms or defect materiadk taebe investigated.
Moreover, keep decreasing the temperature or increasing the &unpeio unrealistic
level may not be doable.

In [6.33], it demonstrated how the logic testing, delay fault testimd) current
testing strategies can be used to detect floating gate fiautigic gates. Two important
concepts are introduced to describe the detectability of thes:fal)t Predictable
parameters include both technological information from the processtagological
information from layout such as coupling capacitance values. 2) Thedictable
parameters include the random information coming from the sizeidocand nature of
the defect causing the floating gate fault. In addition, it also shibat logic (functional)
test, delay fault testing and IDDQ testing only detect sugh far a given range of the
unpredictable parameter. For capacitance values intervals, dwtathity of those test
strategies varies. Therefore, it suggests that a combinatignltafe and current test
strategies should be used to optimize coverage of floating gatestoarfaults. [6.33]
also showed many simulation data to demonstrate the detectaleligndency on
transistor parameters and faulty node related parametgraci{izamce connected to the
faulty node and resistance of open defect). However, considésg parameters into
the scan cell internal fault detection is cost considerable aayl mot be feasible,
especially for those unpredictable parameters. However, it is worth to gatedte fault
coverage change and detectable resistance range of opens on thosd e @dicieneters
such as power supply voltage, internal driver strengths optimizationtransistor

parameters in different technologies, e.g., 90 nanometer and 65 nanometer, etc.
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6.2.2 Tests and open faults considered

In Chapter V, we proposed a set of 6 scan stuck-open flush tests ishdaiole
6-1 and discussed next.

The three typical flush tests, all ones (11...1), all zeros (00...0) an@dQh1l
sequence repeated over the length of the scan chain (0011...), are ordered as shown in the
Table 6-1. Applying 11...1 helps to initialize the faulty nodes forféudt detection that
needs proper initial condition. This is followed by 00...0 which genertdte 1 to O
transition necessary to detect some faults and also initigheefaulty nodes for fault
detections requiring multiple cycles of Tl = 0. Next, the norspaded flush test 0011...
is applied to detect additional faults. Next, the clock is held fat M clock cycles to
initialize the clock lines to 1. This is followed by scanning anotf@mal-speed flush
test 0011.... Next, the clock is held at O for N cycles to pre-cleogk lines to 0. Then,
the half-speed flush test 0101... is applied. In a half-speed flush6téstdescribed in
Chapter lll, the flush test is applied at half the frequency at which #mecbain is closed
(i.e., the shift cycle time S = 2T if the timing closure eytine for the scan chain is T).
In such a test, the Tl inputs to the scan cells change dlwengldck = 1 phase [6.1]. This
guarantees the detection of some additional open faults as shown ierChapinally,
the two bit test 01 is applied at very low frequency. Note th#tel higher switching
activity caused by 0101... is unacceptable one can replace ithgitnaiditional flush test
0011... [6.2].

The ATPG generated tests and the stuck-open flush tests ddsatioee,
referred to asstuck-open tests in the sequel of this chapter, detect all detectable large
resistance stuck-open faults within the scan cells. In bapter, we consider stuck-open
tests and optimize the test set to detect the scan cell internal opens wiille asange of
resistances as possible.

In Chapter V we assumed that the open has very large resistah6® mega-

Ohms. In this chapter, our goal is to detect opens with smaBetamces. A finite
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resistance is inserted between the faulty node F and the node toitwhauld otherwise
be connected. For the faults of Figure 6-1(a), the open fault is present at ttexrgatal.
The initial state of the affected transistor depends on the ttagmege on node F and
the transistor can either be off or on. The transistor is turn¢adfynf we keep node c at
1 (0) for a long enough time. For the open of Figure 6-1(b), tleetedf the resistive
open in the source/drain of the transistor will be to increasérdhsition delay of the
affected transistor. In [6.22, 6.23] it was shown that the coupling etiecthe
neighboring lines can help in the detection of resistive opens bysnoéalelay testing.
When the neighboring lines are set to a value opposite to the xaleeted on the faulty
net, the delay caused by the open will increase and hence the open with I@sigli@nce
is detected. However, such a method requires the layout informateachbfscan cell of
the scan chain. In this work, we consider the scan cell at théstaarlevel and ignoring
the coupling effects from the neighboring lines.

There are a total of 34 transistors in the scan cell showrgurd=R-1 and hence
we consider 102 open faults in the scan cell studied. We clabsifgpen faults into 7
classes based on the tests described in Chapter V assuming theesigéance of
100MQ. This classification is demonstrated in Figure 6-2 and discussed next.

From left to right in Figure 6-2, Circle 1 shows that 20 faultslass 1 (C1) are
detected only by ATPG boundary SAF/TDF tests. Circle 2 showd thigults of class 2
are solely detected by either the normal-speed or half-spes tsts, which are the
third and fifth flush tests in Table 6-1. Another class C3 of 28das detected by both
the test types. The third circle (C4) shows that 22 faults stclaare detected by only
the slow speed flush tests. The last circle represents thts far which detection
requires proper initial conditions. Six faults in class 5 arectkdeby the three ordered
flush tests of Table 6-1. An additional 6 faults are detecteddyliish tests after pre-

charging clock lines to 1 or 0. Finally, eight faults in class 7 are left unddtect
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Table 6-1: Scan stuck-open flush tests proposed in Chapter V

Tests Comments

11...1 . .
00...0 Normal-sp_eed flush tests in thig
0011... designated order

D

Hold clock signal at 1 for M cycles

Normal-speed flush test after pr

0011...

charging clock lines to 1

D
]

Hold clock signal at O for N cycles

Half-speed flush test after pre-

Half-speed flush test 0101...

charging clock lines to O

Applying 01 slow for 2 cycles

Slow speed flush test

C
(a) Gate open

(b) DrainfSource open

Figure 6-1: Resistive stuck-open fault model

C2 (12)
B°1 (dzm Normal/Half
oundary \28)/speed flush

tests

Slow speed

C5(6)
Init. cond.
on data

line

C6 (6)
Init. cond.
on clock
lines

C4(22)

test

C7 (8) undetected

Figure 6-2: Classification of transistor open faults
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6.2.3 Coverage gaps of scan stuck-open tests for resistive
opens internal to scan cell

We observed as the resistance decreases, the fault coverage of tlupetutdsts
described in Section 6.2.2 drops significantly. Table 6-2 shows theasionutesults at a
temperature of 25 centigrad€’] for the open faults if the open resistances are ID0M
4MQ, 400KQ and 40K) which are representatives for large, medium and small
resistances. The fault coverages are reduced by 33.4%, 47.1% and 9ih2%epen
resistance drops from 10a@Mto 4MQ, to 400K and to 40K, respectively. Therefore,

a cost-effective method to detect smaller resistance opens is necessary.

Table 6-2: Fault coverage of the stuck-open tests to detect resistive opens at

25C
Open Resistance 10aM 4AMQ 400KQ 40KQ
Fault Coverage 92.2% 58.8% 45.1% 0.98%

6.3 Proposed methods to improve fault coverage of

resistive open faults

In order to detect scan cell internal open faults with widsist@nce range, we
propose to modify the stuck-open tests described in Table 6-1 bgingpthe fourth
normal-speed flush test 00110011... with a half-speed flush test 00110011... asishow
Table 6-3. Note that, as with the flush tests of Table 6-1, ihitjeer switching activity
caused by 0101... is unacceptable, the fifth and the sixth flush testseazplaced by
00110011... and the 5-bits test 00110, respectively. We also propose applisnat tes
higher temperatures to further improve the fault coverage when theregistances are

small.
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Before discussing the motivation for these changes, we presaritsrés
demonstrate their effects. We performed HSPICE simulationg assegment of a scan
chain with three scan cells as shown in Figure 6-3. The targeted fapk with an
inserted resistance was injected into the second flip-flop. 83te in Table 6-3 together
with the ATPG TDF tests targeting D and Q were applieti thie ambient temperatures
of 25C and 125C. Note that the TDF tests are applied at the frequency of 1@Hiz a
assumed 20% slack (0.2ns) for the path in combinational logic esteel For the
industrial design used in this work, the scan chain timing closaseatvscan shift cycle
time of 10 nanoseconds. Thus, the half-speed flush test was aplett aycle time of
20 nanoseconds. Holding clock at 1 or 0 for 150 nanoseconds was founchtmgh &
pre-charge the clock lines. The slow speed two-bit flush tegipBed at shift cycle time
of 1 micro-second.

Table 6-4 summarizes the simulation results. Rows 2 and 3 shovautie
coverages for the open resistances of 1Q0KMQ, 400KQ and 40K2, respectively. In
the following subsections, we present explanations for the coverag®vements
discussed above. We also discuss the observation that the ATP@3iBhave better
performance than the flush tests in detecting some open Vathtsmaller resistances.
Comparing the results in row 2 of Table 6-4 to Table 6-2, the faultrage at Z& is
increased by about 3% for the open resistances &1,400KQ and 40K2. Therefore,
the new tests detect 3% more open faults than by the testtbddsn Table 6-1 [6.2] at
25C. We will analyze this improvement in Section 6.3.2. By increasirgegmperature
at which the testing is done to 125 the coverage is enhanced by over 22% for the open
resistance of 4K). We observed that the majority of this coverage enhancement is
contributed from the faults in class 4 (cf. Figure 6-2). Wd digcuss this further in
Section 6.3.1. The faults detected over and above those detecteddstshe Table 6-1
when resistances are 40Qkand below are all in classes 1 and 3 (cf. Figure 6-2). The

faults in these classes are detected by either ATPG boutaddsyor both by the ATPG

www.manaraa.com



87

boundary tests and flush tests. For the data reported in Table G:gdedidhe results for

ATPG boundary TDF tests. We discuss this further in Section 6.3.3.

Table 6-3:Scan resistive stuck-open flush tests proposed

Tests Comments
éé(l) Normal-sp_eed flush tests in this
0011 . designated order
Hold clock signal at 1 for M cycles Half-speed flush test after pre-charging
0011 ... clock lines to 1 (this is the modified test)
Hold clock signal at O for N cycles Half-speed flush test after pre-charging
Half-speed flush test 0101... clock linesto 0
Applying 01 slow for 2 cycles Slow speed flush test

Table 6-4: Fault coverage by applying the proposed tests at higher tengseratur

Open Resistance 10aMm 4MQ 400KQ 40KQ
25C 92.2% 61.7% 48.0% 3.9%
125C 92.2% 84.3% 48.0% 5.9%

Voo VlDD VIDD
1
PO — Fault P17 B2 Fault
ault- 1 ault-
Tlo__ free Qo i Faulty | 2 TI2,_ free [ Q2
F.F. 1 FF F.F.
T T T
VSS Vss VSS
CP
TE

Figure 6-3: Logic diagram of a scan chain with length 3
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6.3.1 Leakage current effects on the detection of faults in
class 4

Leakage current is becoming significant due to the shrinking sizearsistors.
Besides, leakage currents increase with increase in ambimepétature [6.24]. The faults
of class 4 are located in the part of the scan cell useetdam the logic value from the
previous clock phase. This class of faults can only be detegtéielslow speed flush
tests. The detection of these faults depends heavily on the leakagetz We found
that the increased leakage currents due to higher testing taarpgurevent the expected
value from being retained on the scan cell internal nodes. THisvid#gn the detectable
resistance range of this class of internal opens.

As an example, consider the open fault at the drain of transistd8 kiBhlighted
by an “X” in Figure 6-4. The faulty transistor is in therorh of the circuit used to retain
the value at node N1 from the previous half clock cycle. This faueiected by the
slow-speed flush test described in Table 6-3. When CP = 0, @Valjie 1 enters the
master latch at node N1 since transistors MP02 and MNO2 arédnemode MD is then
set to 0 and hence MPO04 is turned on. When CP switches to 1, MPO3e tur since
CPN = 0. The node N1 is thus driven by Vdd through the transistof MRd MP03
and the logic value 0 at MD propagates into the slave latch inathieffee circuit.
However, in the faulty circuit the node N1 is floating due to thenapeMPO03. If we
apply the test slow enough to let N1 discharge towards 0, thitumwilon MPO5 and turn
off MNO5. The faulty value 1 at MD is then generated and propagattéte output Q.
Note that the detection of this fault also requires the openamséesto be large enough
such that the current charging the node is smaller than the discharging duNent a

At node N1, five possible currents will be present when CP switthel as
illustrated in Figure 6-4.,lis the current charging the node N1 from Vdd through MP04
and the faulty transistor MP03. The larger the open resistantteeismaller the value of

11 will be.
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When CP = 1, both MNO2 and MPO2 are off.isl the subthreshold leakage
current between sources and drains of MNO2 and MPO2. Note thatatkegécurrent is
present only when the nodes DP and N1 have different values durinigaibe where CP
=1 (i.e., Tl is required to change when CP = 1and | are from the combination of
parasitic leakage current through gate-to-source/drain exteogeslap region and gate
to inverted channel current [6.24]. Since N1 holds the value 1, the mapbrigate
leakage goes to Vss and the node MD through MNO5 and MPO5, respe@ively MD
= 0 when CP =1 as the initial state in the faulty circuit,0MNs turned off and MNO3 is
on. Similar to 3, Isis the subthreshold leakage current from N1 to Vss through MNO3 and
MNOA4.

According to the detection condition described eailiereasing the discharging
currents (d+ Is+ I+ Is) or decreasing the charging currentdn detect the open fault
with smaller resistance. One way to accomplish this isise ithe testing temperature.
The subthreshold leakageshd kcan be expressed as follow [6.25]:

W B . )
law = #C 4 L_(m — 1)V, )2elM VI e Ves TV (1)

whereyy is the effective mobility, & is the gate oxide capacitance, W/L is aspect ratio
of the transistor, m is the body effect coefficient,i¥ the thermal voltage andy\s the
threshold voltage. Vg andp¥ are the gate and drain-source voltages, respectively. By
raising the temperature, v decreases and tVincreases linearly. Thus, bBnd §
exponentially increase as the testing temperature is raised.
The contact and via resistance is a function of temperature as follows:

R(T):Ro[1+C1(5T)+C2(5T)2] 2
wheredT = T - 25C. C1 and C2 are the parameters for different types of vias. Thus,
will decrease due to the increased open resistance during elevated terafsoat speed
test. pand L are weakly dependent on the temperature [6.26]. Therefore, the attigas

and k and the decreased tlue to the higher temperature prevent the node N1 from
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retaining the fault-free value 1. Hence, applying the slow splesth test at higher
temperature will detect the open fault shown in Figure 6-4 with smalletameses

Note that replacing the low frequency test 01 with 11 also wetacs fault.
However, sinceqlwill not be present in the latter case the detectabletaesis range of
the open will be narrower.

To determine the enhancement of the detectable open resistageédbyaraising
the testing temperature, we performed simulations on the fastustied above at
different temperatures and determined the smallest detectsidtance (Rc) of the fault.
The simulation results are shown in Table 6-5. If the temperatareases from 26 to

125C, the smallest detectable resistance is reduced by 88.2%.

Vdd Vdd
vdd
MP10 MP11
CPN e
cP cpr PO Vad
N5
vdd MN10 MN1 1
mroz|p— cp1 |—4 MP0
MPO4 }; Vss Vss N4
mNo7] = cPN—] [ Moo
NGI Vss
mnos ||
Vdd
Din
Vss
—d[ w12
Q

_I MN12

Vss

Figure 6-4: SOP on drain/source of transistor MP03
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Table 6-5: Simulation results for MPO3 drain open a€250C, 75C, 100C and 125C

Temperature 4) 50C 75C 100C 125C

Rc 17M 8MQ 4AMQ 3MQ 2MQ

6.3.2 Widening detectable resistance range of faults in class
6 by slower speed flush tests

Typically, resistive open faults can be detected by delag tasgeting small
delay defects [6.19]. The faster the test is applied, the sniladleresistance of detected
opens. However, we found that the slower speed test can detecfadiaen class 6
with smaller resistances. This class of faults may bected by both the normal-speed
flush test and the half-speed flush test after pre-charging tloes to 1. However, we
observed that opens with smaller resistances are detectbeé bglf-speed flush test at
25C. The 3% coverage improvements are due to this class of faultsedeby the half-
speed flush test of Table 6-3 that replaced the normal-speeddhigsdf Table 6-1. Next,
we discuss detection of one of these faults.

Consider a class 6 open fault located on the gate of MNO6 shown in Bigure
The fault site is highlighted by an arrow and F denotes th&/faabe. In the fault-free
circuit, the node F is connected to CP1. The detection of thisreylires holding the
clock at 1 to charge F to 1 before applying the flush test. W tefFigure 6-5 and
Figure 6-6 in the following discussions. Note that in the normaldsflesh test Tl can
change value either when CP = 0 or CP = 1 depending on the pattbei@en Tl and
the output of the previous scan cell. Assume that the shift mode afctn chain has
been closed during timing closure for 1/T Hertz (i.e., the maxirdalay between the
scan cells in the scan chain is T). Figure 6-6(a) shows/éiveforms of CP, TI, CP1, F

and Q when TI changes value in the CP = 0 phase in the normalfkstetest applied
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with the clock cycle S = T. When CP = 0 in cycle i, CP1 is@ BINO6 is turned off in
the fault-free circuit. The changes of Tl will not propadgatéhe output Q. However, in
the faulty circuit F is initialized to 1 and discharges slowhych strongly depends on the
open resistance. Hence, MNOG6 is turned on when CP = 0. The changearh Tl to O in
cycle i will propagate into the slave latch and to the output Q.faudgy value Q =0 is
then observed at the next rising edge as shown in Figure 6-6alarly, this fault is
also detected by applying the half-speed flush test with thiecskie time S = 2T which
guarantees that the changes of Tl happen when CP = 1 as shogureg-6(b). In the
faulty circuit, Q in Figure 6-6(b) changes at the falliige of the cycle i whereas it
changes at the time Tl changes in Figure 6-6(a). Therefote thtormal speed flush
test and the half-speed flush test may detect this fadlteifopen resistance is large
enough.

Fault detection requires the change of Tl to propagate throughfféeted
transistor MNOG6 before the node F discharges down to turn off MNOGoassn Figure
6-6. However, we cannot control the change of Tl directly. The timfrtge change of
Tl depends on the path delay (dp) between Tl and the outpiog @ir¢vious scan cell in
the scan chain. Since F starts discharging in the CP = 0 pichsbarging when CP =1,
in the case of changing Tl when CP = 0 the fault is detectaityeif the delay (d) caused
by the open fault is greater than (dp — S/2) as shown in FigGa)6However, in the
case shown in Figure 6-6(b) the TI transition always happensebiéfstarts to discharge.
Therefore, the half-speed flush test detects smaller resistaitise fa

We simulated the flush tests in Table 6-1 and Table 6-3 forablstb determine
the detectable resistance range enhancement by the newlyqudlush tests. Table 6-6
shows that by applying the half-speed flush test after pregicigaclock lines to 1 the
smallest detectable resistances are reduced by 97.8% and 97.2% attteegp28s and

125C, respectively.
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Table 6-6: Applying the tests in Table 6-1 and Table 6-3 to MNOG6 drain open fault

Tests 25C 50C 75C 100C 125C
Old tests [6.2] 6.6MQ 6MQ 5.6MQ 5.3MQ 5.1MQ
New tests 145K 143KQ 143KQ 142KQ 142KQ

6.3.3 Observation on ATPG boundary TDF tests vs. flush
tests in detecting faults in class 3

The ATPG TDF tests are applied at a speed much faster ikamotmal flush
tests. Faults in class 3 (cf. Figure 6-2) are detectdabtiythe flush tests and the ATPG
TDF tests. However, we found that the ATPG boundary TDF testtaka advantage of
the delay from the combinational logic for the detection of smadlgsistance opens in
this class.

Consider a fault in this class, the drain open in MNE highlightedrbarrow in
Figure 6-7. The node Din, the inverse of the scan cell input, getsalue from the
multiplexer shown in Figure 2-1. To detect the fault, we shouldifiisalize the node
DP to 1 by setting Din = 0 since MPE is on. In the second pattern, we need to €1 Din t
which turns on MNE in the fault-free circuit. Hence, DP willgs to 0. However, in the
faulty circuit DP retains the value 1 due to the open faulheatdtain of MNE. This is
shown in Figure 6-8 where the output Q retains the value 1 in &s&lelhe detection
condition of this fault is TE = 11, TI = 10, D = XX or TE = 00, TI XXD = 10 where X
denotes a do not care. Therefore, both the normal-speed flush test 0011...Ame@&e
test targeting D slow-to-fall fault detect the fault.

The delay (dr in Figure 6-8) caused by the open fault is depeaodéhe value of
the open resistance. The detection of the fault requires thatddpwill be greater than

one full cycle time S, where dp is the path delay from the outghegbrevious scan cell
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to Tl when flush test is applied or the delay from combinationat wvhen the boundary
TDF test is applied. Since in the TDF tests cycle time &out two orders of magnitude
less than the one for the flush test, the requirement on the magnitude of dr in ddtecting t
drain open fault in MNE by applying the TDF test is smalldrug; the TDF test can
detect this class of faults with smaller resistance.

Table 6-7 shows the simualtion results for the fault described abstesl at 2%
and 125C. The ATPG boundary TDF tests are applied at the frequency {&Hzns).
The smallest detectable resistances assuming 100%, 90%, 75%, 50%ar2b%4)%
slacks for the path in the combinational logic selected by thé fESts are shown in
columns 2-7 of Table 6-7. The ATPG TDF tests take advantage of lthetdeough the
combinational logic and can potentially reduce the detectabléamsesby 91.2%. Note
that by simulating the flush tests in Table 6-3 the sntalletectable resistances at@5
and 125C are 543K and 463K, respectively. Therefore, compared to the normal-
speed flush tests the ATPG boundary TDF tests reduce the bitaetsistance by over
68%.

The results reported in the last two columns of Table 6-4 arédocdse of 25%

slack for the combinational logic path used in the TDF tests to detect theti@dts.

6.4 Conclusions

In this chapter we investigated the detectability of tegisopens in transistors
internal to scan cells. The increased leakage currents dueseéd tamperature during
testing can reduce the detectable resistance by up to 88%. llomddie found that
slower speed flush tests can reduce the smallest deteaaldtamce of a class of open
faults by over 97%. Based on these observations, a new scan studkispetest was
proposed to detect wider resistance range of opens inside theeallsahe proposed
methodology improves the resistive open fault coverage significaRthally, we

observed that the ATPG boundary TDF tests detect smallstaese opens than the
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flush tests for a class of faults by taking advantage otiétays in the combinational

logic.

Table 6-7: Appling ATPG TDF test at 1GHz to the fault in class 3 for variédi&ssof
combinational logic

Temperature 100% 90% 75% 50% 25% 10%
25C 171KQ 164KQ 147KQ 104KQ 44KQ 16KQ
125C 147KQ 143KQ 130KQ 93KQ 40KQ 15KQ
Vdd Vdd Vdd
MP1éJPN MP11 MPOg ID—Vdd
cpP CP1 NS
v MN10 MN11 MPQ7 |=— CP1 |—<1 MPO9
Vss Vss I—l N4
CPN MNOS
Vdd W l: ved M7 I_
N2 CPN NG v
b1
MPO3 P-CPNI—c{[!IﬂPos e mnos |
MD PO SD ved
Din NO
I_l Vss

T Mg |_CP1 lji”o'f’ F —q[ wer2

CPN v Q
Vss 58 |
MNO4 } CP1 —Qr\nz
Vs Vss

Figure 6-5: Gate of transistor MNO6 stuck-open
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L]
F : gl
|
Q ' — -1
l—cycle i—}—cycle i+1++cycle i+2-]

{a) Fault detected with initial value of F = 1 by normal flush test

cP | I— I
TI Tras

cp1 ___| L | |

F
Q

I-— cycle i —+— cycle i+1 —'l

{b) Fault detected with initial value of F = 1 by half-speed flush test

Figure 6-6: Detection of transistor MNO6 gate SOP

vdd Vdd Vdd

CPN vdd
N5
MN11 mpo7|p— cp1 |—4 MPO9

N4
WSS
MINOT |_CPNI—| MNO9
CPN
N6 Vss
-‘L mnos | |
MD -@. sD Vdd
] Vss
| —C{ MP12
CP1
Q

——][mni12

Vss

Figure 6-7: Drain of transistor MNE stuck-open
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Din dp

DP *dr'l

— cycle i —}= cycle i+1 4« cycle i+2

Figure 6-8: Detection of transistor MNE drain SOP
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CHAPTER VII AN ENHANCED LOGIC BIST ARCHITECTURE FOR
ONLINE TESTING USING SCAN STUCK-OPEN FLUSH TESTS

The objective of using Logic Built-in Self-Test (BIST) for onliaed periodic
testing is to identify defects, like opens, resulting from thervaed tear of the circuit.
We have shown that existing test sets have a low coverage for efemtsdocated in
scan flip-flops, even though such defects may affect functional togrer&xisting Logic
BIST structures suffer from the same limitations. As show@hapter V and IV, a new
set of tests is proposed to detect all detectable open fadtadhto scan cells. In this
chapter, a novel Logic BIST architecture to detect such daegept®posed. Unlike other
sequences, like checking experiments, the enhancements are anuplelependent of

the circuit under test.

7.1 Introduction

Logic BIST is often used in periodic system testing. The tlbgof these tests is
to uncover defects that could occur due to the wear and tear ofd¢he. €@pen defects
are one such class of defects. We investigate the detectmpenfdefects, specifically
ones that occur inside scan flip-flops, using logic BIST.

In Section 7.2, we discuss the various BIST architectures to wiglwork is
applicable. We also describe the results of an earlier asalgewn in Chapter V that
showed the following: (1) Assuming that the set of patterns applied 0@26 stuck-at
and transition fault coverage, only 55.87% of the stuck-open faults sc#mechain are
detected. A similar conclusion is applicable to conventional Log&TB(2) The faults
that are not detected, if present, can cause the circuit ia th# functional mode. Many
of these faults will be hard to diagnose since they will caotsnittent failures. In
addition, these failures become more important when power saving méieodbck-
gating is used. (3) We review a new sequence of tests teatdthese undetected faults

and increases the stuck-open fault coverage to approximately 92%eriaming 8% of
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faults are on transmission gates within the scan cell whicina@rdetectable. Based on
this enhanced coverage we argue that such tests can be applgati gfshe logic BIST
pattern set.

In Section 7.3 we propose an enhanced logic BIST architecturadt@nplishes
this. Note that in [7.3, 7.4] checking experiments were proposed to detdctfaults.
However, the checking experiments are very long which adverBebtsathe test time.
Such tests are also a function of the circuit under test. This lescarbarrier to an easy
implementation in logic BIST. In our case we show that thep@$érns are independent
of the circuit under test and are amenable to a very simpl€ iBiflementation. Finally

we conclude in Section 7.4.

7.2 Preliminaries

In this section we give a brief introduction of BIST architeztuand tests
applied by Logic BIST. In addition, the enhanced set of tests destus<hapter V and

VI is reviewed.

7.2.1 BIST architectures and tests applied by Logic BIST

There are two classes of BIST architectures [7.13] (i) In-sitastyger-clock; and
(i) Scan-BIST or test-per-scan.

For in-situ BIST, a pseudo-random pattern generator (PRPG) ativibe inputs
of the circuit-under-test (CUT), and the PRPG changes statepamncelock cycle. A
number of different variants of this are possible. Among them ateitbuogic block
observer BILBO [7.14] and circular self-test path (CSTP) [7.15keSteements, like D
Flip-Flops, are modified as shown in Figure 7-1(b), (c). In FEgud., yare the inputs of
the CUT and Y are the outputs of the CUT. For BILBO, the values of the control
variables B, B; determine the mode of the state elements viz. functional, scin shi

pattern generation or response compressions.
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For CSTP, the values of the control variables B determine the mode of the
state elements viz. functional, scan shift or response compressioothl cases, the scan
shift operation is applied primarily to initialize the contentled PRPG and shift out the
compressed signature.

For test-per-scan, for each clock cycle the PRPG makéste tsansition and
single bits are shifted into multiple scan chains driven by RB@ After a sufficient
number of clock cycles has been applied to fill the scan chaingghestapplied to the
CUT. One realization of this method is the STUMPS (Self-T¢&shg an MISR and
Parallel Shift Register Sequence Generator) architefiuté] shown in Figure 7-1(d).
Optionally, in the STUMPS architecture, the scan-out pins can be fed into an ©®R-tr
reduce the number of inputs going into the multiple input signatursteedMISR).
Inclusion of this XOR-tree does not change the results in ay KB@ simplicity, we
ignore it in this discussion. The state elements are modifiechdble the scan shift
operation. Mux-Scan, an example of such a modification, is shown in Figure 7-1(a).

We study in detail the Mux-Scan element in the context of test-peB3&an All
the state elements of Figure 7-1 have D-flip-flops. The resbitsined are valid, with
minor modifications, for the BILBO and CSTP approaches.

For the logic BIST architecture assumed, a large number of randibenngaare
scanned into the scan chains and applied to the combinational circuit teateffor
stuck-at faults only single cycle tests are applied. Foritrandaults, tests with two or
more cycles are applied. We henceforth assume that logic BIFiE®two pattern tests
to the circuit under test (CUT).

In the context of scan testing, a set of tests called flush &@e also applied.
Assume that the shift mode operation of the scan chain has been ¢losed for a shift
clock with time period T. Then all the shifts of scan chains toyaegts and observe test
responses are done, both in logic BIST and traditional scan basedakxést, using a

clock of period T. The waveforms of the clock (CP) and scan_in igiaks in Figure 7-
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2 show the application of the flush test 0011001fallowed by 00...0. The tests are
applied to the scan chain at shift cycle time S equal to T.e/Athd second test is shifted
in, the values stored in the scan cells are shifted out and compaiethevexpected
value. Shifting continues for K additional clock cycles, where Ksléngth of the scan
chains.

In [7.12], we showed that many SOPs are not detected by tigasfatest suites
that include flush tests 00...0, 11...1 and 00110011... and scan cell boundary tests for
SAFs and TDFs.

In the context of Logic BIST flush tests are not explicitpleed. However, flush
tests are an implicit part of logic BIST tests when randonepettare shifted in to fill the
scan chain. If there is a scan chain fault, detectable lysh fest, it will corrupt the
vector applied by logic BIST to the CUT. Consequently, the resporntbe GGUT to the

corrupted pattern is likely to be faulty, and this will be detected through thR.MIS

Yi
! ¥i Bo ¥i
D
Yi-1 ‘
—_— B, —
T :| ! D_D

TE Yi -1

(a) Mux Scan Flip-Flop (b)Y CSTP Flip-Flop

,,,,,,,,,,,,,,,,,,,,,,,,,,,

scahnin_1

m m
= o]
| .3
scanchain_1

scanchain n

) >
¥i -1

{C) BILBO Flip-Flop scanout_1 scanout_n

(d) STUMPS

Figure 7-1: Logic BIST Structures
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I 1
ce | ] I I B B L[]
' Loading scan chain with 15t flush test ' shift outputs of 1st flush '
test out & loading with 2
flush test in the chain
Tl
l‘ r|_ 1
! Flush test 0011 ... 0011 ! Flush test 000 ... O !

(a) Normal Flush Tests with S=T

CP |..._| _|_ | |

Shift outputs of 1st flush
test out & loading with 2nd
flush test in the chain

Loading scan chain with 1%t flush test

1/2TI -
[ i

Flush test 0011 _.. 0011 ! Flush test 000 ... 0
(b) Half-speed Flush Tests with S = 2T

Fy

Figure 7-2: Scan testing with flush test 00110011...

7.2.2 Tests for scan cell internal open faults

In Chapter V, we proposed additional scan based tests to cover theedca
internal faults. These studies were done in the context of manurfgctest applied
through an external tester. The need to generate and apply the atldtanbhased tests
in logic BIST, and methods to achieve this goal, are the focus of this chaptdre Sake
of completeness and motivation for the work in this chapter, we include a sumintiaey
work reported in [7.12] that considered high resistance opens in thestoamsnternal to
scan cells. This will point out issues that have to be addredsen enhancing the logic
BIST schemes to detect opens.

In Chapter V we showed that by using an enhanced set of scantbstsed is

possible to increase the coverage of SOPs such that all detdatgkleesistance open
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faults in the scan cell shown in Figure 2-1 are detected. Basathtysia of such opens
with moderate resistances [7.19] described in Chapter VI, an improved set oé§issis t
proposed. The sets of tests for open faults internal to scamaoelhown in Table 7-1
and Table 7-2 and are briefly reviewed below.

The tests in Table 7-1 are flush tests. The important new reqnterf these
tests are (1) the order of application of the tests, (2) the eegemnts on the period of the
shift clock, and (3) holding of the scan clock at O and at 1 foriadbef several clock
cycles. The first three tests in Table 7-1 are the stanhblesfdl tests but must be applied in
the order given rather in an arbitrary order as typically dorsgaindard test suites. After
the application of the three flush tests the shift clock should be held at logic 1dbodur
of M clock cycles. M is the number of clock cycles required tocpeage clock node to
1. This is done to insure charging of the clock lines of the scétoell even in the
presence of high resistance open. Next, the flush test 00110011... id agyplie and the
clock is held at O for a duration of N clock cycles. N is the nunabeclock cycles
required to charge clock node to 0. This is followed by a neshftest 0101...01 applied
with scan shift clock period which is at least twice the clpekod determined by the
timing closure of the scan chains.

The half-speed flush tests were first introduced in Chaptd718]. A timing
diagram for half-speed flush tests is shown in Figure 7-2(ln)e lhssume that scan chain
timing was closed for time period T then the half-speed flusitlesk should have time
period 2T. Such tests were shown to be required to detect sorkeastaicd stuck-on
faults in [7.5] and to detect some transistor opens in [7.12]. FiaaWy bit flush test 01
is applied at much lower frequency.

For the 90 nanometer design shown in Table 1-1 the timing closurepxockl
for the scan chains was determined to be 10 nanoseconds. Thul-tpedd flush tests
are applied at a clock period of 20 nanoseconds. A duration of 15 cloas ayabr

which the clock is held at 1 and 0 as described above was found tdibiersiufo pre-
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charge the clock nodes to 0, 1. So, N = 15 in Table 7-1. A 1 microsecmkdpelriod for
the final two bit flush test was determined to be sufficient. THsisflush test is needed to
test for data retention faults in the scan cells.

The additional tests shown in Table 7-2 were also found to be nezdistdect
some scan cell internal SOPs [7.12]. These tests are twonpeasts and target stuck-
open faults on transistors driven by the test enable input TE. In htwmgattern test
application using broadside test method the test enable line isahéldduring the
initialization and capture cycles. The tests in Table 7-2 recuistate transition on TE
during test. More importantly two of the tests require a O tarisition on TE. Such two
pattern tests are not used with either broadside or skewed-load methods.

In summary, the results in Chapter V [7.12] for externally apphedufacturing
tests to detect scan cell internal faults that require nortitnadi tests imply that one
needs to enhance patterns applied using logic BIST. Thiseagillitre modification to the
pattern generators and clock wave form generators used in logic BIST.

A point to be noted is that the scan stuck-open test sequence isndeieipef the
circuit implementation, and as demonstrated in the next sectiamdrable to a simple
BIST implementation. This makes it useful for periodic testiiiper known sequences,
like the checking sequences [7.3, 7.4], are dependent on the circuiniempétion. They

are also not amenable to a simple logic BIST implementation.

7.3 Proposed enhanced logic BIST architecture

We have so far established that flush tests, with various clockotorgnd
carefully ordered patterns, are needed to maximize stuck-operagevé¥e have also
seen the rationale for maximizing coverage in the context stesy testing. During
manufacturing testing, if scan top-off patterns are used in cormguneith logic BIST
then such patterns can be applied from the ATE. Note that duringnstesteng the ATE

is not available and we are completely reliant on the logic Bi8icture to test for these

www.manaraa.com



10t

potential field failures. Thus, logic BIST needs to be augmentegpty ¢he scan stuck-
open flush test sequence.

The modified logic BIST architecture we are proposing is shoviigare 7-3. In
addition to the PRPG, possibly concatenated with a weight mgodifeeneed a second
data source for the various flush tests. A multiplexer isided to drive the scan chains
from these two data sources. Secondly, to control the clock weanekxtk modifier
module that will: slow the clock for half-speed test or veoysspeed test, or freeze the
clock at either 0 or 1 for an extended period of time. Finallyetieen BIST sequencer
which controls the two data sources, the data selector, thelscarmodifier and MISR.
In addition, it is responsible for starting the logic BIST operasequencing through the
various stages of the logic BIST test session and indicatingdimpletion of the test
session.

The darkly shaded boxes are legacy logic BIST blocks and the prbpos
architecture builds on that. The BIST_SEQUENCER, lightly shadethe diagram,
contains the OLD_BIST_SEQUENCER. This legacy block scannekeirpatterns and
applied the TDF/path-delay patterns at-speed to the combinational pardeste.

We assume that this legacy sequencer generated two signal®LDE
FUNC_CLK_OLD to accomplish this. It used the ORIGINAL_SCAN_CLO@&Kd the
Functional_Clock to generate these patterns. We also assunitectirdtols the MISR to
accumulate the results, compare it with the expected resultpeaedate the error signal.
This is not shown explicitly in the diagram. The un-shaded blockseaveblocks that we
will define below.

The BIST_SEQUENCER generates a set of new control signalsge adnad
beyond those generated by the OLD BIST _SEQUENCER. FLUSH igsntifhether
the sequencer is generating the scan stuck-open flush test of Thiolenot. FLUSH is
used to modify TE_OLD and FUNC_CLK OLD to generate TE, FUNKK @s shown
in Figure 7-4. The TE and FUNC_CLK signals go to the scamshand the MISR.
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FUNC is also used to select the data, going into the scan clediney from the
FLUSH_DATA_GENERATOR or the PATTERN_MODIFIER.

The BIST_SEQUENCER generates four control signals to control the
SCAN_CLK_MODIFIER: NORMAL_SCAN, HALF_SCAN, PRECHARGE_1 and
SLOW_CLOCK. They indicate, respectively, that the originalnsciock, half-speed
scan clock, clock held to 1 and slow clock are to be generated. Ndtéhéne is no
specific signal to hold the scan clock to 0. If the above famads are set to 0 then the
SCAN_CLOCK_MODIFIER will hold the scan clock to 0.

A realization of the SCAN_CLK_MODIFIER block, using the above control
signals generated by the BIST SEQUENCER, is shown in Figuft. 7
NEW_SCAN_CLK is the output of this block that drives the scan dioglt of the scan
chains.

The BIST_SEQUENCER generates a set of control signals to ototite
FLUSH_DATA_GEN: ALL_ 1, DATA 0011, DATA_01. ALL_1 indicates thahe
flush test 11...1 is to be generated, DATA_0011 indicates thatusle fist 00110011...
is to be generated, and DATA_01 indicates that the flush test 019€10.be generated.
Note that we do not have any specific signal for the flushO@s.0. If the above three
control signals are set to 0 then FLUSH_DATA is 0.

The above control signals are used by the FLUSH _DATA_GEN asrsimow
Figure 7-6. Note that a free flow of 00110011... and 01Qdatterns are being generated
from clock signals. HALF_FLUSH_CLK is the half-speed schotlc generated within
the SCAN_CLK_MODIFIER of Figure 7-5.

A definition of the BIST_SEQUENCER that generates the variongral signals
is shown in Figure 7-7. We assume that on power up the state maokene the RESET
state and the following control signals are all set to 0: NGRMSCAN, FLUSH,
HALF_SCAN, NORMAL_SCAN, PRE_CHARGE_1, SLOW _CLK, ALL_1,
DATA 0011, DATA 01, LBIST_ON. We use the following notation to labeledges:
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<a,b,..>/ <x)y, ..> . Here a, b, before the “/", are the list ghaivalue pairs that will
cause the transition to occur and x, y, after the “/”, are tmakiglue pairs that result as
a result of this transition. For example, the “START” to “APPIY" occurs when
LBIST_START=1 and this transition causes LBIST_ON, ALL_1, NORMAICAN,
FLUSH to be set to 1. We assume that all these outpulstelhed outputs. In the figure,
OLD_LBIST_SEQUENCER is the legacy sequencer and the newidanis described
independently. Once the scan stuck-open flush test is applied the cagredimquishes
control to the legacy sequencer. This was done to explain theaoairibution of this
work. An actual implementation will merge the two in a more optimized form.

In the above state diagram we used the symbols K, M, N, and S waidefared
in Table 7-3. With this background the state diagram of Figureshould be self-
explanatory. Note that we have added a SYNC state to synchrorilzeéhe global
LBIST controller and wait for it to reset the LBIST_STARTrsal before moving on to
the START state.

7.4 Conclusions

Using results obtained earlier for manufacturing tests, wsudsed the
shortcomings of current logic BIST structures in detecting opesctiethat are important
in periodic field testing. Based on earlier results, we ardgo&dift the stuck-open faults
not detected by current logic BIST are left undetected, they may causeahfailures.
A new set of tests to detect these faults were presentbdr.e®/e proposed a new

architecture for logic BIST that can apply these tests.
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Table 7-1: Scan resistive stuck-open flush tests proposed in Chapter VI

Tests Comments
éé(l) Normal-sp_eed flush tests in this
0011 . designated order
Hold clock signal at 1 for M cycles Half-speed flush test after pre-charging
0011 ... clock lines to 1 (this is the modified test)
Hold clock signal at O for N cycles Half-speed flush test after pre-charging

Half-speed flush test 0101...

clock linesto O

Applying 01 slow for 2 cycles

Slow speed flush test

Table 7-2: Additional scan based tests described in Chapter V

D=X1,TI=0X,TE=10,Q=01

D=X0, TI=1X, TE=10,Q =10

D=1X,TI=X0, TE=01,Q=10

D=0X,TI=X1,TE=01,Q=01

Table 7-3: Parameter for BIST_SEQUENCER

K No of scan clock cycles to fill the scan chain
M No of scan clock cycles required to precharge clock node to 1
N No of scan clock cycles required to precharge clock node to 0
Tslow Period of the slow clock
Tscan Period of the scan clock
2S Tslow/Tscan
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Figure 7-3: Enhanced logic BIST architecture proposed
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Figure 7-4: SCAN_DATA MUX and TE, FUNC_CLK generation
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D Q L D Q FLUSH_DATA

—PcK CK_[pata o011

|
ORIGINAL_SCAN_CLK
HALF_FLUSH_CLK _l
j;>'—>CK DATA_O1
SLOW_CLK

Figure 7-6: An implementation of FLUSH_DATA_GEN

RESET { LpisT_START=0 SYNC [*gi57 oneo
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SEQUENCER
LBIST_START=0 LBIST_START=1/ LBIST_ON=1,
4 ALL_1=1,NORMAL_SCAN=1,FLUSH=1

f FLUSH=0

WAIT S
APPLY 1s || ) warTk cLs SLOW CLK5 [ ) ¢i¢s
IALL_1=0 1 SLOW_CLK=0
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{ DATA 0011=1 I 1 sLow cLk=1
N WAIT S
APPLY 0011 D WAIT K CLKS SLOW CLK_3 ) cixs
{ PRE_CHARGE_1=1, DATA 0011 =0 I'SLOW_CLK=0
WAIT S
PRECHG CLK_1 | ) waIT M CLKS SLOW CLK 2 pil
| PRE_CHARGE_1=0, DATA _0011=1 { SLOW_CLK=1
WAIT S
APPLY 0011_P [ ) WAITK CLKS SLOW CLK_1 [ ) ciks
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PRECHG| CLK_0 [ ) warNcLKs a SPETED 01 ( YL

THALF_SCAN=1, DATA_01=1, NORMAL_SCAN=0

Figure 7-7: A definition of the BIST SEQUENCER
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CHAPTER VIII DETECTION OF TRANSISTOR STUCK-OPEN
FAULTS IN ASYNCHRONOUS INPUTS OF SCAN CELL

In the previous chapters, faults in fully-synchronous flip-flopscaresidered. In
many designs asynchronous inputs are used to set and/or reflepfipConsidering a
scan cell implementation used in an industrial design we showttltdtgpen faults in
some transistors driven by asynchronous inputs require two new fiish &uch faults,
if left undetected, cause functional failures. The two new testease the overall stuck-
open fault coverage of each scan cell by approximately 5%. wikissignificantly
improve the overall test quality due to the large number of scénameitained in large

industrial designs.

8.1 Introduction

In Chapter Ill, IV, V and VI, we investigated the detection &FS, SONSs,
bridging faults and SOPs internal to the scan chains [8.10, 8.17-8.19ktreslpe All
the earlier works consider fully-synchronous scan flip-flops omlythis chapter, we
consider open faults in transistors driven by asynchronous set/reset inputs.

The resistive open fault model is used in this study by ingetilarge resistance
between the drain, source or gate of the faulty transistorttenchode to which they
would otherwise be connected. Two pattern tests are required fdetdetion of open
faults [8.11]. If the resistance introduced by the open is not,l#digeopen will cause a
small delay defect [8.15]. In this chapter, we consider laggistance opens only which
cause gross delay defects.

The remainder of the chapter is organized as follow. In Section 82dieds
asynchronous scan cell used in an industrial design is describaddition, open faults
considered in this work are also discussed. In Section 8.3, the propoesdidisietests
for the detection of considered open faults are presented. Finlaidy,chapter is

concluded in Section 8.4.
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8.2 Asynchronous scan cell studied and faults considered

In Figure 8-1we give the transistor level circuit diagram of a scan wéh
asynchronous reset input used in a 90nm industrial design. In Figuneo8d. D is the
functional (data-in) input driven by the combinational logic and Thestést input (scan-
in) applied to the scan cell. The circuit in the dashed rectasmgjie multiplexer used for
selecting between D and TI. The value at node Tl is selezteebpagate to the scan cell
output (Q) if the test enable signal (TE) is 1 and the value at D is propagated tgtite out
by setting TE to 0. The circuit between nodes DP and MD is #stanstage. The slave
stage is the circuit between the output (MD) of the maségresand the scan cell output
Q. Input pin CD is used to asynchronously reset the scan cell (i.as@izhronously
sets the output Q to 0 when CD changes to 0). We will use #uscstl for our study.
However, the conclusions drawn are expected to hold for other scanwteth use
asynchronous inputs.

In the scan cell of Figure 8-1, there are a total of 38 tramsisFour transistors
(10.5%) N14, NO4, P09 and P13 are driven by the asynchronous reset input CD.
Removing these four transistors will result in a fully-synchusnthip-flop. To detect all
the detectable open faults in the fully-synchronous scan cell, veegraposed a set of
tests in [8.17]. No earlier work has considered the opens in th&sti@as driven by the
asynchronous inputs to scan cells. In this chapter, we consider aletettstuck-open
faults in the four transistors driven by the asynchronous reset signal CD.

Table 8-1 summarizes the results obtained in this work. The tr@nsstsiven by
signal CD are of two types: (i) the P transistors are omvZi@ = 0 (P09 and P13); (ii)
the N transistors are on when CD = 1 (NO4 and N14). In Table 8-Inmodduindicates
that open faults in the transistors will affect the functional mode of operatiohsn@s 4
and 5 indicate that except for opens in N14 open faults in other tcassmtl not be
detected by the standard flush tests and ATPG boundary tests. Cofilmow$that open

faults in N14 are detected by the existing flush test 00110011...and opkid ican be
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detected by the new flush test proposed in [8.17]. In this chaptepraypose two new
flush tests to cover the remaining open faults in transistors PO®Xhdh Figure 8-1.
Thus the two new flush tests improve the overall stuck-open fautrage of a scan cell
by 5.26%. Considering that the number of scan cells in a design aamybkigh [8.10],

additionally detecting open faults in two transistors per scarncarllhave a significant

impact on the overall test quality. The same two flush tes¢stdine faults in all the scan

cells of the design.

Table 8-1: Summary of the transistor SOPs considered

. Existing ATPG
Fault Faul_ty Func_:tlonal Flush SAF/TDF Tests _for %
Class | Transistor| Failure Boundary Detection Weight
Test
Test
cD=1 N14 Yes Yes No 0011..0011 2.63%
NO4 Yes No No [8.17] 2.63%
CD=0 P09 Yes No No New flush test 2.63%
P13 Yes No No New flush test 2.63%

8.3 Proposed flush tests

In this section, we discuss the detection of open faults in trarssgiatrolled by
the reset signal CD. In Section 8.3.1, the proposed new flush tedtefdetection of
open faults in P09 and P13 are presented. In Section 8.3.2, we discus®¢ttierdet

stuck-open faults in NO4 and N14.

8.3.1 Detection of opens in transistors turned on when CD
=0
Transistors P09 and P13 are turned on when CD = 0. P09 is located iastiee m

stage and P13 is in the slave stage. In the following discussiensesent the proposed
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new flush tests for the detection of opens in P09 and P13. We also digustandard
flush tests and ATPG SAF/TDF boundary tests do not detect thdte fEhe impact of
these faults, if left undetected, on the functional operation asdagsussed. Detection of
faults was ascertained using HSPICE simulation of the proposedde a scan chain
segment of three scan cells with a fault injected into the second cell.

Consider the open faults of transistor P09 denoted by arrows ineRsgar To
detect the fault, we first need to initialize Q to 1 in clockley. In the clock cycle i+1
we set CD to 0 and change CD back to 1 when CP = 1. This is shown in Figure 8-3(a).

We refer to Figure 8-2 and Figure 8-3 in the following discussioclock cycle
I, output Q is initialized to 1 by setting TI =1, TE = 1 or O =TE = 0. This sets DP and
S1to 1. Since CD =1, N14 is on. Hence, node MD is driven by VSSn\dlbek (CP)
changes to 1, P02 and NO2 are on and the value 0 at node MD is propagated into the slave
stage. Q is thus set to 1 at the first rising edge of clock cycle i+1.

Next, we consider clock cycle i+1. When CP = 1 we changeodDats shown in
Figure 8-3(a). Note that in order to avoid holding time violation C&dedo be changed
to O after the required hold time. This will turn on P09 and turn @# M the fault-free
circuit. The node MD is then driven by VDD through transistor P09. Tlheeva
propagates to the slave stage since NO2 and P02 are on when CP =theTdutput Q
changes to 0 in the fault-free circuit. Meanwhile, node S1 iwdetsince MD = 1 turns
on NO8 and NO7 when CP = 1. CD is then changed back to 1 befocbdhges to O (cf.
Figure 8-3(a)). This turns on N14 and turns P09 off. In the faultdireeit, the node
MD retains the value 1 since S1= 0 turns P14 on. Therefore nodesdSQ eetain the
values 1 and 0 within CP = 1, respectively. When CP changes to Oné&0#a are off.
Although CD =1 turns off P13, SD = 1 sets the node S8 to 1 andanirfA84. Therefore
the output Q still retains the value 0 in the rest of the clocleayd. The solid lines in
Figure 8-3(a) show the waveforms of CP, CD and Q in the-fiaadtcircuit. However, in

the faulty circuit, changing CD to 0 when CP = 1 turns off N14 and Mdewill be
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floating due to the open fault in P09. Besides, P13 is on and NO4 isxcéf GD = 0.
Since CP =1 turns off P03, CD = 0 will not change the value at &bdddence, in the
faulty circuit, nodes MD, SD, S8 and Q retain the values 0, 0, 1 and 1¢tres|ye Since
CD is changed back to 1, which turns off P13 before CP changesthe Output Q
retains the value 1 which is faulty at the next rising edge of the clbekwaveform of Q
for the faulty circuit is shown in dashed lines in Figure 8-3(a).

It is important to note that if CD is changed back to 1 afterfalling edge in
cycle i+1, as shown in Figure 8-3(b), the faulty value 1 will nobleerved at the rising
edge of the subsequent cycle. This is explained next. When CP charfijdsansistors
P03 and NO3 are turned on while PO2 and NO2 are turned off. The node Sezmslyri
VDD through transistors P03 and P13 since CD is 0. Hence, the ough#nQes to 0 at
the falling edge instead of changing simultaneously when CBgesato 0. Thus, we will
not observe the faulty value at the rising edge of the next clade. Therefore, the open
fault in transistor P09 will not be detected. The fault-free faudty waveforms are
shown in Figure 8-3(b) in solid and dashed lines, respectively.

To accomplish the detection of this fault, we propose a new flisthcédied
master reset transistor flush test discussed next. The test scans in all ones (11...1) into
the scan chain with CD = 1. This helps to initialize the output o$t¢he cells in the scan
chain to 1. Then the test applies the values Tl = 1, D = X, THor &ne clock cycle
toggling CD to 0 and back to 1 within CP = 1 duration. This is showmeinvaveform of
CD in clock cycle i+1 in Figure 8-3(a). Finally, the output valstesed in the scan cells
are shifted out to compare with the expected values. Note that theregistance is
assumed large enough such that P09 is not turned on in the durationlioft@ig to 0
shown in Figure 8-3.

Next, we discuss the detection of open faults in P13 shown in FigdreA&
propose another flush test callsthve reset transistor flush test. Again, the 11...1

sequence is scanned into the scan chain to initialize the outpiies sdan cells. This is
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followed by the values Tl = 1, D = X, TE = 1 and toggling @Xtand back to 1 within
CP = 0 phase as shown in the waveform of CD of Figure 8-5(a)ddteetion of this

fault is shown in Figure 8-5(a) by the faulty value 1 obsertedearising edge of clock
cycle i+2. From Figure 8-5(b), we can also see that changingp&ZR to 1 across the
clock phases (changing CD back to 1 after the next rising esdifjedletects the fault.
However, this will introduce additional test cycles. Thereforeteggle CD within CP =
0 in order to minimize the testing time. Again, we note thatdpen resistance is
assumed to be large enough such that P13 is not turned on durirgOC&hown in

Figure 8-5.

We have seen that in order to detect the open faults of tran$€@m@nd P13, we
need to set CD to 0. However, when applying the standard flush aedtATPG
boundary tests targeting TDFs at inputs Tl, TE, D and output Q, CD is held at 1.

Since detection of open faults requires two pattern tests, the bodriderest at
CD is the only other possible choice. We investigated this option.oWrelfthat ATPG
boundary tests targeting transition delay faults at CD do not provide the detectioseof the
faults. The ATPG tools model the scan cell as a black box. Theatterns targeting CD
slow-to-fall can initialize the scan cell to 1 by applyiiig = 0, D = 1, Tl = X. However,
the slow-to-fall fault at CD does not model the SOPs in tramsi®09 and P13 properly.
The test computed by existing ATPG tools holds CD at O for botlk glbases (CP =1
and CP = 0) in the second test pattern. Hence, they do not émsu@D changes within
CP =1 or CP = 0 as discussed above. Therefore, the ATPG testd detect these
SOPs.

To have the ATPG generate tests to detect these faults, cogtrtbié timing of
the change in signal CD is required. This can potentially leadddional tests for each
scan cell. The proposed flush tests have the advantage that S8IO® in transistors

driven by CD in the scan cells are detected by the same two flush tests.
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It is important to note that the open faults in the transistor P0%esult in errors
during the functional mode of operation. Five possible cases may hapeentrying to
asynchronously reset the scan cell in clock cycle i+1. Thegharen in Figure 8-6 as
waveforms CD1, CD2, CD3, CD4 and CD5, respectively. In case 1 yimehasnous
reset pulse occurs when CP = 1. The output of the scan cell willensét to O in the
faulty circuit. Thus, it results in functional failure. When thgnafironous reset pulse is
over a time greater than half the clock cycle as in CD2,dae sell output will not set to
0 until the falling edge. This will lead to a delay and a functiéea@ire may occur if the
scan cell is connected to a negative edge triggered flip-flop. Inthile case CD3
changes back to 1 in clock cycle i+2. This results in the sarneses in the case of
CD2. Finally, no functional error occurs in the case of CD4 and CidsevCD changes
when CP = 0 since the output will be reset using P13.

Similarly, for the stuck-open faults in P13, if left undetecteaill introduce a
delay in the affected scan cell, which may lead to functioniréaas in CD4 and CD5
shown in Figure 8-6. In the cases of CD1, CD2 and CD3 no functiowas @ccur since
the output will be reset using P09. Therefore, it is important tectéhe open faults in

P09 and P13 as they may lead to functional failures if left undetected.

8.3.2 Detection of opens in transistors turned on when CD
=1

Similar to the case of transistors P09 and P13 discussectiors8.3.1, one of
the transistors in this case, N14, is in the master stagdaradhter NO4 is located in the
slave stage.

Figure 8-7 shows the master and slave stages with stuck-agenifatransistor
N14 denoted by the arrows. Assume that DP = 1 is propagated int@asher stage when
CP = 0. Node S1 is set to 1 and turns on transistor NO9. In thdreultircuit, MD is

driven by VSS through N14 with CD = 1. However, MD will not betsed due to the
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open fault in transistor N14. Therefore, the output Q can never lie $ah the faulty
circuit. These open faults are detected by the standard flsis@0#1...0011 with CD =
1.

In functional mode of operation, if left undetected, these faultsegllt in errors
when the value 1 on D attempts to propagate to output Q.

Next, consider the open faults in the transistor NO4 highlightedrimyva in
Figure 8-8. To detect these faults, we apply Tl = 1. The nodedwet 0 when CP =0
and the value 0 propagates to the node SD when CP changes to 1.thiem@sistors
P05 and P12 are turned on. When CP changes to O SD is driven by VS$ ttheug
transistors NO4 and N13. Thus, in the fault-free circuit the output €@tiso 1 at the
rising edge and retains the value for one clock cycle. Howewvére faulty circuit when
CP changes to 0 the node SD is floating due to the open fault in N@é.\vifait for a
long enough time, the node S8 will discharge to 0 and turn on PO4uftjnat is thus set
to 0 which is faulty. These faults can be detected by appthimdlush test at very slow

speed. We proposed such tests in [8.17].

8.4 Conclusions

We investigated the detection of stuck-open faults in transistiven by an
asynchronous reset input in a scan flip-flop. We found that the rexiitish tests and
ATPG tests targeting inputs and outputs of the scan cell do not tiegeapen faults in
the transistors which are used to reset the scan cell. To teteet faults, we proposed
two new flush tests which improve the total open fault coverage by58veln addition,
we showed that these faults can lead to failures in the funktioyde of operation if left
undetected. Therefore, it is important to detect them. The two e fests together
with the tests we proposed earlier in [8.17] detect all the dbtedtage resistance stuck-

open faults in a scan cell with asynchronous inputs.
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Figure 8-1: Scan cell with asynchronous reset input CD
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Figure 8-2: SOPs in transistor P09
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Figure 8-3: Detection of SOPs in transistor P09
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CHAPTER IX CONCLUSIONS

In scan designs, all flip-flops in the logic part of a design gmouped into the
scan chains that facilitate loading tests applied to detéettdeas well as observing the
circuit response to the tests. Industrial data shows that nedrbf flae transistors in the
logic parts of large VLSI designs typically reside insidanscells [9.1, 9.2]. Even though
the main purpose of scan cells is to facilitate loading testsualoading test responses,
faults in scan cells may affect functional operation if left tected. The undetected
faults in scan cells may also affect long term reliabilay shipped products.
Nevertheless, current test generation procedures do not diragbt faults internal to
the scan cells.

The main objective of this thesis is to improve the detectakolit scan cell
internal faults by new cost effective tests and test methodscodprehensive
investigation on faults internal to scan cells using typical fault modelyvédaged.

First, in chapter lll, we investigated the use of standard sebs and existing
methods of generation and application of scan based tests to detectedl internal
faults. Stuck-at and stuck-on fault models are applied for the igageh. We also
proposed a new test called half-speed flush test to covemtadhal faults to similar
degree as the checking sequence based tests in [9.3, 9.4]. Expeeswdtd on a
standard scan cell used in a 90nm industrial design show that théusbwekt increases
stuck-at fault coverage by 2.3% for a cell and by 1.03% forfuhehip. Given that
today’s designs attempt to achieve over 99% coverage this ingsegsie significant.
Coverage gaps are identified and investigated. We showed thaistla¢se a large class
of IDDQ only detectable faults that poses a serious reliabikty while IDDQ testing
may not be feasible for 90nm and beyond.

In Chapter IV we investigated detection of a set of scan wernal bridging

faults extracted from layout. We showed that the detection of zeneeresistance non-
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feedback bridging faults requires two-pattern tests. Hakbgdlish tests proposed to
detect stuck-at and stuck-on faults also detect additional bridgiitg.fd/e classified the
undetectable faults based on the reasons for their undetectabiéitpb®érved that the
driver strengths of the scan cell inputs can be optimized to impghevéridging fault
coverage. Both zero-resistance and nonzero-resistance bridgutlg ni@dels are
considered in this work. A low power supply voltage based test method and IDDQ testing
are examined for resistive bridging fault detection.

In Chapter V we considered large resistance open faults inst@ssinternal to
scan cells. It showed that existing tests miss many opets.faAmalysis shows that
detection of some opens require proper initial conditions appliedilty faodes. This is
can be done by ordering the traditional flush tests. We also observe thabdeibsbme
opens requires specific initial state of clock signal befpmyang flush tests. In order to
satisfy these conditions, we proposed to hold the clock signalddagth of time before
applying flush tests. Besides, very slow speed test is showrsaegcés detect additional
faults. According to the observations a new set of flush tedesicadan stuck-open flush
tests is proposed to greatly enhance the coverage of largemesi opens. In addition, a
new set of ATPG generated tests was also presented. Togk#ser tésts are shown to
achieve the maximum possible coverage of large resistance opgassistors internal
to scan cells.

Chapter V considered large resistance opens internal to dsmrirc€hapter VI,
it showed that the fault coverage drops significantly when opetis mbderate
resistances are considered. The open faults are classifieddlatssés based on the tests
in Chapter V assuming the large open resistance. Earlierstgekropen flush tests are
modified to detect a class of open faults with wider resisteamoge. In addition, leakage
current effects are considered. We found that the increadexbkaurrents due to higher
testing temperature will widen the detectable resistamggeraf a class of internal opens.

Finally, we observe that the ATPG boundary TDF tests detealiesmesistance opens
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than the flush tests for a class of faults by taking advantdgthe delays in the
combinational logic.

Logic BIST is commonly used for online and periodic testingoisdentify
defects, like opens, resulting from the wear and tear of tlheitciBased on earlier
investigations in Chapter V and Chapter VI, a novel Logic BI3@hitecture to
implement the new set of flush tests to detect open defects is proposed irr &Hapte

As mentioned earlier, the conclusions drawn from the studied stlacanebe
easily extended to other implementations of scan cells. In Chdlptean asynchronous
scan cell with a reset input is studied. Two new flush teslsdcalave reset transistor
flush test and master reset transistor flush test are addee tiests described in Chapter
V and Chapter VI. Such tests help to detect stuck-open faultansigtors driven by an

asynchronous reset signal in a scan flip-flop.

9.1 Future research on further improving the test quality for

scan cell internal faults

In our completed research described in Chapter V we studied resggance
opens internal to scan cells and showed that the additional covkrage the new tests
drops significantly when opens with moderate resistances aralemtiin Chapter VI.
Modifying the proposed flush tests and applying tests at hitgmeperatures are also
discussed. However, the fault coverage is still in an unacceptaige for lower open
resistances. Other methods to maximize the range of ddeeatpen resistance can
improve the test quality for opens in scan cells.

In addition to opens with moderate resistances, we have mentionedpteiCiva
that the bridging fault coverage drops to an unacceptable percemtegethe bridge
resistance increases. We have studied IDDQ testing and low poywply method to
detect larger resistance bridging faults. However, they ¥oened to be not feasible for

alleviating the coverage loss due to the bridge resistanceaggcr®ther cost-effective

www.manaraa.com



12¢

methods to improve the fault coverage of resistive bridging fautksnal to scan cells
should be investigated.

We have investigated the detectability of stuck-on faults wgban cells. About
half of the SONs are IDDQ detectable only. However, it wasvehihat IDDQ testing
may not be feasible for the 90nm or beyond. Investigations on thess &mudt
developing methods to cover these coverage gaps would bring significant contributions

the reliability of circuits.

9.2 Future research to generalize the test method for all

types of scan cells

We have investigated the detection of internal faults of a fylgtsronous
positive edge triggered MD flip-flop and a scan flip-flops watsynchronous set/reset
inputs. We derived some general rules from the previous study suelquaskement of
initialization of all scan cell internal nodes (including clackguts and outputs) before
applying test. In addition, slow speed test is also required alhsean flip-flops have
the structure to retain the value from previous clock phase.

To contribute to the quality of tests for scan chain interaalt$ in industrial
products, generalizing the test methods and automate the gemefatests for all types

of scan cells in the cell libraries used in industrial designs is needed.

9.3 Silicon experiment and scan chain internal fault

diagnosis
After finalizing the test set for scan cells, silicon exmemnt of applying the new
tests to industrial products to measure the contributions of theeséwethodology will
be a great supplement to this thesis.
Scan chain fault diagnosis is the process of identifying thextiee scan cell in a
scan chain. The investigations we showed in this thesis also give saggestions to

scan chain diagnosis and could be studied in the future.
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