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SUMMARY

The main objective fo this dissertationis to propose comprehensive
methodologiesincluding design, test, and statistical failure analysiiandle reliability
issues in an embedded cache, procesaod main memory systenWVe propose design
and test methodologies foretdiagnosis of wearout mechanisms in an embedded cache
in a processor. The diagnosis results from our proposed methodology are utilized to
monitor the system health of the processor. We also propose optimized design solutions
for the implementation cinemerging nain memory system

First, we present thdetection and diagnosimeethodologies for various wearout
mechanisms, including backend thwdependent dielectric breakdown (BTDDB),
electromigration (EM), stresaduced voiding (SIV), gate oxide tirdependent
dielectric breakdown (GTDDB), and bias temperature instability (BTI) in an SRAM
array.The builtin selftest (BIST) system and algorithm detect wearoutidedtify the
locatons of the faulty cells. Nexthe physical location of the failure si@thin SRAM
cellsis determined There are some fault sites for different wearout mechanisms which
result in exactly the same electrical failure signature. For these faulty sites, the cause of
failure probabilities for each wearout mechanism can be detedriby matching the
observed failure rate froitne BIST system and the failure rate distribution computed by
mathematical models as a function of circuit use scenarios. The estimation of wearout
distributions in embedded caches is useful in determining wkarout limiting
mechanisms in the field and repair schemes.

We also propose to use the embedded SRAM as a monitor of system health. The

bit failures are tracked with error correcting code (ECC) and the cause of each bit failure

XV



is diagnosed with on chibuilt-in self test (BIST) and statistical failure analysis. The
wearout model parameters are extracted from the diagnosis results andecbmitin
system wearout simulatioto estimate the remaining lifetime of the entire processor
dynamically.

For the main memory system, we have studied design methodologies for an
emerging main memory to overcome the limitasiari device scaling. Among many
candidates for emerging memory systems, we have focused on 3D DRAM, where
multiple DRAM dies are vertically stked and connected with throughicon-vias
(TSVs), to increase the total memory capacity. Especially, we pragbgign solution
for 3D DRAM to optimize reliability, power, cost, and performang®en emerging

reliability issues induced by TSVs.
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CHAPTER 1

INTRODUCTION

Reliability is becoming more critical because advanced process technology
scaling has involved the reduction of interconnect and transistor dimensions without
reducing the supply voltage in proportion. Hence, wearout of devices anzbimiects
is occurring more quickly with aggressive technology scaling. Despite the use of more
vulnerablecomponentsSRAM systems in electronic applications, from mobile devices,
personal computers, automatic vehicles, to flight controllers, need tubederant and
reliable in order to guarantee safe operaidmong several techniques to ensure fault
tolerance is the use of error correcting codes and redundars, aogsther with orchip
test algorithms for automated se#fconfiguration of SRAM [1].

Despite the use of error correcting codes and memory redundancy, systems can
fail in the field. This happens if the system does not have sufficient reduedantcs
or if the wearout rate is faster than predicted. Under such circumstanioes cfaps are
returned to the manufacturer, and the manufaciarexpected to diagnose the cause of
wearout failures. The standard method is physical failure analysis, which involves
deprocessing to visually determine the nature of the defects dndkd$ai The success
rate for physical failure analysis is low and the required cost to perform physical failure
analysis is too high. Hence, there is a need to develop another method to determine the
causes of wearout. In this work, we propose builtectrical tests with statistical
analysis of volume test data based on mathematical models to determine the causes of

wearout.



According to the International Technology Roadmap for Semiconductors (ITRS),
high performance processors, such as sgraee epected to consist of 82% memory on
average. Since SRAMs are designed with the tightest design rules, they can provide an
appropriate vehicle to diagee most wearout failures inpsocessor. Moreover, since
SRAMSs use error correcting codes, an SRAM wal/é many failing cells whose causes
of failure can be determined. The use of electrical tests with statistical failure analysis
enables efficient diagnosis of the causes of failure of large failing samples, which in turn
increases confidence in the reswf failure analysis.

To monitor the health odin SRAM array,an SRAM system may be monitored
periodically, and the field test data can be combined to determine the separate wearout
distributions for each wearout mechanism. Then, we can identify wearodel
parameters for each wearout mechanism. These separate wearout models can then be
compared with procedsvel models to determine if lifetime is correctly estimated, and if
not, appropriate corrections can be made to improve the manufacturingsproces

Firstly, in this thesis, we propose diagnosis methodologies for all possible
frontend and backend weatomechanisms in an SRAM arragamely backend time
dependent dielectric breakdown (BTDDB) and gate oxide -tiependent dielectric
breakdown (GTDDB)which result in resistivdridges in an SRAM array, via/contact
voiding due to current strestependent electromigration (EM) and temperasiress
dependent stresaduced voiding (SIV), and threshold voltage shifts due to NBTI and
PBTI. Unlike the restive-open and bridging models presented2}[B], the fault model
in our thesis includes resisthEidging defects and resisthapen defects in

vias/contacts, considering onthe BTDDB, GTDDB, EM, and SIV effects that are



feasible based on a physidajout of an SRAM cell. Moreover, even if it is expected
that most failures are due to a smaller set afténd wearout mechanisms, namBiyl

and GTDDB, we have included a much larger set of wearout mechanisms for
completeness.

Note thatthe EM and SIV mechanisms result in exactly the same failure
signaturs (opens), aslo BTDDB and GTDDB (shorts). It is not easy to separate them
using electrical tests only. Nevertheless mgortantto separately determine thailtire
rate for each mechanista estmate the lifetime of the entire chip correctly and to help
improve the manufacturing process. Hence, overall, our electrical test methodology not
only involves determining if the failure in an SRAM cell is a short or an open, but also
identifies the physia location of each voiding via/contact and short site. To determine
the cause ofaults with the BIST test datave propose to match the failure rate from
BIST using volume data and the failure distribution from a reliability simul&ief1D].

We condut statistical analysis to distinguish GTDDB vs. BTDDB failures #relEM

vs. SIV mechanisms to determine separate wealigstributions.For statistical analysis,

we also presemumericaloptimization methodologiethatuse more test sets with more
stres acceleration conditions to make our statistical methodology tolerant to errors from
process variations and the statistical analysis.

The extracted wearout distribution from the diagnosis result@lsanbeused to
monitor the remaining lifetime of thengre processor dynamically. Higherformance
processors, such as highd server processprare usually designed with tight design
constraints and operate with a fast clock frequency. For suchehijlsystems, the

dynamic monitoring of wearout is impartt to guarantee safe operations] {1 3].



To do so,components can be monitored periodically with pheposedBIST and
statistical failure analysis to detect components that are likely to fail in thdutess
Then, by monitoring the remaining liféhe components which hawerisk of potential
failures can be replaced prior to failure.

The embedded memory systems and logic blocks are likely to fail at different
rates. However, the cache systems are potentially less vulnerable to wearout mechanism
since they can be reconfigured-lome [15] and use error correcting codes (ECCH][1
Fig. 1.1 shows the failure distributions for both logic blocks and memory blocks in the
opensource LEONS3 processot4]. The memory blocks cover 89% of the layorgaa
but are much less vulnerable to failure.

The proposed research to estimate the remaining lifetime involves two steps, a
backward parameter extraction process, and a forward lifetime distribution prediction
process. The backward parameter extracfimtess involves measurement data from
SRAM systems. Specifically, the wearout model parameters are extracted from observed
memory bit failures in the field, after the chip has been in operation. We uselaalt
test with electrical failure analysi® diagnose and classify the failurasd track the
failure rate of memory cells for each mechanism. Prdesss Weibull parameters for
all critical wearout mechanisms are estimated using conversion maps between SRAM
cell Weibull parameters (describinige observed failure rate) and processel Weibull
parameters. The conversion maps are generated with lifetime simulation based on the

aging simulation framework presented 4j-[10].
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Figure 1.1 The failure rates of the logia@aps and memory parts (226Kb) of the LEON3
processor [4] due to BTI, GTDDB, BTDDB, EM, and SIV for four usage scenarios (a)
without ECCs and (b) with ECCs. The logic components consist of the IU, MUL, DIV,
and MMU. The memory systems contain th«€Bde, FCache, Btags, Habs, and RF.




The forward lifetime distribution process is also conducted with the aging
simulation framework presented id]{[10], which involves simulating microprocessors
with standard benchmarkdq] on an FPGA to extract thactivity and temperature
profiles. Since the lifetime depends on workload, different use scenarios labeled as
corporate, gaming, office work, and general usage are utilized for our resé8fch [
These use scenarios presented in Fig. 1.2 represenbrisaaif time in operation,
standby, and off states. We combine simulation data from the forward simulation process
with the extracted procedsvel parameters to estimate the remaining life of the entire
processor which is a function of the memory bituias, which are tracked with ECC

failures.
Corporate Gaming
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§§
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Figure 1.2 Use scenarios provided by Intéd].



The main memory system is considered as one of the critical components of
computing systems, such &s serves, embedded, desktgpand mobile [21] It is
important to scale memory capacity, power, cost, and performance as we scale the size of
the compiting system [21]. Howevescaling is difficult [21].

Hence, many emerging memory systems, such asMBRAM [22] and ReRAM
[23], have been proposedAmong the proposed candidates, 3D DRAdbelieved by
many to becapable of becoming eommercial producin the mainstream market. The
total memory capacity iasingleDRAM chip increases linearly witthe number of tiers
stackedwith the same footprintin addition, the recently announced wid® standards
increase thanemory bandwidth for communication with CPUs, GPUs, and application
processors stacked together [24]. These benerfigble3D DRAMs to be a promising
solution in boththe mobile and comgpting areasas they pomise massively parallel
computing at low power consumption [25],[26].

When aDRAM system is to be implemented using 3D stacking technology,
designers should first decide how to partition the system and memory architectures into
individual dies.For thetwo notable designproposedeach die in a stack has all of the
basic componentencluding DRAM cell arrays, decoders, multiplexers, searsgs, and
peripheral circuits [19]. In this scalled cell/logiemixed 3D DRAM design, DRAM de
arrays are mixed with logic so thalt dies have identical desigresxcept for the bottom
die that contains additional components to harntile interface with packages as
presented in Fig. 1.3(a). The pros of galked design include easy design asmaller

TSV count. The cons include mechanical reliability issue due to thermal mechanical



stress induced by TSVs amadarger chip size mainly due to the presence of cells, logic

components, and I/O pads/circuitssiachdie.

Power TSVs (100) Sgnal TSVs (400) Power TSVs (100)
\ 4 \4 \ 4
DRAM core | Logic Logic|| DRAM core
DRAM core | Logic Logic|| DRAM core nge
dies
DRAM core | Logic Logic|| DRAM core
I/O DRAM core | Logic| I/O I/O | Logic| DRAM core [} 1/O Ma_Ster
L X ®® OO die
C)
Power TSVs (100) Sgnal TSVs (656) Power TSVs (100)
v \4 \ /
DRAM coref DRAM core/
partial logic partial logic
DRAM core/ DRAM core/
partial logic partial logic dave
DRAM core/ DRAM core/ dies
partial logic partial logic
DRAM coref DRAM core/
partial logic partial logic
Master
Vo || Logic | 11O Vo | Logic || 11O _|<— die
B (X ) (X )

(b)

Figure 1.3 Vertical drawing of (a) 4ier cell/logicmixed design19], (b) our 5tier

cell/logic-split design [2].

In this thesis, we propose another 3D DRAM design style called cellépicto

provide design guidelines far3D DRAM system [20]. In oub-tier design strategyaeh

of the 4 slave dies contaDRAM arrays, decoders, sense amps, and some paitie of

control logic while the master die contains I/O pads/circuits, buffers, and ofasie



peripheral circuits. We also develop two design saseto minimize TSV usage in our
design. Our simulati@showthat the maximum mechanical stress induced in our DRAM
design style is reduced by 49.1%. Algbis proposed design leads #ototal power
consumption reduction by 23.6% for writgeratiors and 27.3% for read operatign
There arealso performance benedjti.e. tRCD write (row address tocolumn address
delay)reductionby 1.9ns (15.6%)

This dissertation is organized as follows. Chaptgr&sentsa background of the
related work and priaresarch In Chapter 3, the faults considered and their models in an
SRAM cell are presente@hapter 4fresents BIST and statistical analysis methodologies
for diagnosis of wearout mechanism@hapter 5 showghe estimation of the remaining
life of a processobased on separate wearout distributions from Chapter 4. In Chapter 6,
we presents comparative studpf reliability, power, performance, and yield analysis of
3D SDRAM designs built with two practical die partitioning styles, namely, cellHogic

mixed am cell/logicsplit. Chapter 7 concludes thisssertation



CHAPTER 2

BACKGROUND

Reliability of VLSI systems, such as CPUs, GPUWsgh computing processors,
and application processors, is regarded as the one of barriers for process technology
scalng. Aggressive process technology scaling accelerates wearout of devices and
interconnects, espmlly with nanoscale technologiethe frontend wearout mechanisms
consist ofgate oxide timalependent dielectribreakdown (GTDDB), bias temperature
instablity (BTI), and hot carrier injection (HCI) antackend wearouis induced by
backend timalependent dielectribreakdown (BTDDB), stress induced voiding (SIV),
and electromigration (EM).

Failures due tothe SIV mechanismhave been researched in27]-[29].
Directionally biased motion of atoms is induced by thermal mechanical stress between
metals and dielectric materials. The biased motion of stwan create voslinside of
vias and canncreasethe via resistanceThis failure mechanismis called stressnduced
voiding, and it leadgo timing and functional failures in digital systems.

Electromigration (EM) can result in exactly the saneeteical failure signature in
achip. The EM mechanism leads to the transfer of momentum from electrical current to
ions in the metallic lattice. The metallic ions are transported into the neighboring material
due to the transfer of momentum from EM, leadin@ teduction of via dimensions and
an increase in resistanf0]-[35].

Time-dependen dielectric breakdown ewists of gate oxide time dependent
breakdown (GTDDB) 36]-[38] and backend time dependent breakdown (BTD [#3)-

[40]. These mechanismdead to the same electrical fajlinamely a resistive bridging
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fault. GTDDB is the frontend mechanism which is indutgdtrap-assisted tunneling
mechanisms or oxide breakdown in CMOS devid&#EDDB is one ofthe backend
wearout mechanisms amslcaused by dielectric breakdown between unconnected metal
layers.

Bias temperature instability (BTI) and hot carrier inject{®tCl) can cause the
threshold voltageo shift [41]-[43]. The traps at the gate oxide interface and in the oxide
lead to the BTimechanismBTI is induced when the CMOS devices are under constant
stress. Negative bias temperature instability (NBddysesincreases in the threshold
voltage of PMOS devices and positive bias temperature instability (PBTI) causes the
increase in the threshold voltagef NMOS devicesThe HCI mechanism also shifts the
threshold voltage of the CMOS devices whethe devices areperated with high
switching activity sincethe HCI mechanism depends on the time under dynamic stress.

For aging analysis, first we model the thtlependent wearout mechanisms with

the Weibull distribution as
006 p Qanl (2.1)
where— is the characteristic lifetimé, is the shape parameter which describes the

dispersion of the failure rate populationis time, and® is the probability of failure[44].

Equation @.1) is reformattedo extract Weibull parameters from data as follows

~

ag 0O a- (2.2)
at agp 0O I aé 1 at. (2.3)
The characteristic lifetime;, is the time when the probability, © @ o b p

A @Pp has failed.
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The methodologieto detecthe frontend wearout mechanisms in an SRAM array
have been studied im5]-[47]. In thesepapers, current test t@dologies have been
presented to dete¢he GTDDB and NBTI mechanissin an SRAM cell. However,
although GTDDB and BTI are expectedlie the dominant failures in an SRAM, the
backend wearout mechanisms, such as BTDDB, SIV, and EMalsarbeinduced inan
SRAM cell, especially with advanced technologypdes Moreover, all wearout
mechanisms can be confowulin asingle SRAM cell.

To improve a manufacturing process andirgmtee system reliabilitygeparate
wearout digributions for each mechanism arequired ® check whether lifetime is
correctly estimatedHence, there is a need to develop new diagnosis methodologies to
detect and distinguish all possible wearout mechanisms when they are cedfouad
single SRAM array at the same time.

To identify the cause o fault to reduce theost of physical failure analysis,
diagnosis techniques are presented in prior resed8#90]. These studies have mainly
focused ondiagnosis methodologie® identify the physical layer which contains the
resistiveshort fault. They have proposed algorithms to identify the cause of failures using
the inclusion of color bitmaps and/or current test techisiqualike these prior research
techniqueon test, our proposed research presemdgagnosis methodologfipr wearout
mechanisms in an SRAM cell.

The prior research owearout tes{48]-[50] hasfocused on the celevel test
techniqus to detectGTDDB or BTl mechanisin a single cell. Critical manufacturing

and test issues, especially test time and cost, dreomsidered in the previous studies.
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Hence,a systemlevel test methodology and algorithms for the entire memory bank and
cache clusters should be investigated to minimize test cost @antiance test coverage.

The current monitoring in the prior studies sensitive to the capacitance and
resistance of the bitline paidence, when the test techniqueuged for a larger memory
array, additional test techniques should be proposed to avoid grrbwe current test
Also, if an SRAM is designed withighly scaled technologies, the «ifate lekage
current cannot be ignorg81]. The leakage current can lead the current test methodology
to be less effective. When we move to more advanced technologies, the leakage current
should be carefully controlledith systemlevel testanddesign techniques.

To minimize the test cost and error for the diagnosis of all possible wearout
mechanisms in an SRAM array, our study has focused on systehBIST system and
algorithms. The prior researdh [52]-[59 has proposedsystemlevel BIST, builtin
repair analysis (BIRA), and buiib self repair (BISR) to enable automated test and repair
of SRAMs. The test and repair systems presente82n[b9] detect defects and repair
the memory systems with redundant asrayring the manufacturing process. However,
the test and repair methodologies are less effective for wearout mechasisoes
wearout mechanismare mostly induced after shippg the chip from the manufacturer
A fundamental solution to avoid wearoutahanisms is to improve the manufacturing
process and device modetsavoid the use of repawith redundant arrasy To improve
the manufacturing process, the diagisoofwearout mechanisms should extract separate
wearout model parameter§he proposed search in this thesis is not just to detect

wearout mechanisms and reconfigure the array for repair with the redundant array, but
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also to diagnose the cause of wearout through failure analysis with electrical signals and
statistical analysis methodologies.

A processor contains different types of cache clusters. The caches are designed
with SRAM systems and are classified in hierarchies between one and three@éjels [
The firstlevel cache is usually designed with SRAM arrays containingraetens of
kilobytes of cellsand upperdvel caches (L2 and L3) constdtbetween several hundred
kilobytes and a few megabytes of celBQJ[[61]. The first level cache should be
synchronized with the fast clock since it can be accessed with a latency of one to fou
clock cycles. The operating speed for second and third level ceckisver since a
latency of several tens of clock cycissllowed.

The customized BIST system and algorithm for wearout mechanisms should be
reconfigurable for various memory archii@es, with different operating speeds and
array sizes. Design of different BIST systems for different memory specifications
increases the design cost significantly. Hence, there is a need to develop the
reconfigurable platform and4house tool flow to gnerate the BIST system and joint test
action group (JTAG) test bench for different memory systems. The prior studigd in [
present the usage of commercial tool flows for BIST design for their specific purposes.
Based on the prior study, we have devetbpeeconfigurable platform to create the BIST
system and JTAG test bench for the diagnosis of wearout mechanisms in the memory
array.

The diagnosis results from SRAM BIST and statistical analysis can be used to
estimate the remaining lifetime of the pessor after shging the chip fromthe

manufacturer Methodologies to estimate the remaining lifetime of a semiconductor
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device have been proposed @3] Using embedded sensors, such as temperature sensor
current sensors, and voltage sensors, they éstimated the usage of the device based on
operating parameters, which includlee actual temperature, voltage, and operating
frequency. Then, the remaining lifetime for the system is estimated based on the usage of
the device calculated with the opergtiparameters. However, the design of additional
sensors and controller blocks can leadatoarea overhead and additional design cost.
Also, the same sensors and systems may negabiy utilized for different applications
because the operating parametdepend on the process technology. Hence, we aim to
propose test methodologies to monitor the remaining lifetime of the entire processor
based on our BIST techniques and statistical failure andhlaisdo not need major-e
design for each application

For the main memory system, the limitatibm the device scaling has been
considered as the one of the difficult challenges to ntowhe next IRAM generation.
DRAM technology scalingan lead to many benefilsie toits capacity, power, cost, and
reliability [21]. Although many alternative memory solutions, such as-S/RAM and
ReRAM, have been proposed, TSV technolagyregardedas one of the feasible
solutions to leado mass production of the emerging technology due todealenges
related taechrology transfer, cost, and yield issues.

Although TSV stacking is the key enabling technology fom3&mnoriesthe TSV
can involve disruptive manufacturing issues compared with conventional 2D 4Cs [6
TSVs cause significathermemechanical stress thaart induce performance, reliability,
and yield degradation (see Fig. 2.13][6Also, since it is not easy to reduce the TSV size

due to manufacturing issues, the area and cost overhead issues can be another bottleneck
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to enablebringing3D DRAM technologyto the market. Hence, there is a need to develop
anoptimized design solution to resolve the complex tradeoff between power, reliability,

cost, and performance.

TSV landing pad

DRAM layer

Figure 2.1 Impact of bumps and underfill on the stress of device lay@r [6
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CHAPTER 3

WEAROUT MODELING IN AN SRAM CELL

There are many SRAM layout options which are designed to be appropriate for
different purposesgpb]. Among the SRAM layout options, we have used a physical
layout which has many possible weat sites. When the layout changes, the sites of
frontend mechanisms, which are GTDDB and BTI, do not change, but sites for the
backend wearout mechanisms can be changed. In this case, BIST patterns can be slightly
revised to account for the different kaad sites. When there are undetectable backend
fault sites with the revised BIST patterns, the failure rates for the backend faults can be
controlled by varying the design rule (DRC) margins for metal widths and lengths and
spaces between adjacent metais the physical layout. Also, since the frontend
mechanisms are generally the dominant failure mechanisms in the SRAM array, the
overall failure rate of the entire SRAM is not significantly impacted by several

undetectable backend wearout mechanisms.
3.1 Modeling GTDDB and BTDDB Mechanisms

Gate oxide timalependent dielectric breakdown (GTDDB) is modeled as a
leakage path through the gate oxide of transistors in an SRAMA4&IlIAlthough the
leakage path can be also induced between the gate and sulisérajateto-substrate
leakage is neglected because it has little effedhemerformance of the memory¢d.
With this assumption, we model only the dominant paths which are th¢ogsdarce
and gateo-drain leakage paths.

Only GTDDB in the four trasistors in the two inverters in a cell is considered in

this work because stress for access transistors is almost negligible especially when the
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system frequency is high. Fig. 3.1(a) presents that the lifetimes for the access transistors

(M5, M6) due to GDDB are much larger than those for other transistors in a cell. The

leakage paths induced by GTDDB are modeled in an SRAM cell in the sites in Fig. 3.2

(G1-G8).
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The high electric fields withhie advanced process technadsgalso lead to
backend dielectric breakdown, which also induces leakage paths in an SRAM cell. Fig.
3.2 presents the sites of BTDDB in a physical layout of a cell. Six possible leakage paths
due todielectric breakdowrare irduced in a cell and two more BTDDB leakage paths
exist between two adjacent SRAM cells. Fig. 3.2 presents the locations of the leakage
paths induced by BTDDB in a schematic of an SRAM cell. Many leakage paths in a cell
due to GTDDB and BTDDB are the samadaelectrical signatures from the two
mechanisms cannot be distinguished using only electrical tdehce, we group the
leakage paths due to GTDDB and BTDDB into four groups ¢SG#) presented in
Table 3.1. The index k is used to denote the short gi®@d-4), and the index i is the
index forthecell number. jis an index tadicatethe short location for BB6 and G1

G8 within the short groups for each mechanism.

Word line

6‘1PBTIl PB'I'IZ”‘O.1 -

B2 GND L /BL2

Figure 3.2 Modeling of wearouts for BTDDB (H8), GTDDB (G1G8), via/contat
voiding (01011), NBTI (NBTI1,NBTI2), and PBTI (PBTHKPBTI4).
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Figure 3.3 Backend wearout locations in a physical layout of an SRAM cell due to
BTDDB (B1i B8) and via/contact voiding because of EM and SIVi(Q11).

TABLE 3.1 GROUPSAND INDICESFORRESISTIVESHORTFAULTS

Group GTDDB BTDDB
SG 1 (k=1) G6 (j=1) B6 (j=1)
SG 2 (k=2) G8 (j=1) B5 (j=1)
SG 3 (k=3) G3 (j=1) B1 (j=1)
SG 4 (k=4) | G2 (j=1),G4 (j=2), G5 (j=3) ,G7 (j=4 B2 (j=1), B3 (j=2), B4 (j=3)

We model GTDDB and BTDDB mechiams with Weibull distributions with two
parameters, a characteristiietime (— and a shape parametér)( The characteristic

lifetime, — , for GTDDB is as followd5],[ 7]:
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whereW andL are the width and length of device, respectively, is the Weibull shape
parameteri is the fraction of time that the gateusder stressT is temperaturey is the
gate voltage, and, b, ¢, d,andd are fitting parameters for the wearout model. The
characteristic lifetime for GTDDB is a function of the location of the failure site because
all failure sites do not gerience the same stress which depends on workload.

The characteristic lifetimfor theBTDDB mechanism is [4]7]:

— o) 0  Qwnro 0jQ7Yj| (3.2
The characteristic lifetime is a function of the vulnerable lengthits associated line
space, Y the corresponding electric field, E=Y/where V is the supply voltage, the
Weibull shape parametér, , thefield acceleration factor,, the activation energy,
O , Bol t z man 0 the pcobabilityt tlean the, adjacent nets to the dielectric
segment are at opposite voltagedand fitting parameters) ando [4]-[7].

Fig. 31 presents that the cumulative probability distributions of the characteristic
lifetimes of the resistive short sites due to GTDDB are not the same as those due to
BTDDB, even if these faults result in exactly the same electrical failure signature (same
resistive short site) To apply our diagnosis methodology to various applicatitmes,
relative failure rates of specific sites are utilized to diagnose the failure rate for GTDDB
and BTDDB for the SRAM array. Whea different process technology is usede th
characteristic lifetime values in Fig. 3.1 can change. However, our statistical analysis
methodis still valid because it involves the relative failure rate of specific sites for each

mechanism.
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3.2 Modeling Via and Contact Voiding by EM and SIV Mechanisns

Current transfers momentum to ions in the metallic lattice, leading some of the
metallic ions to be transferred to the adjacent matértat causeshe electromigration
(EM) effect, leading to theeduction of via/contact dimensions and an increase in
resistance 4],[6]-[7]. The characteristic lifetimef a via/contact due to EM- , is
modeled as

- 6 YQ (3.3
where T is operating temperatur&) is the current density, aril is a technology
dependent constand],[6]-[7]. The rate of increase in via or contact resistance is a
function of the average current density which flows through a via/cddidé-[7].

With highly scaled process technologiggs/contacts connected to shorter metal
wires do not suffer from voids since the gradual movement of conductor atoms can create
a backstress to reduce the effective material flow caused by3M[B5]. The mnimum
wire length, called the Blech length, and a current density product that causes via voiding
are defined to address the EM effect. INSRAM cell, via/contacts connected to bitline
pairs and the VDD path can experience a risk for via/contaming due to EM
mechanism 31]. Other via/contacts in the cell do not meet the critical requirements for
the Blech length or the high unidirectional current density to form via voids. Hence, we
can assume that only 02, O5, and O9 in Fig. 3.3 hawkafivoid formation due tthe
EM mechanismAlthoughthe EM mechanism is more likely with a larger memory array
(level 2 or level 3 caches) which provides a longer Blech length for vias/contacts
connectedo VDD and bitline pairs, we include EM models aur work to make the

diagnosis methodology more general for various types of memory applications.
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Thermal mechanical stress betwedine metal and the dielectric causes
directionally biased motion of atona high temperatuse This inducesstressinduced
voiding (SIV), leading to an increases in via/contact resistance and evemnuoidilyg
inside ofavia [27]-[29]. The resistance of a via/contact is the functionhefdifference
between the operating temperature and the stresstemperature of the aterial. The
characteristic lifetime; , due totheSIV mechanism can be modeled as

- 0 w w Y Y QoupjQy (3.9
which depends omhe linewidth,o , the geometry stresomponentM, the stresdree
temperature,To, the thermal stress componem, the activation energy®Q , and a
constantp  [6]. Unlike the resistiveopen fault model presented in prior wo8, [there
are 11 possible woraut via/contact locations (G@11) due to SIV in Fig. 3.2 and Fig.
3.3.

Note that the stress experienced by eachcerdActdepends on the average
current densitytemperature, and the geetry components (see equation3jR. When
stress variesignificantly for each via/contact, the lifetimes of each via/contact within a
cell due to EM are different. Fig. 3.4(a) shows the cumulative characteristic lifetime
distribution due to EM mechanism for the 32Kb cells for diffetesg scenarios. It can
be seen that the lifetimes are different for some via/contact locations even in the same
cell. Also, the characteristic lifetimes of each via/contact due to SIV is function of on the
linewidth of metal above the via/contact athe stress component (see equation JB.4
Since they are not the same for all via/contacts in an SRAM cell, the lifetimes tihee to

SIV mechanism are also not the same (see Fig. 3.4(b)).
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Figure 3.4 The characteristic lifetimes of viastemts due to EM and SIV for 32Kb cells
for different use scenarios: (a) the cumulative probability distribution of lifetime for
vias/contacts due to EM mechanism, and (b) average lifetime for vias/contacts in a cell
due to SIV mechanism.

The resistive ope defects for 02, O5, and O9 due tee EM and SIV
mechanisms can lead to the same electrical failure signatures in an SRAM array. Hence,

statistical failure analysis is also conducted to diagnose the probability distributions of the
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causes of failure usinthe relative failure rates at each site for each mechanism in Fig.

3.4. The three possible open groups due to EM and SIV are summarized in Table 3.2.

TABLE 3.2 FAULT GROUPSAND INDICESFORRESISTIVEOPENFAULTSDUETO EM AND SIV

Group EM SIvV
0G 1 (m) 02_EM 02_SIv
0G 2 (m=2) O5_EM 0O5_SIV
0G 3 (m=3) 09 EM 09_SIV

3.3Modeling NBTI, PBTI, and HCI

The presence of traps at the gate oxide interface and in the oxide inbeces
NBTI mechanism. NBTI can lead to an increase in the threshold voltage ofSPMO
devices vinen the devices are under strg8s]. When an SRAM cell holds a fixed state
for a long time during standby, the cell performances become skewed, with one PMOS in
the cell being largely unaffected, whilke other degrades [@]. When PMOS devie
(M8) in Fig. 3.2 suffers from NBTI degradatiom ( threshold voltage shift), we define
this NBTI model as NBTI 1. When the other PMOS device (M10) in the same cell in
Fig. 3.2 suffers from NBTI, we call the NBTI model NBTI 2.

The PBTI mechanism impacts of the four NMOS devices in an 3 cell.
Althoughthe PBTI mechanism is unlikely with our 90nm technology, we have included
PBTI models to make our methodology more general and useful for future technology
generations. Fig. 3.2 shows definitions of PBTI 1, PBTI 2, PBTI 3, and PBTI ddh. a

HCI also induces the threshold voltages of devices to shift. However, if the
switching activity is relatively low, as is typical, SRAM cells are much more prone to
BTI degradation, which is a function of constant stress, rather than HCI which depend
on the tine under dynamic stressg@ If our methodology diagnoses BTI degradation in

an SRAM array, then it can also diagnose the threshold voltage shifts due to HCI.
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CHAPTER 4
BUILT IN SELF TEST M ETHODOLOGY  WITH
STATISTICAL ANALYSIS FOR ELECTRICAL DI AGNOSIS OF
WEAROUT IN A STATIC RANDOM ACCESS MEMORY ARRAY

4.1 Built-In Self-Test System

4.1.1BIST Controller

The BIST controller in Fig. 4.1 consists of a test pattern generator (TPG). The test
patterns generated by the TPG contain write driver enatpalsi (T_WE), data inputs
(T_Data), sense amplifier enable signals (T_SAE), precharge circuit enable signals
(T_PRE), precharge voltages (T_V_pre), a jolalvn control signal (P_down), and
addresses (T_row_addr, T_col_addr). To generate test row/colunesses, up/down

counters are implemented using regidygre circuits.

BIST controller FRAM duster Output Response
Test Pattern Generator TV pre Analyzer (ORA)
(PQ) It
(207 cd memory Fault detector/
B I Array Diagnosis
[7:0] T_Dataj-— memory i (Bank?7) ?‘na]yzer raegs.llt
_WI Array | =eeee- [6:0] ORA_row_addr|
TSE L [3:0] ORA_col_addr
T 1\'/_ PRE-—| (Bank5) [2:0] Num_|
- 4:0] Fault_t
[6:0] T. rovs_gggq::: i Sense amp. ;QAE (Banks) [2:0[] Be}nkinu_m}g(}er
[6:0] T_col_addrL{— [ ir —— Gol. decoder /1C0!_addr1 [6:0] _ |
[6:0] T_row_addr2H——{ T-Datajwrite Pert. Gircuits ensing Grcuits r—[3:0] T_mode
=>-{Mode [6:0] T_col_addr2i-— driver : _ H 9
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Figure 4.1 System architecture and floorplan of the BIST system.
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In test mode, the BIST controller disconnects the test area from some of the
control signals from the prossor and connects them to the test patterns from the TPG.
After the test steps are finished, the active and repair block performs the repair procedure.
The SRAM bank contains redundant arrays in each bank and fail row addresses in the
registers of the rejpablock are used to repair memory bit fails due to defects or wearout.
4.1.20utput Response Analyzer (ORA)

The output response analyzer (ORA) in Fig.4.1 stores the diagnosis results and
sends the failure addresses of the faulty cells and their bankenumthe TPG and the

active/repair block.

In addition, it determines the wearout type and location of the faults through
logical analysis of the signals from the sensing circuit (SC). 22 bit registédrs GRA
block store the diagnosis result. 17 laite used for the location of the faulty cells (11 bits
for the addresses, three bits for the I/O number, and three bits for the bank number).
Another five bits are utilized for the fault type and the specific location of the fault site in
the cell from arong the 18 possible short/open locations (7 for short groups and 11 for
open via/contacts) and six possible BTI locations (see Fig. 3.2).
4.1.3Built-In Self-Test Area

Figs. 4.1 and 4.2 present the test area in the SRAM system. The SRAM system
incorporatesight banks which provide 128Kb memory capacity. Each bank has 16Kb
memory cells, with 128 word lines and 128 bitline pairs. The column decoder acts as the
bridge between the 128 bitline pairs and eight global data line pairs to be connected to
eight 110s. Hence, 8 global data line pairs for a single bank are selected from 128 bitlines

and their complementary bitlifgars. However, to implement the special BIST
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Figure 4.2 Test structures in the biritselftest area.
algorithm pr the diagnosis of wearout mechanisms, we activate and select individual
cells for each test step. Hence, test column addresses (T_col_addr) are extended from
four bits to seven bits so that they use the additional three bits addresses to select an
individual 1/O pair from among the eight I/O pairs. Eight SC components are shared by
two banks and test 256 bitline pairs, 128 from the upper bank and 128 from the lower

bank.
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The current test circuit (Tckt) in Fig. 4.84] tests the current variations in the
data lines and power/ground networks. The current at input B is subtracted from the
current at input A, which results in current 11 (see Fig. 4.3(a)). The current is then fed
into the current ampliyer and therreatmp| i f i
digitizer in Fig. 4.3(b). When the current digitizer detects that 12 is less than a current
trigger level generated by the weighted reference current generator shown in Fig. 4.3(c),
the output |l ogic is 61ldédand t.Wesetthercurrgnger s t
trigger level by tuning widths of transistors (WAIS) in Fig. 4.3(c). Our BIST system
conducts several steps for test algorithms and each test algorithm requires a different
current trigger level. To provide the corresponding curtegger level for each test
algorithm, we have designed additional logic to control Wn in the current digitizer.

The current test method has been proposed to monitor the BTI, GTDDB,
BTDDB, EM, and SIV wearout mechanisms in an SRAM array6é]-[70]. In these
works, we used current testing to locate and diagnose faulty cells suffering from wearout.
Faulty cells due to wearout failures are located through a pairwise comparison of cells,
one in each bank. By comparing pairs of cells, the cells that deualegual leakage
characteristics and current over time are identified.

To analyze current variations in data lines, each SC unit has two current sensing
circuits (Tckt) for bitline testing and two others for bithbar testing \Tckt). Each SC
unit moniors a data line pair from the upper bank and another data line pair from the
lower bank. Specifically, we connect a data line from the 16 bitlines to both input A of
Tckt 1 and input B of Tckt 2 in the SC unit. Another operating current in the data line

from the 16 bitlines in the lower bank flows into input B of Tck 1 and input A of Tckt 2
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(see Figs. 4.3(a)). The bitlidears are connected in a similar way to their corresponding

SC units.
Qurrent subtractor and amplifier  {i CQurrent digitizer
VDD VDD
Qurrent Ly v vref Vi
Qurrent :"__' . @ (input B) :"—'ﬂ re—n|r__ o '_’Ilﬂ
(input A LEN |21 _T_T_ (l))lljgtqgi
e TR
GND= : GND=
(&) (b)
Weighted reference current generator
VDD
3@ wi Ilr_fl W3 IMrng wa Ilrgfi% et 4 W5-_’"Mrgf5
T T N W
GND=

Figure 4.3 Sensing circuit for analysis of euntrvariations due to wearouts in data lines
and power/ground network6§]: (a) current subtractor and amplifier block, (b) current
digitizer, and (c) weighted reference current generator.

Four current test circuits detect current variations due tooneanechanisms in

the power/ground networks (see Fig. 4.2). The VDD paths for the upperaoank

connected to input A of Tckt 1 and input B of Tckt 2. Another VDD line for the lower
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bank is connected to input B of Tckt 1 and input A of Tckt 2. Groundspfatr both
banks are connected\fbckt 1 and\Tckt 2 of the same structure.

Finally, two digital blocks check for functional errors in the data lines. The
current analysis results are sensitive to the capacitance and resistance of a bitline pair
and/or he VDD/GND paths. Thus, a significant mismatch in path length between a cell
under test and the sensing circuit from the distance between a reference cell (a good cell)
to the same test circuit leads to a false diagnosis result, even if both cells aceiipod
We set the maximum allowed length mismatch between the data paths from the cells in
the upper and lower banks to be 110um to reduce the chance of diagnosis errors due to
mismatch in path length. To keep the length mismatch under the maximumwnit,
divide each SRAM bank into 64 sdibocks. When the cell under test is in the upper
bank, we pick a reference cell in the same-Isloigk of the lower bank as the cell under
test.

When the leakage currents from faulty cells are exactly the same eciadbée
faults might exist. However, since the leakage currents depend on the degree of wearout,
currents from two cells are generally different and shift with wearout. Thus, undetectable
faults from matched leakage currents have little impact on thedestage of the BIST
methodology. Nevertheless, if there are undetectable wearout faults, a standard functional
test algorithm, such as the March algoritt8h) fan be conducted to check the distortion
of output patterns. This helps to avoid the worst cas@ario where the system fails due
to functional faults in the SRAM in the field.

This research has considered only wearout failures in SRAM cells. This is

because failures are much more likely in SRAM cells due to the smaller feature sizes.
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The BIST system and peripheral circuits are designed with much looser design rules to
reduce the vulnerability of these circuits to wearout problems. Moreover, the BIST block
is powered down, except in test mode. Hence, the pidipadfi failures due to wearout

in the BIST circuity and peripheral circuits is much lower than the failure rate for the

SRAM cells.

Keeping the strict policy of ensuring testability with conventional memory BIST,
our BIST system is stitched to the data line in parallel, without imma¢ha timing
performance and memory operation functions significantly. Nevertheless, the timing
closure for the read and write drivers on the data lines should be carefully conducted to
satisfy the timing specification and avoid timing violaspmegardles of method to
include the BIST system.

Our BIST system is a reconfigurable platform for various cache sizes. To increase
test address ranges for a larger SRAM array, we simply add several registers for address
counters in the BIST controller and additab registers to store the larger number of
addresses of failed cells. Also, if we increase 1/0O widths for the larger memories, we need
more test circuits, such as those shown in Fig. 4.3.

Note that current sensing is sensitive to the capacitance astanesi of the
bitline pair. Hence, when we reconfigure the BIST for a larger memory array, we divide
the SRAM array into more stitdocks to keep the maximum allowed length mismatch to
110um, to avoid timing mismatch at the inputs of the test circuit in &£@ For
example, there need to be 131,072-bldrks and reference cells for a 32Mb SRAM

array for a bank with 12 bit row addresses, 8 bits column addresses, and 32 1/Os.
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The BIST system is designed to operate on eackblak unit, and the test
algoithm is repeated for different stddocks (see Fig. 4.2). Having more sblbcks in a
single bank does not impact test coverage. Also, there is no significant area overhead for
the customized BIST system for a larger SRAM array since the algorithm forkdosik
is repeatedfor the larger array. The ratio of area for the customized BIST system
presented in Fig. 4.1 to the SRAM system for 128Kb is just 0.67%. The ratio can be
further reduced for a larger memory array. Generally, one conventional memory BIST
module for the general functional test algorithm, such as the March algorithm, is shared
for many memory blocks when implementing a larger SRAM ar@y. customized
BIST system in Fig. 4.1 is embedded in the conventional BIST circuit using a
commercial BST implementation flow §2]. The ratio of area of the conventional
memory BIST system to the 32Mb SRAM system is just 0.043% and the ratio of the
customized BIST component to the conventional memory BIST system is just 12.08%.

When the memory is designedth advanced process technologies, thestdte
leakage current can be significaBil]. This may lead the current analysis methodologies
to be less effective. However, our BIST system uses a current comparison between two
cells in the paired sublocks. Since the off state leakage depends on the process
technology, the initial level of the leakage from the paired cells is still likely to be similar,
cancelling out any enhanced leakage. If the reference cell selection controls for the initial
leakage crrents, then it is likely that the BIST methodologies will work for more scaled
technologies. Nevertheless, when we move to more scaled technologies, more reference
cells and/or trigger limits may be required for the current tests to better account for

varnation in initial leakage currents.
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The memory BIST platform is usually soft intellectual property (IP), which can be
used for many applications without process dependence. However, our BIST system for
wearout mechanisms also contains analog sensingitsirand digital test logic. To
deliver the analog IP in our BIST system to different chips, there is a need to consider
leakage and noise issues carefully in the target design chip. Also, timing closure with the
digital test logic and process variatior®sld be carefully checked, with regards to the

timing libraries for the specific target process technology and applications.
4.2BIST Algorithms for Failure Analysis

4.2.1.0verview of Test Algorithm

Fig. 4.4 and Table 4.1 presethie test algorithm for warout mechanisms. The
BIST block first conducts screening testsdentify a proper reference cell for each sub
bank asshown in Fig. 4.2Test of bitline current using a paired comparison between
each cell and the proper reference cell in the pairbebkack identifies the reference
cells and all faulty cells, except those with NBTI, PBTI, O1, andd08 faults (see
Table 4.2).

Next, for each of theellsidentified through thecreeningest presented in Table
4.2, the BIST controller conducts testeps from CF1 to TE3shown in Fig. 4.4to
diagnose the cause of failure for each-dbibck. More details for test algorithms are
provided inTable 4.1. In this step, the reference cells which were found from the wearout
screening test are utilized toopide the reference current tiee sensingcircuit in Fig.
4.3(a). After test®f the faulty cells determined througlvearout screening are finished
for all subblocks in an SRAM bankthe BIST controller startsthe TF4 algorithm to

identify the remainindaulty cells and their cause of failure.
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Figure 4.4 Test algorithm for wearout mechanism.

35



TABLE 4.1. TEST MODES AND PATTERNS FOR DIAGNOSIS OF WEAROUTS

r:gj; TSOSitr::[lg Test patterns Detected faults name
Current Data (wl,r1,w0,r0) x 2 02-07,SG1SG4,G1, B7, B8 Screen
Digital Data (w1,wO0) B7 CF1
Current VDD (wl,rl) SG1 TV1
Current VDD (w0,r0) SG2 TV2
Current GND (wl,rl) SG3 TG1
Current GND (w0,r0) Gl TG2
Digital Data (wl,wO0,r0) B8 CF 2
Current Data (wl,w0,r0) 04, 05 TF1
Current Data (wl,w0pre[1.2V],rQ 04 VS 05 DRF 1
Current Data (wO,w1,rl) 02, 03 TF 2
Current Data (wO,wl,pref[1.2V],r]) 02 VS O3 DRF 2
Digital Data (w1,w0,r0) 06, 07 TF 3
(w1,w0,pre[1.2V],rQ o1
(wl,w0,pre[0V],r0) '
Digital Data (wO,w1,pre[0V],rl) 08011, SG4, TF4
NBTI 1-2
(wl,wO0,pull_dw[0V],r0) PBT| 1.4
(wO,w1,pull_dw[0V],r1)
We set the resistance to 10Y for

resistive open defects for the fault models presented in Fig. 3.2. In our simsiletr all

resi

TDDB, EM, and SIV cases in Fig. 3.2, functional and timing violations during read and

write

oper ati

open models.

ons

occur

wi t h

10Y

for

resi

Unlike the resistance modelsy due to BTI may notistort the read and write

data functions significantly. However, BTI in the cell can reduce the read static noise

margin (SNM) which guarantees reliable memory operations even witp sigisals #1].

We setwn to 30% for the tests of for NBTI arfdBTI degradations. In the simulations,

the read static noise margin is reduced by 7.35% for a30%hift due tothe NBTI

mechanism in a cell and by 10.52% for a 3@%o shift due to PBTI in a cell.
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TABLE 4.2. TEST MODES AND PATTERNS

Fault Dat(e;}l;r;(t; gtjir;%rlljtt\g?réagon Wearout Screening
Proper 0 buA No
NBTI 1,2 0.5 pA > No
PBTI 1-4 0.5 pA > No
o1 0.5 pA > No
02, 05 29.34 pA Yes
03, 04 29.31 pA Yes
06 9.8 pA Yes
o7 8.2 A Yes
08011 0.5 pA > No
SG1, SG2 27.4 pA Yes
SG3, G1 31.9 pA Yes
SG4 22.5 pA Yes
B7 64.2 pA Yes
B8 27.31 pA Yes

This level of degradation due to wearout mechanisms is achieved after aging the
circuit over10's with the four test scenarios in Fity2 [9]. Hence, we an assume that
the significantly degraded cells dueth® BTl mechanism can be modeled with the 30%
& shift. Althoughaw of the access transistor due to PBTI does not worsen the read static
noise margin significantly, the weak transistors can cause writeread timing faults
[41]. Especially, a 30%ux» variation for araccess transistor increases the cell access time
(Taccees9 by 11.1%. This can lead to an access timing failure when delay exceeds the
maximum tolerate limitTmax) with a fast operatg clock and tight timing margifi71].
4.2.2.Step 1: Wearout Screening and Finding Reference Cells

The wearout screening test consists of two sub procedures involving current
testing of the data lines using the SC in Fig. 4Ta distinguish the faujt cells from
proper cells without fault, we use W1 ig. 4.3c) to set the trigger level to 4.0pA for
wearoutscreening. This is larger than the maximum variation in current (1.06pA) that
can be observed between two good cells even with 10% corner pnengstions. The

trigger level can be set, by adding a margin for noise.
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The first step is to find the reference cells which do not have any fault. During
this step, a cell in the upper bank is paired with a cell in the lower bank for the test. If the
current is the same, then both cells can be reference cells and their addresses are captured
in registertype circuits under the nankkeg_referl.These proper cells can be references
for all other cells in the paired bank in the same sector.

When thecurrent is different, both cells are included in the suspect set (as
illustrated in Fig. 4.5(a)). When the cells are in the suspect set, the algorithm has to
search for proper reference cells, since the cells in the suspect set cannot be proper
referencecells. To do this, the counters increase the register value for both test column
addresses, until the SC does not detect a leakage current difference (as illustrated in Fig.

4.5(b)). The result for the cell location is storedReg_referl.

a '_ a
3 s s § 3 s s =15
81 b1 b2 0 18 b1 Eb2 o
'g X Suspect ~ > 'g *---X ~ >
Posetl i Good
E & cell
E ata Golumn decoder Eata Column decoder
ne?_‘ Peri. circuits | neE Peri. circuits |
| Sensing drcuits | Sensing Arcuits |
— Peri. circuits | — Peri. circuits |
Golumn decoder Golumn decoder
g , — g Good -
Suspect cell
i X =1 | =12 8| x-x% | =12
g QUb1l Qb2 - 9 '; Qb1 Qb2 o 9
: ' Q ' ! Q
2 52 8

(@) (b)

Figure 4.5 Test architecture and algorithm for wearout screening test: (a) Finding suspect
sets, and (b) Finding proper reference cells.
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After the wearout screening test for each-bldzk in a single bank is completed,
the proper reference cell in eashbbankis used for the other current test steps in Table
4.1. All SRAM cells are tested during the step to identify reference cells, even though
only one reference cell is stored for each sector since the scan through all cells also
identifies a suspecset of potentially faulty cells. Hence, all cells are paired with their
complementary cell in the paired bank and the ORA stores the cell addresses in
Reg_suspectt a current difference is detected

It is necessary to determine which of the twenptementary cells is faulty in the
suspect set presented in Fig. 4.5 after the proper reference cells have been identified.
Each cell in the suspect set is tested using the proper reference cell in the complementary
bank to determine whether it is faulty.

4.2.3. Step 2: Coupling Fault (CF1) Diagnosis for B&ult

The BIST system tests the identified faulty cells to determine their cause of
wearout (see Tablé.1). The first fault model to be diagnosed is B7 (see Fig. 4.4). The
B7 fault is induced by diektric breakdown between bitlifiar connected to cell 1 and
bitline connected to cell 2, which increases the bibae and bitline loads significantly
(see Fig. 3.2). A write driver cannot pull up the voltagéitdine-bar for cell 1 to 0.6V
due to thencreased load.

For the detection of B7, the TPG generates the (w1, w0) pattern and analyzes the
voltage patterns on the bitline pair with digital logbcu r i ng t he write 0616
digital block stores both digitized values from the bitlineér pa registertype circuits
with the name& 'QandY'Q During the subsequent write

stores the digitized values M"andY "Q The counter counts clock edges to set the
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capture time for the digitized valueBhe digital logicdetects andliagnoseghe cels
(cell 1 in Fig. 3.3) which contain B7 on bitlisfer and generates the fault trigger signal
("O ) using thefollowing Boolean equation:

O Y'Q AY'Q AY'Q AY'Q (4.2
Table 4.3 shows that th® signal is generated only if a cell with the B7 fault on bitline

bar is tested.

TABLE 4.3SIMULATION RESULTSFORTHE CF1ITESTWITH B7 FAULT

Write 0616 Write 606 opern
Fault Biine | Bitine-bar | Bitline » .
logi loa loai Bitline-bar logic
gic ogic ogic
Proper Logic 1 Logic 0 Logic 0 Logic 1
NBTI 1,2 Logic 1 Logic O Logic 0 Logic 1
PBTI 1-4 Logic 1 Logic O Logic 0 Logic 1
O1i 011 Logic 1 Logic O Logic 0 Logic 1
SGLSG4 Logic 1 Logic O LogicO Logic 1
G1, B8 Logic 1 Logic O Logic 0 Logic 1
B7 (cell 1) Logic 1 Logic 0 Logic O Logic 0(0.54V)
Reg. Y'Q Y'Q YQ YQ

4.2.4. Step 3: Current Variation Analysis of Power/Ground Distribution Networks for
Diagnosis of SGiSG4

The BIST system next starts a current analysis on the VDD lines to screen
bridging faults between VDD and a sig§meode (B5, B6, G6, and G8 in Fig. 3.2). We
connect the SCs in Fig. 4.3 to the VDD paths for both upper and lower banks. The BIST
controller sends the test addresses of cells under test to detect the current variation. To
make VDD/GND variation more visibl so that the sensing circuit can detect it, an
additional test structure between the global power/ground network and an SRAM bank is

added, as shown in Fig.64.
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Figure 4.6 Additional structure for VDD/GND variation test in the memory system.

In test mode, a switch in the test area switches the global VDD/GND paths to
another VDD/GND test path with the inserted larger resistance. Due to the larger noise,
VDD/ GND variations from bridging faults ar
0 1 perations, SG1 (B6 and G6 in Table 3.1) becomes the bridge enabling the current in
the VDD line to flow tothe GND path. Also, the leakage path due to SG2 (B5,G8) leads
current in VDD to flow to GND path during
3.2).

The leakage current between a signal line and GND is induced by B1, G1, and G3
(see Fig. 3.2). If the signal line is shorted to GND through the leakage path due to SG3
(B1, G3), the GND I evel tempor ar idrafiongoes u
with the TGl pattern in Table 4. 1. |t i nct
operations with this (w0,r0) pattern.

Table 4.4 shows that SG1 and SG2 are detected with analytsise WDD path.

To distinguish them from other faults, treference deviceidth, W2, in Fig. 4.3(c) is set

to a current trigger level of 7.4uAG3 and G1 are distinguished from other mechanisms
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through GND path analysis. W3 sets therent trigger leveto 4.1pA for the detection

of SG3 and G1.

TABLE 4.4VDD/GND VARIATION ANALYSIS RESULTSFORSHORTGROUPS

Fault VDD current variation GND current variation
(max) at input of SC (max) at input of SC
Proper 0 pA 0 pA
NBTI 1,2 Less than 0.1 uA Less than 0.1 pA
PBTI 1-4 Less than 0.1 uA Less than 0.1 pA
01 0.3 uA Less than 0.1 pA
02-05 2 uA 0.5 pA
06-07 3.0 uA Less than 0.1 pA
08-010 Less than 0.1 uA Less than 0.1 pA
011 1.3 yA Less than 0.1 pA
SG1, SG2 13.2 uA 0.2 pA
SG3, G1 3.1 A 7.3 uA
SG4 2.8 A 0.1 pA
B8 6.7 LA Less than 0.1 pA

4.2.5. Step 4: Capling Fault (CF2) Diagnosis for B8

The BIST controller generates the (wl, w0, rO) pattern fordiagnosis of B8

(see Fig. 4.7). For this test pattern, bitline sense amplifiers are turned off during the read

operation. Bitline mismatch does not occuridg the read operation when there is no

wearout, when the bitline sense amplifiers are turned off.

nl: 0.05V->1.19V n2:0.28V->0V

VDD
vel+ Mo
n3
")
n4
— ®
M1l M12
M7 M9
BL1 GND é /BL1] |BL2 GND J=' /BL2
i Aggressor cell
TIogic‘O' \ﬁCtlm Ce” Iogic'l'—r gg
Figure 4.7 Write 6006 and read 006

coupling fault in an SRAM array.
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A

Fig. 4.7 presentswet 606 and read 0606 in a victim
increased because it is stuck to n3 in an aggressor cell through the B8 fault. The B8 fault
can break the load balance between the n1 and n2 nodes in the victim cell. The write
driver drivest he bitl ine to-blaomgitco d G&thawrd 1@ td on
operation. The M5 transistor in the victim cell pulls down the nl node to 0.05V.
HowevertheM6 transi stor cannot dr itheiacreashddoadh 2 n o ¢
at n2. TheM6 transistor pulls up the voltage on n2 in the victim cell to 0.28V.

Althoughthe nl node (0.05V) is connected to the gate of PMOS M4tlaed2
node (0.28V) is fed into the gate of M2, M2 pulls up the nl1 node instead of M4, since the
load on n2 is mch larger than the load on nl. M2 transistor pullshgnl node to
1.19V, and this turns M3 on, pulling down the n2 node to OV (see Fig. 4.7).

Fig. 4.8(a) shows thalhe M2 transistor is turned on, and this leads to an increased
bitline voltage. Alsgthe bitlinebar voltage starts to decrease sittteM3 transistor is
turned on. The current comparison in Fig.4.8(a) shows that the source curtten@rf
transistor increases from 16.3uA to 20.5uA and théheM4 transistor decreases from
27.34Ab 0 during t he r ethedM2 thabsistor pdle upghe signa ws t |
node instead othe M4 transistor. The digitized valug from the bitlineand bitlinebar
vary froml o gitco 0@ Iamdbalrod ,trespedadvelfisee Fig. 4.8(b)).

The waveform for the digitized value patterns is used to identify the victim cells
with B8 faults(see Table 4.5). The digital logic stomdigitized values at four test points
from the bitline pair in registeype circuits with name¥ "Q'Y (Y "Q and Y "(see Fig.

4.8(b)). The digital circuit diagnosesevictim cell with the B8 fault using

"0 AY'Q YQ YQ AvrQs (4.2
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Figure 4.8 Simulation results for the victim cell with B8 fault with the pattern (w1, wO,
r0): (a) bitline pair voltages and current at the sources of transistors M2 and M4, and (b)

digitized values from the bitline pair.

TABLE 4.5SIMULATION RESULTSFORCF2DURING THEREAD 6 0O®ERATION

Fault voﬁggge[V] 53223:3[?;] Bitline logic Bitline -bar logic

Proper 0 1.08 0 1
NBTI 1,2 0 1.08 0 1
PBTI 1-4 0 1.08 0 1
01 0->0.22 1.08 0 1
02, 03 0 1.08 0 1

04, 05 0->0.21 1.08>0 0 1->0
06 0 1.08>1.01 0 1
07, 010 0 1.08 0 1
011 0->0.23 1.08>0.87 0 1

SG4 0->0.55 1.08>0.55 0 1->0

B8 (victim) 0->0.73 1.08>0 0->1 1->0
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4.2.6 Step 5: TF1, TF2, DRF1, and DRF2 Tests for D25

The TF1 (transition fault) algorithm is uséa detect O4 an®5, as shown in
Table 4.1. The complementary TF2 pattern detects O2 andT®8. BIST controller
follows with the DRF1 (data retention fault) patterndistinguish O5 from O4 and the
DRF2 test to distinguish O2 fro@3 (see Table 4.1)Bitline sense amplifiers are turned
off for these test patterns.

Fig. 4.9(a) presents the TF1 algorithm with the O4 fault. With the O4 or O5 fault,
thewr i te 0106 operation is done-bggmwmoO\pandthey. The
M6 drives n2node to ground. Node n2 is discharged to under 0.6V thrthegM6
transistor, and the nl value changetl®®e to | o
M3 transistor is turned on, nl becomes stu
tologc6 06 due to the | ar dgheM6ltrangistor camnatpud dpthey O4 .
n2 node to 0.6V due to the path from n2 to ground through M3. Dtihelge ad | ogi ¢ ¢
operation after the write operations, the voltage on bithaweis discharged from.Q9 vV

to 0.01V, since it is connectedttten2 node which holds 0V.

Suck at one after wl Suck at one after wl
WL / WL
VDD / VDD /
M2 |} M4 M2 |}
M5| M5] nl
05
M1 |_
BL1 GND é /BL1 BL2 G\D J=' /BL2
llogic'o' logic't''  llogic'0 logic'l'"

(@) ()

Figure 4.9 Write 600 operation with the TEF
SRAM cell with O4 fault, and (b) an SRAM cell with @éult.
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TABLE 4.6 SIMULATION RESULTSFORTHE TF1AND TF2ALGORITHMS

Read 0606 ( TH Read 0616 (7
Current Culrrgnt
Fault \BL vol . BL variation
voltage variation

from \BL (max) voltage from BL

(max)

Proper 1.09V 0 A 1.09V 0 uA
NBTI 1,2 1.09V 0.1> pA 1.09V 0.1> pA
PBTI 1-2 1.09V 0.1>pA 1.09V 0.1> pA
PBTI 3 1.09V 0.1> pA 1.09vV 1.9 yA
PBTI 4 1.09V 1.9 uA 1.09Vv 0.1> pA
o1 1.09V 0.3 pA 1.09V 0.3 uA
02, 03 1.09V 4.5 uA >0.01V 29.3 pA
04, 05 >0.01V 29.3 pA 1.09V 4.5 pA
06 0.96 V 1.0 A 1.09V 0.1 pA
o7 1.09V 0.1 uA 0.96 V 1.0 yA
08 1.09 V 4.5 pA 1.09 V 0.1> pA
09 1.09V 4.6 A 1.09V 4.6 A
010 1.09 V 0.1> pA 1.09 V 4.5 pA
011 1.09 V 4.5 pA 1.09 V 4.5 pA
SG4 0.55V 4.0 uA 0.55V 4.0 yA

Whenthe O5 fault is placed between a bitline ahe M5 transistor, the probie
with the TF1 pattern is the same (see Fig. 4.9(b)). Sinceriteedriver cannot pull down
thenl node due to the inserted | arge | oad d
|l ogic 06106, athre 16 trahsister frgnr pailing wapt tlee N2 de. Thus, the
voltage on bitlinebar varies from 1.09V to 0.01V. Table 4.6 shows that the voltage on
bitine-b ar wi th 04 or O5 is different from oth
operation, and this results in current variation in the biiaedata line. W4 in Fig. 4.3(c)
can be used to set the reference current to 6.6pA for O4 and O5 detection.

Additional test steps are needed to distinguish O4 from O5. The DRF1 test step
in Table 4.1 analyzes data retention properties during a veryréatgoperation. The
(wl), wO) test pattern causes the nl node |
write 6006 is completed, t he BI ST control |l

signal) and T_V_pre (1.2V) to the bank (see Fig. 4.1). THadiis pulled up above
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|l ogic 616, and the read 606 starts. During
a cell with an O4 fault is charged to 986mV, ahd M5 transistor prevents the bitline

from being discharged, as illustrated in Fig. 4.0nh the other hand, sindgee M5

transistor in a cell with an O5 fault cannot hold the bitline charge due to the large inserted
load, the bitline connected to the cell with an O5 fault is easily discharged. Fig. 4.10
showsthat a voltage difference betwethe two types of faults is detected, and the faults

are distinguished with 20us test time.

115mﬁm—mmmmm
i Bitline with O4 (113Kohm ~)
125 P4
1.0] \\
< Bitline with O5 (66.7Kohm ~)
=—0.75|
D=
cs >
= 05
>
0.25;
0
4 B 10 15 20
— R0 Time [e 5]

Test pattern: (W1, WO, Precharge 1.2V, R0)
Figure 410 DRF1 algorithm to distinguish O4 from O5.

4.27. Step 6: TF3 Pattern for O6 and O7

Forthe TF3 algorithm, the BIST system writé o g i with @pé&ridbd of 70ns in
faulty cells to set thinitial valuessofn 1 and n3 to 616 and n2 and
Then write 06006 and r e adensé anplifierpaeertaned afns ar

during Ghepee atbigpattarn wi t h
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WL WL

VDD Suck at' logic one VDD Suck alt logic zero
7y

~1..-

CO PR

v v
BL1 /BL1| |BL2 /BL2
0->1 GND é 1->0 0->1 GND J=' 1->0
(@) (b)
Figure411Wr i t e and read |l ogic 606 after a writ

06 and (b) O7.

Fig. 411(a) presentgshe wr i 06e aotn d 06r empe réat fadipeell f or a
containing O6 at the n1 node. During the shortw6 6 ( 5ns ) , M5 and M1
down the gate of M4 tOV due to the large resistance. The daeomesstuck at logic
6 1 d@nd this turns M3 transistor on. Since therent from M6is directly discharged
through M3 duringhewr i t e 6 0 6 on n2 (6BV@doesrmt chaaggand M2 stays
on. Whenther ead 6006 start s, M3 -bar froarld3 \std\gand pul | s
the M2 transistor pulls up the bitline voltage from 0.01V to 0.74 V. Fig2(&)ishows
that boththe M2 and M3 transistorgirn onat 106ns.

Fig. 4.11(b) presenwcell with O7 at the n4 node with the same initial conditions.
Similarly,theM1 0 and M12 transistors cannot pull
the short write 6006 operatitome mpadd i @@O0 doin
the write driver is disconnectedheM8 tr ansi st or pguwl |I6sl6up T2 f

value ofthe n3 node turns M9 transistor on, pulling down the bitliae voltage from
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1.21V to OV.More test time is needed for M8 to pull np than for M3 to pull n2 down.
Thus, the M9 transistor is turned on at 111.9, deading thebitline-bar voltage to

decrease at 111.9 ns.

Di giti/zed value

—M2 pullsu 4
e |:),I1 P BL
Z = Rggg N
T ——
84953 T —&NM3puifsdown
SE R10 Roll Ryl3
A 1 \BL
B — S . | .
]:I_.OOO: ' 11 i.ZOO 1z0 ]i.ZOO
i Time [ng]
. (&)
5 7ELS JELB_F 1 :
1%: ' «—=M8 pullsup ¢ o
s 7 RoO %/—Dglz
o §o L
51-55' = :
5 . e e
> |7 [ROI0 | RoL Ryl3
6o I 1 «~=MOpullsdown 3 \BL
9 150 e 15
W1-> W0—> RO Time [ng]

(0)

Figure 4.2 Bitline pair voltages and their digitized values for a cell with test pattern (w1,
w0, r0) (a) for an O6 fault and (b) for an O7 fault.
The waveforms for bitline pairs, presented in Fig24dre used to distinguish O6
from O7(see Table 4.7)The BIST systenstoresfive time points {Y '® Y "Q) for each
data line pairas presenteth Fig. 4.2. Since the falling edge of bitlidear is different

for the O6 and O7 faults'Y "Q can be used to distinguish these faultsth the stored
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register values, th©RA block diagnoseshe O6 and O7 faults usinthe following

equations

AYQ

AY Q.

YQ

YQ

YQ

AYQ

YQ

YQ

AY "Q

AYQ 8

4.3

(4.9

TABLE 4.7SIMULATION RESULTSFORTHE TF3TESTFORO6 AND O7 (READG 0 6 )

Bitline Bitlne-bar | -09C Logic
Fault voltage [V] voltage [V] from from
bitline bitline -bar
Proper 0 1.2 0 1
NBTI 1,2 0 1.2 0 1
PBTI 1-4 0 1.2 0 1
o1 0 1.2 0 1
06 0.01->0.74 1.13>0 0->1 1->0
o7 0.01->0.74 1.21->0 0->1 1->0
08 011 0 1.2 0 1
SG4 0.02->0.55 1.14> 0.55 0 1->0

4.28. Step 7: TF4 Algorithm for Remaining Faults

All faults detected with current screening have beentifiiesh in the previous

sections. However, O1, @811, SG4, NBTI, and PBTI cannot be detected thrabgh

current screening test. Hence, diagnosing these faults requires scanning the entire array

with the TF4 pattern (see Fig. 4.4 and Table 4.1). Theptiern contains several sub

steps, with a nostandard precharge between write and read operations. For instence

BIST controller sets the precharge voltage to OV to pull down a bitline pair during the

20ns hold time before the read operationsub-steps 2 and 3 of TF4 in Table 4The

BIST controller sendghe pulkdown control signal (P_down) to the driver between the

write and rea@perations.
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TABLE 4.8SIMULATION RESULTSFORTHE TF4TESTDURING READ OPERATIONS

Sub step 1 Sub step 2 Sub step 3
Fault wl->w0-> wl->w0-> w0 -> wl->
pre 1.2V (20ns)-> r0 pre OV (20ns)->r0 pre OV (20ns)->rl
BL[V] \BL[V] BL[V] \BL[V] BL[V] \BL[V]
Proper 0 1 0 1 1 0
NBTI 1 0 1 0 1 1 0
NBTI 2 0 1 0 1 1 0
PBTI 1 0 1 0 1 1 0
PBTI 2 0 1 0 1 1 0
PBTI 3 0 1 0 1 1 0
PBTI 4 0 1 0 1 1 0
0O1 1 1 0 1 1 0
08 0 1 1 0 1 0
09 0 1 0 0 0 0
010 0 1 0 1 0 1
011 1 1 0 0 0 0
SG4 0 0 0 0 0 0
Reg. Y'Q YQ YQ YQ YQ YQ
Sub step 4 Sub step 5
Fault wl->w0-> w0 -> wl->
pull-down QV -> r0 pull-down OV ->rl1
BL[V] \BL[V] BL[V] \BL[V]
Proper 0 1/1 1/1 0
NBTI 1 0 1/1 0/0 1
NBTI 2 1 0/0 1/1 0
PBTI 1 0 0/1 1/1 0
PBTI 2 0 1/1 0/1 0
PBTI 3 1 0/0 0/1 0
PBTI 4 0 0/1 0/0 1
01 0 0/1 0/1 0
08 1 0/0 1/1 0
09 0 0/0 0/0 0
010 0 1/1 0/0 1
011 0 0/0 0/0 0
SG4 0 0/0 0/0 0
Reg. YQ YQIYQ YQIYQ YQ

Defect SG4is the resistiveshort defecbetween the internal cell nodes (see Fig.

3.2 and Table 3.1). Since the signal nodes are connectedevBaf DDB or GTDDB

mechanism, both voltages on a bitline pair go up to5 4

However

, 0.

54 V

cannot

fli

V duri

p the

ng

t

he

r

e a

digitized

showsthat digitized values from a bitline pair with faults in SG4 for all-sabes of TF4
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are | ogic 006. withthesd faults are tistinguished fraantthe &gl | s
cell.

Defect Olldisconnects the access transistors from the cell under test. The logic
on a bitline pair cannot be changed after precharging since the access transistors are not
functional (see Fig3.2).

Defect Olis the worn out contact between sources of NMOS cell transistors and
ground (see Fig. 3.2). Eithéine M7 or M9 transistor cannot pull down a bitline or a
bitline-bar during the read operation. We use the test pattern (w1, w0, precharyg, (
r0) to test the ability of the cell to pull down. For a proper cell witldault, M7 in Fig.

3.2 discharges the Dbitline t o theMN7trdngistor ng t h
in a faulty cell with O1 cannot discharge the bitline du¢ht large resistance between

the M7 transistor and ground. Table 4.8 shows that the test result for a cethesiii

faultis different fromthatof a proper cell for sulstep 1 of TF4.

Defect O9is the worn out contact between sources of a PMOS @ewid VDD
(see Fig. 3.2). Similar to detectiontbie O1 fault, the large resistance keeps M8 or M10
from pulling up a bitline or bitlindar during a read operation. Similarly, sstep 2 and
substep 4 determine whethethe M10 transistor can pull up thieitline-bar properly.
When t he r eleMl0d@ndistosin ther faulsy,cell with O9 cannot pull up a
bitline- bar due to the large inserted resistance (09). We can see that both the bitline and
bitine-b ar ar e | o g-step 254cOllimsiofiTabte 4.8 s u b

Defects O8 and O1l10are the worn out contacts between a drain of a PMOS

transistor and a signal path in an SRAM cell (see Fig. 3.2). To db&08 fault in the

cell, the test pattern in sttt ep 2 of TF4 i s u startkthesdd . Wh e
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transistor in Fig. 3.2 has to hold tehe sig
M7 transistor holds its drain nodethat |l ogi
M10 transistor cannot Ilhelarde rasistancerife@Sdaulat | og
the node is discharged, |l eading to a chang
change othelogic value at the drain nodettfeM7 t r ansi stor to | ogic
the Il ogic on GheO0Ob753V)nandob&ehitgingdtowd I
presented in the stdiep 2 column of Table 4.8

To detectthe O10 fault, the pattern is the opposite (w0, w1, precharge (0V), rl).
The logic values on the bitline pair are swappedtietO10 fadt with substep 3 for the
same reason as for O8 fault with sstbp 2 in Table 4.8.

BTI Degradation NBTI degradation in an SRAM cell causes the of PMOS

M2 (NBTI 1) and PMOS M4 (NBTI 2) to shift (see Fig. 3.8). for our process
technology (90nm technology) is175mV, and we setxw for our simulations to
52.5mV (30%). The effect of NBTI degradation is similar to the O8 @0 faults
presented in Fig. 3.2. Hence, the test algorithm must distinguish NBTI 1tfie®10
fault and NBTI 2 fromthe O8 fault. With the NBTI 1 degradation effedhe M2
transistor has a weaker drive strength when pulling up the internal node teattoets
drain. The PMOS M8transistor with O10 loses its driving ability when pulling up the
same node. The drivingbility of the M8 transistor with O10 is much weaker than the
M2 transistor with NBTI 1.

Although NBTI degradation leads an SRAM cellde skewed and weakens the
driving ability of the PMOS devices, the PMOS can hold the charge on the internal node

connected to its drain, unlike with the O8 or O10 fault. Hence, foisgp?2 and 3 in
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Table 4.8, the skewed property framb due b NBTI degradation cannot swap the
logic states of the internal node if the absolute valuexof is less than 84 mV, even in
the presence of process variations. Therefore NBTI is distinguished from O8 and O10.

To detect NBTI degradation, thegea need to conduct additional steps,-stdps
4 and 5 in Table 4.8. The sgkeps are similar to stdieps 2 and 3, except during the
pull-down process the access transistors are turned on, so that there is no voltage
difference between the internal rescin the SRAM cell.

When the voltages of the internal nodes are almost the same, the PMOS without
NBTI pulls up the internal node, and the PMOS with NBTI is turned off. For the NBTI 1
model, the voltage on bitlirkear always goes high with the testtpen of substeps 4 and
5 (see Table 4.8). On the other hand, the voltage on the bitline is always pulled up with
NBTI 2 during the same test pattern. Hence;steip 4 detects NBTI 2 degradation, and
substep 5 detects NBTI 1 degradation.

The PBTI mechaism shifts theo of NMOS transistors in a cell. See Fig. 3.2 for
definitions of PBTI 1, PBTI 2, PBTI 3, and PBTI 4. For PBTI 1, the M7 transistor in Fig.
3.2 drives M10, which pulls up bitiRear dur i ng t he reastdpdd 06 op
However, the weakatriving ability of the M7 transistor with PBTI 1 causes a delay for
the bitinebar t o be pul | ed ulggic ondbitine-b gr c i é Jab o gHe n
the first data capturing pointY("Q) and |l ogic 616 at t he sec:¢
Y 'Q (see Table 4.8Similarly, there is a delay for the bitline voltage toadled up to
high from the SRAM cell w iksteh 5 (se8thd™Qand dur i n (

Y "Q values in Table 4.8).
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For PBTI 4,the M12 transisbr has a weaker driving ability. After pulling down
the bitline pair with sulstep 5,the M11 transistor without PBTI degradation turns on
M10 earlier, turning ofthe M8 transistor even if the stored value on the node connected
to the drain otheM10transi st or is |l ogic 0606. FSep4, t he r
the M12 transistor, which is driven by M10 transistor, pulls up bithhnar t o | ogi ¢
However, sinceéhe M12 transistor with PBTI degradation is weaker, there is a delay for
bitline-bar to be pulled up, and theelay is detected using'Q and'yQ in Fig. 4.13.
Table 4.8 indicates the swapped logic values of the bitline pair witlstepb5 for an
SRAM cell with PBTI 4.The PBTI 3 model is similarly detected with sgbep 4 andy

the delay to pull up the bitline with sigbep 5.

1.5, : :

=4 | BL(proper) : : Rg20

0+ ; : 3

15

51 {/BL(propen) T R
@ i | BL (NBTI2) jo[zo
@ Loymp = : - =
% 2 4 §/BL(NBTI2) : R% Rgi
- Oy == . ;

1_5.5:7FU:‘_!FU:1" : :

4} eeng ; Rg20

Qv : : L 2

1.5 T : ; e —

:: j /BL(PBTI4) | T -

40 50 60 70 80 9 100
Wi-> W0  —>PDNO>RO Time [ns]

Figure 4.8 Simulation of the voltages on bitline pairs from a proper cell, a cell with
NBTI2, and a cell with PBTI4 for sustep 4 of TF4 pattern.
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Boolean Equations for DiagnosisThe dgitized values from the bitline witthe

TF4 pattern are stored M"Q, 'Y 'Q,YQ AY"Q,Y'Q, andY "Q. Also, the values from
bitline-bar are stored ity "Q, 'Y "'Q,'Y'Q,Y"Q,Y"Q, andY "Q with the same pattern
Using digital test logicye diagnose all of the wearout mechanisms.
4.29. Detectable Range for Wearout Mechanisms With BIST

Table 4.9 shows a summary of detectable ranges of inserted resistances for all
possible mechanisms with the maximum allowed bitline length mismatahapply 10%
process variation corners for Range 2 in Table 4.9 when determining the detectable range.
Range 1 presented in Table 4.9s the detectable range without process variations.
Process variations degrade detectioweérout Circuits with moreextreme variations in
process parameters will suffer from delayed detection of resistive shorts and opens since

resistance degrades with time.

TABLE 4.9DETECTABLERANGEOFINSERTEDRESISTANCESFOREACHFAULT

. Range 2 The warst
Fault Range 11 ] with PV LY | range [V ]
o1 > 179K > 184.7K > 184.7K
02,05 > 63.9K > 66.7K > 66.7K
03,04 > 109K > 113K > 113K
06 > 2.38M > 2.62M > 2.62M
o7 >4.21M > 4.37TM > 4.37TM
08,010 > 170K > 230K > 230K
09 > 374K > 400K > 400K
011 > 5.69M > 5.94M > 5.94M
SG12 <15.4K < 15.4K < 15.4K
SG3,G1 < 2.41K <1.51K <1.51K
SG4 < 29.6K < 26.8K < 26.8K
B7 < 0.625K < 0.583K < 0.583K
B8 < 18.6K < 18.2K < 18.2K
NBTI 9.857.8% 16.448% 16.448%
PBTI 1,2 12.4100% 20.9100% 20.9100%
PBTI 3,4 20.8-75% 29.572% 29.572%

The threshold voltage variation due to process variations limits the effectiveness

of the BIST technique. The critical limit on threshold voltage variation is 34.51%, which
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makes the B7 fault in Table 4.9 undiagnosable. Thésfavhich haveresistance value
equal tothe limited range in Table 4.9 are less detectable in the presence of process
variations. If the process is controlled well, keeping the process variations under the
critical limit, our BIST system detects andtthguishes all possible wearout mechanisms

in an SRAM array.

4.3 Statistical Failure Analysis to Separate Wearout Distributions for
GTDDB vs. BTDDB and EM vs. SIV

For short groups (SG4) due tothe GTDDB and BTDDB mechanisms in Table
3.1 and open groups (&1-3) due tathe EM and SIV mechanisms in Table 3.2, the cause
of a fault cannot be identified using only electrical tests since both mechanisms cause the
same shorts or opens.

Hence, there is a need to find an additional analysis methodology to determin
the cause of wearout. We propose to diagnose the fraction of failures for each
confounded mechanism with statistical analysis combined with field test results from
BIST andthereliability simulator. The fraction of failures from GTDDB vs. BTDDB and
EM vs. SIV are estimated by matching the failure rate of each fault site from BIST to
simulation data from a reliability simulatct][[10].

For short groups due to GTDDB and BTDDB, the characteristic lifetime; jis
and the shape parameter igy, . Qis an index for the short group (S@Jin ‘Gocell and
"Gndicates the short location within the short groups (see Table 3.1). For example,
- ri for GTDDB is the characteristic lifetime for G4 (j=2) of SG4 (k=4) in the
30,000" cell (i=30000) (see Fig. 3.2 and Table 3AJr open groups due to EM and SIV,

the characteristic lifetimand the shape parameter ang andf  , respectivelyd is
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the index for the open group (O&} in thea@cell. The simulator démates—;; and
— i and the corresponding values of the shape parameter for all possible wearout sites in
the SRAM system using benchmarks and use scenarios to determine the stress profiles.

I wp (for shorts) andl j (for opens) are assumed to have a constant value for
each mechanisnihen, the Weibull characteristic lifetimes for each fault group for shorts,

— , and for each group for openrs, can be computed with

j

- BB — (4.5
hh
and
j
- B — . (4.9
h
The overall lifetime of the SRAM system, , for each mechanism is the

solution of

p B - j—- AT@A B - j- 8 4.7
Given,— , k=1,¢é,4, for each shomt]l]doéeachmpen n Tab

group in Table 3.2, the probability that the failure is located ifQhgroup of locations
and thed  group of locations is
0 - j- AT A - - . (4.9
The relative frequency of different short groups depends on the relative frequency
of each wearout mechanism, which is estimétethe relative frequency of GTDD®)
and BTDDB ¢ [ 8The observed overall relative frequency of the short grdups,, is
a function of the probabilities of GTDDB ¢ and BTDDB 0 ; , l.e.,

~

0 ; F: proyg . (4.9
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0§ ando are the probabilities of failure of each short group when GTDDB and
BTDDB were the only dilure mechanism, respectively. The relative frequency of each
open group Iis estimated based on pthe rel a
Overall, the relative frequency of the fault sites in the SRAM ¢hip, his
0 § 0 p _0p . (4.10
where the probabilities of SIV and EM for each open groupoate ando ; ,
respectively.
Fig. 4.14(a) preentsd ; for GTDDB and BTDDB with different usscenarios
by changing the relative fraction of GTDDB and BTDDB failufes, Similarly, Fig.
4.14(b) shows the failure raté,; , due to EM and SIV, by varying the relative fraction
oo SI'V and EM failures, . This is the expe
0r andd ; areobtained from the observed fraction of failures for each short
and open group respectively, using electrical test with our BIShadelogy. When we
collect the relative failure rates for each group from the chip with the BIST system, we
can estimaté ; andd ; .0 , 0 ho , fando ; are computedwvith the
reliability simulator f]-[10].
Specifically, the reliability simulator computes the lifetime of each cell due to
each mechanism in equations (4.5),(4.6), and then the probability of failures at each site
is estimated with equations (4.7),(4.8). The pararsgteand_ are computed by

regression:

A i S R (4.11)

and
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B A A A A (4.12)

I
®
=
=

By matching relative probabilities of each group fro;g  or0 ;  to the probalbity

of failures of each mechanism from the reliability simulator, we can estimate the values

of [ and_.
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Figure 4.8 Failure rate distribution using a reliability simulator which determines the
stress distribution of SRAM cells it a microprocessor with different use scenarios (a)
for GTDDB and BTDDB, and (b) for EM and SIV.
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For the error analysis, we assume that ,0 f 0§ ,andd ; from
the simulation result are affected byrags with normal distributions with standard
deviati on, a. This iIs because there is a
lifetime values. We assume the measured valugésrof and0 j are known for
given values of and_, and we estimate and_ with equations (4.11) and (4.12),
respectively The computed values,and_, do not match the true values fofand_.
Then, equation (4.11) is solved fasand equation (4.12) issolvedfasby v ar yi ng 0
the nomal distributionfor the error added to 0 F O 5 ,andd ; . Fig.

4.15 shows the errors for both cases.

0.03
Brror (%9 Eror (%
0.025 3. 3/ o
002 2 : A
0015 1 1
9 0
0.005 56 08 _ _
0.005 Sandard 0.2 0.4. Sandard 75 0.4 °
deviation (") 00 Fraction of deviation () Frac_tlon of
GTDDB failures( ) SV failures (<)
(2) (b)
Figure 4.5 The erroranalysis foa)l [ with 0 j ando ,(b)1 e

with0 ; and0 ; for general use scenario

If there is uncertainty in the actual use scenario, there can be errors in estimation
of the probabilities of failurelf the simulator uses the gaming use scenarith@office

work scenario instead of the corporate use scenario, the errors in estimation of
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probabilities of failure are shown in Fig. 4.16. The use scenario affects the lifetimes from

the simulator and the probabilities that the failure is observed ats#&clequations

(4.5)(4.8)).
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Figure 4.5 Error ford  when simulation data from the wrong use scenario (gaming
senario and office scenario) are used for
for (a) GTDDB and BTDDB and (b) EM and SIV.
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4.4 Optimization of Stress Acceleration Tets for Statistical Analysis

The wearout mechanisms a&inction of temperare andvoltage (see equatisn
(3.1)(3.4)). For the correct fitting of the parameterstive equations stress acceleration
tests should be conducteddollectenough data fovarious voltage and temperature sets.
The electrical failure signatusdor the short sites due to GTDDB and BTDDB and the
open sites due to EM and Sl&re the sameFor the parameter fitting for those
mechanisms, the statistical analysis presented iroeeti3 should be combined with the
stress acceleration tests with various test conditions.

Process variations within or between dies can create variations in each probability
of failure value in Fig. 44. When we usehe test condition$or short and opn groups
which are vulnerable to process variagothis can cause the errars the fraction of
failures for each mechasm in equations (4.11) and (4)12eading to erra in the
parameter fittings. Also, although more stress acceleration conditotergertest sets
can help to increase the correctness of the statistical methodology and the parameter
fittings, this also increases the test tiraad costsignificantly. Hence, there is a need to
find an optimization methodologyhat finds asmall setof the test conditions which are
tolerant to process variations among the lacgdection ofstress acceleration sets.

For the optimization to select the proper test conditions for the statistical analysis,
first we make various test seftyr each mechasm by varying temperature asdpply
voltages and build the failure rate distribus@s illustrated in Fig. 44L Then, we build
one more failure rate distribution withé same temperature and voltage, but wittess

variations. Finally, based onedhtwo sets of failure distributienfor the short group
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(GTDDB and BTDDB) and the open group (SIV and EM), we run our numerical
optimization algorithm based dragrange multiplies with power iterations [2].

SIV is more sensitive to temperature variasittan EM(see Equations (3.3),(3)4
and GTDDB is more variablas a result ovoltage variatioathan BTDDB (see Equation
(3.1),(3.9). Hence, in this work, we create more test sets with different temperature
acceleration conditions for SIV and EM and lwitifferent voltage acceleration
conditions for GTDDB and BTDDB. Using the different acceleration conditions, we can
cause the failure distribution to vary significantly with the diffenetative fractions of
SVand EM f ai | the dfferenfretafive feactions of GTDDB and BTDDB
failures [ ).

We set 14 voltage acceldian test sets for each short group (SG1, SG2, SG3, and
SG4) and 20 temperature acceleration test sets for each open group (OG1, OG2, and
OG3). The temperature acceleration test sets for each short grospeargedin Table
4.10 andthe temperature acceleration test detseach open group are presented in
Table 4.11. Then, combining the acceleration test sets with short groups ir8 Tadiel
open groups in Table 3.2, we create 56 test sets (14 voltage conditions x 4 short groups)
and 60 test sets (20 temperature sets x 3 open groups) for failure anAlgsaso

combine both different voltage and temperature sets in the short andy@pgs at the

same timdor the experiments

TABLE 4.10VOLTAGE ACCELERATIONCONDITIONS

Voltage
Index v=1 v=2 v=3 v=4 v=5 v=6 v=7
V] 1.2 1.225 1.25 1.275 1.3 1.325 1.35
Index v=8 v=9 v=10 v=11 v=12 v=13 v=14
V] 1.375 1.4 1.425 1.45 1.475 1.5 1.525
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TABLE 4.11TEMPERATUREACCELERATIONCONDITIONS

Temperature
Index t=1 t=2 t=3 t=4 t=5 t=6 =7 t=8 t=9 t=10
K] 270 275 280 285 290 295 300 305 310 315
Index t=11 t=12 t=13 t=14 t=15 t=16 t=17 t=18 t=19 t=20
K] 320 325 330 335 340 345 350 355 360 365

Then, the characteristic lifetimes for each short group with various voltage

acceleration test sets,;; , can be computed with

- B B

hA R

(4.13

whereQis an index for the short group (S@)Land v is the index for the voltage 00

cell andQndicates the short location within the short gro(gese Table 3.1 and Table

4.10.

The characteristic lgtimes for each open group with temperature seis, can

be computed with

h

h

(4.14

whered is the irdex for the open group (O&) andois the index for the temperature in

thea"@cell (see Table 3.2 and Tabld 4).

The overall lifetime of the SRAM;

mechanism is the solution of

p BB

j_ﬁ
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that the failure is located in thidiQ group of locations and thi#d  group of locations

is
0 - -5 AT H; - Jj-5 8 (4.16)
Overall, the observed relative frequency of the short grobps; , is a
function of the probabilities of GTDDBE)(f, ; and BTDDB 0 ff, i.e.,
Orrn  TOgs prOgs . (4.17)

The relative frequency of the open fault sites in the SRAM ¢hjp;;  his
O0rrn Orr P _Urs - (4.18

The parametef, and_ are computed by regression:

B B Ak Ak Ak Ak
i (4.19)
BB R A 13
and
BB AR oA oA i (4.20)
= BB Rk F ok

Orn anddyy aremeasured from the observed fraction of failures for each short
and open group, usj our BIST methodology with various acceleration conditions.
0 ff M § i Wiy hand 0y are collectedwith the aging reliability
simulator #]-[10].

Based on the failure rate distributions withetvarious sets of acceleration
conditions in Table 4.10 and 4.11, we need to remove the test sets which are vulnerable
to process variations. To optimize the statistical analysis, we build the numerical

optimization algorithm to reduce the test detsthe optimization
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First, we convert the equations (4.17) and it matrix formfor the numerical

optimization as follows:

0 ol +{ H-ol)=0 (4.21)
and
0 +0  Fy=p . (4.2)
0 and0 are the 1 byO@E matrices thadescribed j and
0k in equation 4.17) as follow:
O = 0 sf 0 fin é.0h & 0 hr (4.23)
and
0 = 0fp 0 .05 7 0 &5 : (4.24)

Similarly,0 andd are used to denofey ; and0 ; ; in equation (4.1Bas

: (4.25)

C
= xi
pmy

O =0z Ofp é.05 i
and
0 = 0gn Opp €.05 5 Opp . (4.26)
The e and« vectors are the solution set for thend_ and the=|=vector is the
vector whose @I emeandds a rae the ridtve failure rate of
each short and open groups from the Bl8&thodology. Based on the given :
0 ,0 , and0  matrices from the reliability simulator and \ and

~

v ,[ and_ can be computed.
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The problem is when process variations are applied to the tesﬂdata,
andd . When we match deviated andd  values withthe failure
distribution the sandard failure distribution map built with , 0 ,0 ,and
0  can create errors in theand« vectors. The deviation infor GTDDB vs. BTDDB
and_ for SIV vs. EM can also lead #false diagnosis or false gaaneter fittings. Hence,
to solve the problem, it isecessaryo exclude the stress acceleration skt causea
significant errorin e and « with process variations. To optize the problem, we
developed aumerical optimization algorithm based loagrange multiplies.

We apply +10% random variations of threshold voltage and device/intasszin
lengths in our simulator [4[10] and compute sets of ‘ \ and0
with equation (4.13)4.26). When we use theeference set dj , 0 ,0

andb  for all other chips with pross variations, equations (4.21) and (4.28n be

slightly changed withe and « with error terms induced by ‘ ~and
0 asfollows:
o 4, | 4y _ =
0 o1 +{ Hl-eT)=0 (4.27)
and
o 4, = ] 4y _ =
0 «1+0  HeNH=p | (4.28)

Then, we define transformation mats to choose the acceleration sets to
| |
minimize errors ofel-e Isands -« lsforr and_. The transformation matrix,"Y
and’Y , are used to choose several columns (test sets) in the  and0

matrices.
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For short groups for GTDDB and BTDDB, when we reduce the test sets using the

“Y  matrix, the equations (4.21) and (4 Zan be changed as
YD ol +°Y 1§ H-ely="y & (4.29)
and
Y b elsty B Hely=-y & . (430
By subtracting equatior(29) from equation (4.30we can derivanequation to
expresghe error termgy | . , ol-e 4', as
Y D 0 mv]-s« U v . (43
Since we know) D 0 ,andd  from the simulator and

the BIST methodology we just need to findhe™Y  matrix to minimize thegy J- » <

term. When we defined 0 0 and 0 0
0  ,thegyp-texmin Y 0  gyp-5<«°Y 0  can be minimized

with the Lagrange multiplier equationith

C

ET @vp-$«t 8Y O mv]><Y S (4.2)

To minimize equation4(32, we varythe”Y  matrix for severaj values until the

error valuesonvergewith the power iteation method.

Similarly, the”Y  matrix can be found for the optimization for the open faults

due to SIV and EM with the equation,

i ET Y OO h (4.33)

C
QD
>
'}
-
o
1
-
|

where0 0 0 ,0 0
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Fig. 4.17 presents the failure rafe;; , due to GTDDB and BTDDB, by
varying the relative fraction of GTDDB and BTDDB failureg,. In Fig. 4.17(a), the
failure rate distribution contains 56 short test groups (14 voltage sets X 4 shod igroup
each voltage set) before the reduction of the test sets. Each short groaghfeoleage
set contains four sufroups (k=1..4) in Table 3.1. We can see that there are some
significant differences of the failure rate for some voltage sets with process variation
(see Fig4.17(a)) Hence, we run the optimization algorithm to chob8esets amonthe
56 sets. Our algorithm findbe”Y  matrix with 1000 iteratiosto minimize the error
value in equation (4.32). Fig. 4.17(b) presents both cases of the failure rate distribution
with and without process variatisafter the reduction of test sets witle”Y  matrix.

Since we exclude the test sets which maksignificant difference betweethe two
graphs, the failure rate distributions for both cases in Fig. 4.17(b) are mostly the same.
Our simulation resultmdicatethatsoﬂ-o 4|§forr error withoutoptimization is 0.8531
and@oﬂ-o 4'@ after the optimization is reduced to 0.0661. In addition to the benefit, the
reduction of the stress acceleration experiments using optimization can lead to
significant reduction of test cost and effort.

Fig. 4.18 presents the failure raig,; , due to SIV and EM with the relative
fraction of SIV and EM failures . Before the optimization in Fig. 4.18(a), the failure
rate distribution contains 60 open test groups (20 temperature 3aipeti group in each
voltage set). Then, Fig. 4.18(b) presents the failure rate distribution after the optimization
with the™Y matrix.g4|-c 4'@ for _error is reduced to 0.0941 from 0.1260 even with

the significant reductiom thenumber ofexperimenal sets.
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(b)

Figure 4.7 Failure rate distribution using a reliability simulator which determines the
stress distribution of SRAM cells inside a microprocessor with general use scenario for
GTDDB and BTDDB withotiprocess variation and with process variation1(3%
threshold voltage and length variations) (a) before optimization, and (b) after
optimization.
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Figure 4.8 Failure rate distribution using a reliability simulator which determihes
stress distribution of SRAM cells inside a microprocessor with gaming use scenario for
SIV and EM without process variation and with process variatiod@% threshold
voltage and length variations) (a) before optimization, and (b) after optimization

Fig. 4.19 andFig. 4.20 show how many iterations are needed to fitie

optimizedY  and"Y  so thailqgy |. $aNd g —gsCONVergewithin a fixedvalue of
error, respectively. Our simulation dathowsthat the optimization algorithm can find

theY and’Y matrices withustseveral hundred iterations.
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Figure 4.2 Number of iterations for the optimization ‘of
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CHAPTER 5

DYNAMICALLY MONITORI NG SYSTEM HEALTH
USING ON-CHIP CACHES AS A WEAROUT SENSOR

5.1 Estimation of Remaining Lifetime Using An SRAM System
5.1.1 Overview of Platform for Monitoring System Lifetime

Fig. 5.1 presents the platform to estimate the remaining lifetime of the processor
using the SRAM array. Thdaiform is based on the aging analysis framework presented

in [4]-[10]. The implementation flow consists of four steps (see Fig. 5.1).
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Figure 5.10verall platform for monitoring system lifetinjé3],[74].

The first step in Fig. 5.1 starts to wuWeibull parameter maps between proeess
level Weibull parameters and SRAM cell Weibull parameters. This is donethéth
reliability simulator in [4}[10]. Based on an FPGA emulator, it creates the activity
profile for the microprocessor. The extractdivity profiles combined with the layout
are used to compute the power profile, which determines the temperature profile. Then,

the vulnerable features extracted from the layout are combitedthe electrical and
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temperature profiles, from which featulifetime is computed. The lifetime data are
combined to estimate a lifetime distribution for each component. The Weibull
parameters of the resulting distribution can be extracted. The parameter maps are then
inverted so that wearout distribution pareters for each wearout mechanism are a
function of SRAM cell wearout parameters for each wearout mechanism.

Step 2 in Fig. 5.1 generates the customized BIST netlist and joint test action group
(JTAG) test benches for Table 4.1 using our reconfigurgibdéform basedon a
commercial BIST tool§2]. Next, the BIST methodology collects field test data.

In step 4, SRAM cell Weibull parameters are determined from the field test data
in step 3. Then, proces$svel Weibull parameters can be extracted vittk Weibull
parameter maps and SRAM cell Weibull parameters. These maps are determined by the
reliability simulator. The procedsvel Weibull parameters and the use scenarios are
input into the microprocessor reliability simulator in step 4 to geneh&teadmaining
lifetime of the entire system at time zero. The usage of the circuit ocallsd mileage
are estimated using the mileage estimatwtthe estimated lifetime from simulating by
comparing the original and current remaining lifetime estimakesally, the remaining
lifetime for the microprocessor is estimated by subtracting the mileage estimate from the

time zero lifetime.

5.1.2 Step 1: Building the Weibull Parameter Maps

The observable parameters from the BIST system are Weibull pararfaténe
memory cells, not the Weibull parameters for the manufacturing process. Hence, we
build the Weibull parameter maps between SRAM cell Weibull parameters and process

level Weibull parameters. The procédegel Weibull parameters can be extracteaht
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measured SRAM cell Weibull parameters using the Weibull parameter mapsl Step
builds the Weibull parameter maps for the extraction of the preleess parameters.
Step 1 for the parameter maps consists of twessejs.

The substep 1 builds a forard map from procedsvel Weibull parameters to
memory cell Weibull parameters. We sample protessl Weibull parameters and use
the microprocessor reliability simulator presented in Fig. 5.1 to determine SRAM cell
lifetime distributions. Specificallywe collect the corresponding SRAM cell lifetime
(d_cel 1) and SRAM cell beta values (b_cel
values of the procedsvel Weibull parameters. Using the collected data, the forward map
is built.

Sub-step 2builds the orresponding inverse map, which indicates the estimated
procesdevel parameters, given memory cell Weibull parameters. The inverse map is
utilized in step 4 to extract the procdssel Weibull parameters for the forward lifetime
distribution prediction pcess.

Fig. 5.2 is the forward mapping from process parameters to memory cell Weibull
parameters for two use scenarios for GTDDB. We varied andf in equation (3.1)
as theprocesdevel Weibull parameters-ig. 5.3 is the corresponding inversap forthe

GTDDB mechanism for the same two test scenarios generated from the forward map.
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Fig. 5.4 presentafitting methodology with the inverse map illustrated in Fig. 5.3.
We assume that the BIST and statistical analysis proposed in Section 4 can extract the
separate wearout digiution for each mechanisrand workloads for the simulation are
the similar with workload usedin the field. The measureable SRAM cell parameters,
— andi , are estimatedby combiningthe simulation data with the procdssel
paraneters andest datafrom the BIST system.Then, the procedgvel parameterare
updated and fittedvith the inverse map anextractedSRAM cell parametersJsing
updated procedgvel parametershe reliability simulator for the SRAM system and the

restof logic partsin the processor can estimate the lifetime of processor.

inverse map <

Reliability
Smulator Measurable SRAM
level cell parameters
Process-level Smulator for ' -
parameters »  only SRAM _cell,i _cell

AGTDDB,
i process

> Smulator for
SRAM and logic Lifetime of

jprocessor

Figure 54 Fitting methodology with the inverse map
5.1.3 Step 2: Reconfigurable Platform to Generate BIST Block and Test Bench

Cachesare implemented in hierarchies of betm 1 and 3 levels with various
array sizesq0]. Step 2 in Fig. 5.1 generates the customized BIST system and test bench
to implement the special BIST algorithm for wearout mechanisms in Table 4.1. We apply
the BIST circuitry and algorithm to extract Welbparameters, which can be used to
estimate the lifetime of the full processor (see Fig. 5.1). To minimize the error for the
estimation othe remaining lifetimgthe ratio of area of the SRAM test array to the entire

processor should be large enougterce, the customized BIST can test all designed
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caches in the processor. Alssince cache sizes and operating frequencies are usually
different, our BIST implementation platform should be flexiltlence, a reconfigurable
BIST implementation platform andoflv are required to generate the customized BIST
and test bench to test various types and sizes of memory syst&arsous processors

(see Fig.®).

| | Generated block from BIST tool for standard test pattern
[ | customized block for diagnosis of wearout mechanisms

Corel Core 2 Core 3
BIST wrapper Cache Cache Cache
controller controller controller
Mﬁﬂmory
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Figure 55 Reconfigurable platform to generate the customized BIST for wearout
mechanisms fathe various sizes ofiches using a commercial tool [62]

Fig. 55 presents the BIST system architecture for each mechanism based on the
BIST algorithm for the single SRAM system presented in Table 4.1. The system is
hybrid platform, combining the BISpart from the commercial BIST generation to82][
and the customized part for wearout mechanisms. The hybrid platform based on the

implementation flow from the commercial BIST tool makes the BIST system and JTAG
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test bench highly reconfigurable for difémt process technologies, cache sizes and
memory architectures.

In the BIST wrapper in Fig. 5, the standard test pattern generator (TPG) in the
BIST controller, the buitin repair analysis (BIRA), test access port (TAP) controller,
and the JTAG intedce are generated from the commercial t68].[Based on the basic
components, we have designed a customized controller in the BIST controller, a test
scheduler, a customized output response analyzer (ORA), and mux systems in the BIST
system wrapper to iplement the special algorithms for each wearout mechanism in
Table 4.1.

The BIST controller contains the standard test pattern generator (TPG) generated
by the commercial BIST tool and thestamized controller for wearoufhe standard
TPG is used to cege the test pattern faddresses and read/write data for the standard
test algorithms, such as the March algorithm before shippieg chip from the
manufacturer [75] The customized controller contains the regisipe circuits to
generate our specigdst patterns in Table 4.1. The customized output response analyzer
(ORA) is embedded into the Analyzer with the BIRA module generated by the BIST
generation tool. Using the results from the test circuit, the customized logic in the ORA
determines the weawt failures with the algorithm in Table 4.1 (see Figh).5The
standard BIRA module from the commercial tool is used when there is a need to execute
standard test algorithms.

Also, since address sizes and input and output (I/0O) widths are not thécsatie
different types of caches, there is a need to design mux systems in the BIST system

wrapper between the BIST controller and each test memory to match the sizes of address
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and I/O widths (see Fig. . The test scheduler in Fig.5buses the userbregisters in

the TAP controller to set the test schedule for each test step presented in Table 4.1. The
userbit is set in the BIST generation tool when the BIST netlist and testbench are
generated (see Fig.5).

Fig. 56 is the revised BIST implemernian flow based on the flow from the
commercial BIST tool to make the customized BIST system reconfigurable. As the tool
inputs, we include the behavioral models of the top modules in the BIST system wrapper,
memory definitions, and userbit definition faest algorithm selection. The behavioral
models for our customized logic for the customized controller, test scheduler, and mux
systems are included in the BIST tool input set. With BIST tool inputs, the commercial
BIST implementation tool flows start. Fetep 1 and step 2 in Fig.65the tool assembles
the BIST modules and generates the behavioral models for each top module for the JTAG

interface, the TAP controller, the standard TPG, and BIRA.
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Figure 56 BIST implementation flow for wearouechanisms based on the commercial
tool from Mentor Graphics.
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When the behavioral models for submodules are generated, we insert the
behavioral model of ORA in the Analyzer block. Since the ORA module is connected to
the submodules of BIRA generated bgpse, it can be added between step 2 and step 3.
Then, step 3 and step 4 do synthesis and physical design with the behavioral models for
the top and sumodules with the design constraints for each application and process
technology.

To generate the tebench as a JTAG standard for the special algorithm in Table
4.1, the BIST tool flow can be used (see Fi§).5As the tool inputs for the generation of
the test bench, we set the test pattern for addresses and data for each test step for each
memory sizein Table 4.1. With the specific inputs and the generated BIST intellectual
property (IP), the test pattern and algorithm in Table 4.1 is converted to a JTAG standard
through step 5 in Fig. 6.

5.1.4 Step 3 and Step 4: Procdssvel Weibull Parameter Exaction and Estimation of
Remaining Life

The diagnosis methodology outlined in Sectois utilized to track the failure of
SRAM cells for each mechanism. Each of these wearout failures is diagnosed-with on
chip BIST system and the JTAG test benchniretep 2 in Fig. 5.1 to determine the
location of the fault. If there is sufficient data, then the number of faults due to each
mechanism is also determined, i.e. distinguishing BTDDB vs. GTDDB and EM vs. SIV
using the failure distribution in Fig. 41 The next step is to estimate the wearout model
parameters for each mechanism.

Specifically, when we track the failure of SRAM cells for each wearout
mechani sm, |l et 6s suppose that the time to

modeled with a Welll distribution, with two parameters, the characteristic lifetime,
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and the shape paramefer, If there areN memory cells in an SRAM array, then the first
failure is associated with probabilifgZc0b , the second failure is associated with
probabilty o¥q0, etc. When we record the time to failubefor the first failure 0 for

the second fail bit, then with several failures, we can solve for the Weibull distribution

parameters for the timiw-failure of the SRAM cells. Namely, if we flthe ordered pair

~ ~ N~ A ~ ~ N A

oA TITIp — , 100 h 1T11Tp — , etc., the xntercept isl - and

the slope i§ , as shown in Fig. 5.7Hence, we can estimate the Weibull parameters of
the timeto-failure of all SRAM cds from just determining the timt-failure of several
sample cells in the SRAM. Note that these are the Weibull parameters for the memory
cells. Hence, the Weibull parameters for the SRAM cells should be converted to Weibull
parameters for the manufadhg process wearout distributions through the parameter

mapping with the ingrse map presented in Fig. 5.3

In(time-to-failure) [9]

0 T T T » - T 1
14 15 16 T 17 18

2. In(*)

Qope:]
P ~-

In(-In(1-P))

‘
*10‘ Q«""‘

12 /,0’

Figure 57 Extraction of Weibull parameters for the failure rate of memory cells by
counting the number of failed memory cells.
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The remaining lifetime of the entisystem;- _ , Is estimated with the

equation (5.1),

— _ — _ o , (5.1)
- _ is the initial lifetime of the system arid indicates the usage of the
device which is the time for the memory bit failures wimeBCC failures have been
observed.

The initial lifetime of thesystem is estimated usitige reliability simulatowith
inputs that include the extracted Weibull parameters from the inverse mapphmey
lifetime of the entire processor takes into account both the logic and the memory blocks,
with single bit error coection in the memory blocks to improve memdfgtime. The
usage of the devic®, , is estimated using the mileage estimator with the memory
lifetime from the reliability simulator .

The mileage estimator in Fig. 5.1 estimates which is used as the time

monitoring parameter with the following equation,

) -0 , (5.2

which is the solution of the equatior§:[

~ ~ ~

1T 1T1p 0 f (o) - ), (5.3

Ca

= (1+2n)/c0, (5.9
wheren is anobserved number of ECC failures, is the cell lifetime] IS memory
cell shape parameterandd is the probability of memory bit failuré\ is the total
number of SRAM cells, which are used for the test vehidle{ andf data for
SRAM systems are calibrated with the field data and data provided by the reliability

simulator in Fig. 5.1.
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Fig. 5.8 shows the ratio between the failure time (when 50% of samples have

failed) for the entire systenmd when at least five ECC failures, , have been observed

for different mechanisms. Since the ratios are not constant, this graph presents that it is

necessary to identify the cause of failure in order to correctly estimate the remaining
lifetime from ECC failures. The @agnosis methodology in Section ptovides the

required data.

Il General [l Office [ Gaming | | Corporate
14 ' ' ' ' '

¢ 12

Ratio of failuretim
® S

SO N b~ O

GIDDB BN BIDDB 9V EM
Figure58Si mul ati on results on the ratio (92)
LEONS3 processor and the first five ECC failures for the embeddetbnye
Fig. 59 presents the expected number of ECC failunegyior to the failure of a
memory block for memories of different array sizes. To compute Fy.ttse total
SRAM array size is the product of the number of woids, , the numbe of columns,
0 , and the number of rows, . Letassume tha® isthe probability of failure of a
bit. Then the probability of failure of a word is estimated with the binomial distribution:
O p p O 5 O p O . (5.5)

The yield of the memory system is
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w p O

(5.6)

Using these equation¥) is estimated such thai T®), i.e. 50% ofthe SRAMs have

failed. Again, using the binomial distribution, the total number of failed memory bits is

w 0 0 6 O p O

800 : x

!

o

3 600t

8

s

3 400

-

=

8 200+ 28 Bit Words
B —a— 32 Bit Words
S —— 69 Bit Words
3

0 5 10 15

Array size x 10°

(5.7)

Figure 59 Simulation results for the expected number of ECC failures prior to the failure

of an SRAM system.

Several ECC fidures areavailable to estimate the lifetime of the processor. The

LEONS processor consists of 226K bitsneémory when all of the embedded memories

are combined, albf which contain ECCs. This is a small processor, and even for this

processor, therer@a more than 88 failed bits that can provide an estimate of the system

lifetime prior to the failure of the processor.

Fig. 5.10is a simulation result to present the correlation between the number of

bit failures € and the estimated remaining life of the entire system (
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BTDDB, SIV, EM, GTDDB, and BTI for four usage scenarios. The number of failed bits
correlates closely with the remaining life of the processor. Then, by tcatkenECC

failure log, the remaining lifetime of the system can be estimated. The initial lifetimes for
the summation of all the mechanisms are 12.53 years for general usage, 24.10 years for

office usage, 10.64 years for gaming usage, and 14.75 yeawmporate usage.
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Figure 5.10Simulation results foremaining lifetime vs. the number of failed bits for the
LEONS3 processor for various use conditions for BTDDB, SIV, EM, GTDDB, and BTI
mechanisms.
During recording and plottingf the memoryitne-to-failures as presented in Fig.

5.7, there can be measurement deviations for different sets of chips. This is because there
can be diagnosis errors usitige BIST system or there might be process variations
between different chips. Since the error daawve an impact on the remaining life
estimation results, we have to set the appropriate confidence boaride remaining

lifetime result for each mechanisnkirst of all, note that Fig. 5.1Qstimates

- ‘ in equation $.1). The 90% confidence bounds on the true lifetime range
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