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ABSTRACT

With the increased complexity of VLSI citcwits,
the incorpagation of defect tederance became a vi-
able appeonch in the attempt fo enhance the yield
of integrated circwils to accepinble levels, To se-
lect asmitnble defeci falernnce dechnique apd deter-
mine the optimal samount of redundancy, schemes
for yleld prajeciion are necessary. In this paper
we survey defect toderant designa and present com
maonly nsed yield expressions.

1. INTRODUCTION

The nren of marelithic YLSD chips has always
hizen limited by fnbrication defects, which appear
impessible to eliminate in even the bt manufae-
turing processes, The larger ihe circuit, the more
likely 14 i& b0 comtain such a defect and fail to opes-
ate correctly, Thus, the high probability that spod
defects will coour in any Inbrication line lmkts the
mize of the largest defeci-free chip that can be pro-
duced wilk commercially vinlle yielde, Larger cis-
coils must therefore, be designed with a fankt taoler-
ance to fabrication defects in order o reduce man-
nfaciuring costs.

Diefect tolerant designe wees flesl employed in
memary chips and recently extended ko random logic
VLSE circnble and wafee scale cirenits. These rely on
o variety of lechnigues for incorporatbng redundioney
s Ll design, with the simplest scheme being the ad-
diticn of spare word lines and bit lines in menory
chips. &g the size of the designed chips increases,
the meed for more sophisdicated fechnignes becoemes
mare preasing as evidenced by the receni 18 Mbat
dynamic RAM developed by IBM [51,

Mew designs of defect folerant WL31 chips mwsd
rely on sufficiently accurate yield projeciions. These
are necessary in order to decide on the defect toles-
amce sleategy o he followed and determine the exnct
amonnt of redundancy to be i.11cn|:p-uul-ed. For ac-
curate projeciion of the yield of future chips theee
in & need Tor madeling ike distribution of defects on
a waler, underelanding the sanditions under whick

physical delects result in sltactural or parametric
faulis and flnally knowing which faulis can be 1ol
eraled by a given defect tolerant architectare,

Practical defect tolerant designs have been in the
past almest exclesively limiled to memory chips.
Recemtly, defect tolerant design= for rapdon logic
circmits fke microprocessom [13] hove been propesed
and suceesalully implemented. Evem in the design of
defect doleroni memory chips, new technbques have
been developed to allow the fabrication of T8Mbai
[and beyord] DRAM chips.

The chfective of this paper is to provide a surver
of the techniques used to design delect inlerant ¥ L51
chips, and the methads smpleyed to evalunte these
deshgne and prajeet their yiekd, We firsi describe in
Section T the defects that can occur when mannfac-
turing Y151 integrated cireuits and the foolts that
may result. We them describe in Seclion 3 several
defeci-talerant designs of memory 105, bogic [Cs and
wafer-scals circnits. Section 4 introduces viekd mo<l-
els for chips with redundoney. Final conclusions are
presented in Sectiom 5.

2, MANUFACTURING DEFECTS

Manafaciuring defects can be classifisd as gross
area defecis [or global defecte) and spet defects.
Globkal defacis are relatively large scale dolecis, sauch
as scratches from wafer mishandling, barge area de-
{ecis from mpak misalignment, over- and under-etek-
ing, ¢tc. Spot defects are random local defects from
malerinls used in ihe process and snyironmental cas-
#en, These are mosily from undesivsd chemical and
nithorne particks depeaited during the varlows steps
of the process.

The abave twe classes of defects conteibute fo
yinld bosses. In mature, well-comtrolled fabrication
lines, gross aren defecls can be minimized. The yield
lozs due to random apob defects is Expically much
higher than the yield loas due Lo glabial defecle. This
s especinlly true for large area imtegrated circuits
since the frequency of global defects is almost inde-
pendent of the die size. Consequently, spot defects
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are of gresler concern,

Spot defects may couse missing patlerns {open
circuifs} of extra patterns {short zircuits]. These
defecis can be further clamified into intrs-layer de-
fects snd inter-layer defects, Intra-layer defects oe-
cur a5 & el of particles depeaited ducing the
bithographic processes snd are therefore, abio known
a3 photalithographic defects. Examples of thess are:
missing metal (or diffuston or pely-5i] and exira
metal [or diffusion ot poly-5i), Inter-layer defects
include missing vias between two metal layers or
bebween o metal Jayer and poly-5i, and shoris be-
tween the subsirale and metal (or diffusion or poly-
Bi} or botween two sepassle metal layers, These
imter-layer deflects coour as a result of local contam-
inatiom, &g, dust particles.

The above spot defects are stroctural defecis
that resull in discreie faulis sueh ns line breaks and
short-circuits. A defect causes a discrete fault cnly
if it I8 lorge enough to conmect dwo disjoint con-
duclors or disconnect & continuous pattern, Thus,
the probobility that & defesl will cause a stractursl
fauld depends on the exact grometrical position of
the defect and on lLs size. We next brigfly antline the
ethod wsed to determing the percentage of mans-
facturing defects that result in discrete fanlta, This
type of calculation is necessary to determine the ex-
pected mumber of crewit fualts on the basis of which
yield projection, s discussed in Section 4, is done.

To expresa the average number of manafactue-
ing defects of iype i (for example, photolithographic
dufocte of the open-circail dype) the term o d s
commaonly ueed where o) denotes the averoge num.
ber of defeets (of d4ype i) per wnit of area and A s
the chip nrea. To calculate the sverage number of
circuit faalts, dencted by 3, & probability 8 that
a defect of type { will result in a discrele type circait
Tault is defined and thus, A = fdid. The product
AB; is alae calbed Lhe critical area for defects of type

1 and s dencted by .-iiq'.

The probability & may be constant for one Lype
of defect o may depend on the sige of the defects
(relative to the physical dimensions of VLS pat-
terns). For example, the size of & inter-layer defoct
is in most cases relatively small and the probabikity
that it will couse a circuit faflure is the ratia be-
tween the area of the overlapping region and the to-
tal area. In contraat, photolithographic {intra-Inyer}
defects have o randomly disteibuted size comparable

to that of VLS patierns. Therefore, the probabil-
ity that such & defect will cause a fallure depends
am the pattern shope, its dimensions reladive to the
size of the defect and its exoct geometrizal position.

The critical area ALY has been calculated for
different geometrical patterns (e, [8]}). In prac-
tice however, VLEI layouts consist of many palierns
in different shapes, stees and orientations. Copse.
quently, the exact expresalon for the eritical area
of ome layoul will be diferent from Ehat of anather
layomt, making it very time comsuming to calenlnte
the critical area of all but very simple and regular
layouts, Therefore, two other technigiem have been
propesed: Monte Carlo simulation [21] and virtuasl
artwork [14]. In the Monte Carle approach, circles
representing defects nre placed at rapdom locations
of the layout and the eritical area is estimated. In
the virtwal nrbwork appreach an aclificial Inyout s
extracted from the given lnyout such that the esti-
mation of the crtical area js simplified.

3. DEFECT-TOLERANT DESIGMS

The first integrated circuita to explodt fauli-toles-
ant technigues were memaory [ which ape pac-
ticularly dense and therefore extremely volneralile
to manmfncturing defects.  Moreower, the demand
for even higher densities & continuonsly increasing
since denser memory chips reduce system integra-
tion copte, volume and power disspation. In addi-
tiom, the high regularity of memory artave greatly
simplifies the task of incorporating defeci-tolerance
into their design.

Many fnult-tolerant technigues have been pro-
poded ond successfully fmplemented in memory 108,
Wie ficst peview several such bechnigques and then
presend some recent proposals for defect- Lolerant de-
signe of logic 1Cs and their exlensions to walfer scale
integration. Most methods for incorporating fauli-
tolerance (ie., redundancy) inte VLSI integrated
circuits have the following objectives in addition io
their main goal of yield enbancement:

* Small additional area and pawer cequirements,

= Noor very limited impaet of the added pedun-
dancy on performance.

# Transparency to the user,

s Equal or higher reliahility,

® Fanlt-free ICs should requice no (or limited)
additional manufaciuring steps,



Yield enhancement of inbegrated circuils s espe-
cially imporiant for new designs and manufacturing
processes. For these, the density of processinduced
defects s high and the resulling yield i very low,
Yield improvemenis of enrly protoiypes of an IC can
teduce the product introdection time and determine
its commercial success. Defect tolerance has proved
extremely successful in such cases and spesinzulnr
A-laldd inerenses in vield have been reported [17].
Yeeld improvements due to defect tolerance tend to
decrense a8 the mannfaclaing process matures, bui
even for mature procesees with lower defect densi-
ties 5 1.5-1o-3-fold yield increases have been experi-
enced, proving the eflectiveness of defeci ioderance
techniques.

31 Meanory ICs

The incorporation of defect-iolerant techmiques
tn memory [Ca for yleld enhancement staried as
cutly as 1OT0 with G4Khil memorice and contin-
ues now with 1GMbit RAMs and beyond., The frsd
approach weed o memory 108, and still the mosi
comnon, i the addition of spare rows and for spare
columns (abe known sas word line and bit lines, re-
spectively). The high regularity of memory arraye
alloows the wes of & Hmited nomber of spare rows and
columns (i, o very low redundaney overhead) for
o large number of repetitive circuils. A defective
row aF & tow conteining one or more defective meni-
cry cells can he discopnected and them replaced by
a spare row. Each spare row bas a dedicated pro-
gramimable decoder allowing it to peplace any de-
fective row. Similarly, spare colamns can replace
delective omes. The number af spate towe and for
codumns is determined so as to optimize the yield,
after taking imto nccount the additional area re-
guired for the redundant circwitcy and the proba-
bility of defecls occurring im thess circuils,

The chips, alter manufacturing, are tested o de-
termine the localion of defects apd then Lhey are
recomfigured by disabling the defsciive rows andfor
columns and programming the decoders of some spare
rowa ond eclumns Lo replace the defective ones. All
these gleps are peeformed tnoa fully autematic man-
nes and requite no mansal intervention [17].
Associative Scheme

The cammonly used scheme employing spare rows
and colamna is restricied io the replacement of in-

diwidimnl faulty pows or columns. If replacement of
Inrger blocks of cells is nesded, as might be the case

when defecta nre clusiered rather than emiformly
distributed, an associative approsch as developed
by Hurnagti al Hughes Aircraft [4] may prove siirac-
tive, The address of the defective block i= stored in
am associatlve memory and any incoming request Lo
an address within the defective black will be redi-
tected $o a spare block. The spare bleck has a
smaller size compared b0 the maln memory arcay
and copsequently, ite poccesa fime is substamgially
smaller, Thus, the averall access time incresse s
leas ihan 2% [4]. The increase in power consump-
dion is insignificant {less than 0.6%] bul the ares
incrense i@ substantindly higher than for the spare
row/column scheme manglng from 10% for 84 Khit
o 3T% for 18 bit.

Error Correcting Codes

Large memory sysieme [requently use ecror cor-
recling codes {ECCs) fo mask intermittent [aalls,
Employing such codes to overcome manufaciuring
defects for yield enhancement can therefore, con-
tribube to reliabilily improvement as well.  How-
cver, Lhe nasaciaded nren averhend B much higher
than the sample spare row/colamn scheme. One of
the entliest exnnples of o memory 10 employing an
ECC for yiekl enhancement is Mostek's 1hbit ROR
in which seven parily bits were added io the 3 daia
hits resnlting in more than 11% imcreases in nren
The 71 memary cells selecied simultanecusly are po-
sitbomed within the array so that any iwo selected
cells are separaied by 16 wneelected cells. Thia k-
lowe Lo tolerale mob cnly single cefl failures bui alsc
clagters of multiple cell failures. The uee of BECCs
may elow dawn the memory since the error detec-
tion circuibry lles in the ceitiesl path, This circuik
was therelore deskgned o mininaze the increase in
access bime.

Blore recently, a 18 Mbil dynamic RAM wos de-
veloped by 1B addimg 9 check bite to every 128
data bits, This chip combines the use of BOC with
the maore traditiomal bit and word line pedundancy
and schieves higher yield enhancement [5]

Partinlly Good Chipa

A sommewhat different approach 1o vield snhance-
ment relies on the aee of partinlly good ehips. [If
sections in o 1Mbit memory for example, are defec-
tive beyond repair, the chip can be reconfigursd o
a usable 05N kit chip or even a 0. 25Mbit chip. The
ciremlitey af the chip has Lo be partifioned in such
a way that fault-free sections can fanctien indepen-

— 40—



dently. This technigue has een successfully ueel by
several manofacturers of memory 108 fike Motopola,
IBEM and Westinghowse. MNote thai this technigue
I8 orthegonal to other defect tolerance schemes and
the individual seciions within the chip may have, for
exampde, spare towa and columns. Oaly when the
availahle redundancy within a section is insufficient
lo overcame all the defects present in thia seedion,
the section will be declared wousable. The iden of
using portinfly good chips hos been refined by 1HM,
The independent sections im the memory chip are
further divided into smaller blocks. These con be
used separately after proper alignment by steering
the data bits Lo their ighi pesitions [20].

3.2 Logie ICs

Efficient defect-iolerant designs for random logic
[Cs like microprocessors, are considecably more dif-
ficult to devedop thas for memory 108, However, if
some regularity in the structure of a given logic cie-
cuit exists, incorporation of redandancy may be pos-
sible. A naturnl farget for defeci-lolerant designs
are programmable loghe areays (PLAs], which have
a regular structure and are employed for implement-
Ing randem lagie cirewlts in VLSI ehips. Large PLAR
wilh up Lo 50 inpats and 100 prodisct Lerms are com-
manly need in the control section of micropeoces-
gora. Since these PLAs require large silicen nren, the
incorporation of redundancy in their design can im-
prove the overall yield considernldy. Delect-tolerani
designs of PLAs have been inveslignied |22) and ihe
adeition of spare programmable prodoct lines, in-
put lines and owtpnl fnes was proposed to protect
agninsl afl types of possible defects. This technique
is mimilar to the redundant row /column scheme or
memory 105, However, unlike memory 1Cs where all
defecis can be idenlified by applying test patierns
externally, the identifieation of defeets in n PLA re
quires somme buoilt-in testing aids like adding inputs
to the AND plane,

PLAs with spare programmable product lines
and neded inputs for defect identification kave besn
recently implemented within a 16 hit micToproces-
aor [13]. This microprocessor includes also o defect-
toleramt daia path. The dala path of a micropro-
ceasar includes arithmetic and logle units, regisiem
and busaes and osually consumes a large perceni-
age of the ovorall area, & bit-shiced dats path, with
the inclusion of one or more spare slices, can exploit
ihe regulaniiy in the circuil. However, mod all parts
of the dotn path are regular. For example, the logic
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cirenits nesociated with the staius bite are highly be-
regular, Such parts cammot be replaced by commen
spare circuils and have to be excluded from the bit
slice organization.

if the structure of a logic IO @ jrcegulnr, du-
plication or even triplication of certain dircnits may
prove beneficial. 1f daplication is used, Fanll bdeniifi-
cation and then restroctaring must be employed ai-
ter manufacturing. In the case of inplication, these
additionnl steps can be avolded by wsing o mnjor-
ity wodber at the oniput, if only one defective circmit
vut of the identical ones i allowed io fail. Replica-
tion was emplayed for defect tolerance in Trilegr's
atiempt to build a mainframe based on wafer scale
techmology. However, the extremely large overhead
{2-fcdd and uwp) associated with these technigues has
substantially bmited their use in general.

2.2 Waler Scale Integrakion

Waler scale d.ﬂiglu: may never have a non-zeca
yield without incorporating some defect-tolerance
technigues, Using defect Lolerance fechniques sin-
lnr to these ontlined above, &8 number of expern-
mental wafer-scale systems have been implementad.
Digital gignal processing systems fabricnted through
the Restructorable VLSI technodogy developed al
Lincoln Lal. have demonsteated the practicality of
walers with o few heterogeneons cell types. The En-
ropean ESPRIT project is alsc aggressively pursu.
ing WEL inclading W, ImiErapar aiiel -
ray processor designa. The EL3A [Enropean Large
SIMDr Areay) 203 arrny processor [15] employs a fwa-
level hierarchical defect toleramce approach. The
I Computer being developed by Hughes Research
Lahoratory from waler scale circuits [1] i designed
for very high performance and employs the Inter-
slitinl Redundancy scheme [18] to ensnre thai re-
stenetured interconnsetions ate shord, A 327 = 32
processor prototype raled at 000 MOPS has already

been demonstrated and a 128 « 128 design is under
devebopmient,

4. TVTIELD PROJECTIONS

T select o defect tolerance technigque for a V131
circuit ome must project e yield, This allows the
desigmer Lo delermine Lhe optimal nmownt of redun-
doncy and the smitability of a proposed defect Lol
eTanes alrabegy,

Models for estimnting the yield of faali-talerant
integrated circuit chips are complex maknly due io



the clustering of manuinctering defects daring chip
fabrication. Yield modeling is relatively simple when
Poisson statistics are wsed for describing the disiri-
bution of the mumber of faulis per chip. According
io thes distributeon the probalbality of having exacily
x famlts in o chip is given by

Prob {x==}=§..'_:ii“.'_ (1)

where X 15 2 random varishle dencting the number
of faulis and A denates the avernge number of faulis
expected pee chip. For chips with mo redundancy
the yield is

¥ = Prod (X =0} =« (2

= As was shown in Seclion 2, the average mumber of

faulis per chip iz given by
A=R diap) (3)
i

where d; is the density of type i defecis amd ..‘!.f] i
the criticol chig sres for Lype i defecta,

Since the sarly days of integrated-circuil mamu-
facturing it has been known thal the above yield for-
muls i tos pessimistic and leads to predicted chip
yields ihnt are lower than actwnl yields. (L Inter
becnme clear thai the very low predicied yiehl was
the reault of ignoring the clustering of faulis, o phe-
momenon ohserved in practice.

Several medifications to the above yield formula
fo aceount for faalt clustering have been proposed.
The mosat commaonly weed moedification nasumes the
nuimber of faults to he Poisson distriboied, but con-
giders the parameter A to be & pandom vackable rather
than o copstant. Maoking A n random variable te-
sulis in clastering of fanlts, no matier what type of
distribubion i asamed for L

Averaging yield formuls (2] with pespeet o &
probability density famction of A, dencted by F{A),
results in the following medified yield formuala

o LT
f_fu o=* £} dh . (4}

The fumction f{A) 5 known as a compounding fonc.
ton Several compounding functions have been pro-
posed in the pasi leading bo different yiehd Topmu-
lae. A common onn, the Gamma distrbation [19],
pesialts im the well-known yield formuola

¥=(14ia)" {5}

where o B called the clustering parameter and
is the average number of faulls per chip. X s, bn
eifect, the expected wvalue of . When the clustes-
ing parameter o 5 lnrge, de, when o =« oo, the
ylebd im expression (5] becommes squal &0 yield for-
mula {2}, This represents the case of random faults
amd ahsence of clustering. Smaller valwes of o in-
dicnle incrensed clusiering, Experimentally derived
vidues for o Ly plcolly ronge between 0.3 and 5.

If the same compounding procedure is appliod
to the Poisson probability funciion for the namber
af faulis In {1} the negative bincmisl distribution =
alitained:

Tlo+2)  [Afe)"
ol Tla} (L4 3 ajres

Prob {X = g} = {8

Formula (5} accounis cnly lor faulis which ar=
the tesilt of spat defects. To nceount for gross aren
delects affecting barge wafer nrens, & groes wield foc-
tor 1 miust be included b=ading io

¥ o= Yall 4 §a)" . {7)

4.1 TYield of Chips with Redundancy

Freguenily, integraied circuit desgns conloin see-
eral circnit modules which are replicated.  Chips
contalning & namber of identical modules (of one
trpe or more] can often be vaed wven il some of the
maodubes do not funciion correcely, obinining this
way partinlly good chips. Alternatively, one cam add
o few pedundant modubes to the design and necept
only those chips which have the necessary number
of fauli-lree modales,

For example, conssder chips with & single type
of identical modales and let N denole Lhe number
of these modules, Define the following probakbility
B = Prob{Eznctly Mont of the N modules are
feuli-Trec}, This probokility cas he wsed to el
culate the yield of chipa with redundancy. For ex-
ample, if & cul of ¥ modoles are spares meaning
that n chip with al Tepst [V — B) fnult-feee moduies
ie meceptable, then the yield of the chip is given by

]
=X E B - |:'3:|
M=N-I

In onder Lo derive an expression (o g, . e need
ko know how Lo ealealate the yield of 2 suheel of M
madules. To this end we have o make some assump-

tiona regarding the change in the parameters & and
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o of Uhe yi=ld foemila when pastial arens nee consid-
ered. The average number of [anlis depends linearly
on the number of modales, M. The dependence of
ihe clustering parameter & on M B howerer, lems
atrnightlorward, Mast stadies on integrated-cirewii
yield assume that the parameter o iz the same when
the whole chip is considered ot when only part of
the chip is considered. This assamption iz bosed on
ithe so-called “lagge aren clustering” meaming that
the clusters of defecis are larger tham the chip size.
This nssmmptbon often praved reascnable since meat
clustering is cansed ‘by wafer-do-wafer variations of
Eanlt densities; Lhis b especially tene for small area
chips. Only recently a modified yield model allowing
¢'|un|1u in the clustering parameter bas been pro-
pesed and preliminary analysis has shown that in
cerbain circumstances it can pmviﬁ: mare accarale
yield projection [12].

Undee the “lorge area clustering” assumplion
Gy, can be calcolated by firsl computing Lhe prob-
ability that = given mamber of fnolte cecur in the
complete chip and then distributing these faulis nni
formly among the & modules. This, the probability
that exnctly (N — M) modules will condain faulis is

B = E Ql;f:jl-.r.."; » Prob{Xy =2} (9]

=N -

where Frob {X, = =} i= the probability thet the
chip has o faults and Q1" is the probability that
the = faults are disteibuted isto exncily § out of V
modules given that there are o faulis. Assuming

ilnt fonkte nre distingaishable, the lntter equals [7)

F . =
iV ~ Ny (N =By li=k
Py = 2 1P (b} 1 :':' w0
T
forz > jand 0 < j < N. Swbstituting the negative
bincmial distribution from [B) in the above equation
yiehis

S 3 ) s

As we have seem above, the negative binomial
distributicn @ oblained [rom the Pomson distibe-
tiom by averaging over all wvalmes of A, using the
Gomma distribution function, This compeunding
procedure can be applied te any statistical men-
sure. We can derive an expression for the desited
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meadnge paenming Lthe convenienl Polason disinbe-
tion [whose most useful property is the siatistical
independence between faubis in different madubes],
and then apply the compounding procedure to ob-
toin the reguired expression for the negafive bino-
mial medel. This powerful compounding procedure
was employed o derive yield expressions for inter-
conmectbon bases in VLSE chips [9] and [ar partiaily
gond memary chipa [|.3|.

COme should renlize that the archileciuce ann-
lyeed above is an idealization; actual chips rarely
consist enbirely of identical circuit modales. 1n all
chips there are support circwits {like power supply
lines, clocks, input and outpul baifers eic) which nre
shared by the replicated modules. These chips be-
come unusable when the suppock circnits are dam-
nged. Since the clusiering of ihe support circnit
foulls b not independent of ihe clusiering of the
madule faults, we need o include In formuln “_]]
the nverage nnmber of (aulis that couse these sap-
port circnita to be defective. This resulta in

n,.,u="fr—u‘{”',;”} i)

kaik ¥

+1:x—:{m+.‘:|1j|- U.?:l

whete kg it the avernge nnmber of fatal fanlis o
chip-kili faulis in the support circuits.

4.2 Chips with Muoltipla Types of Modules

The previcns discussion was pestricted to the
care where redunsdancy iz provided o tolernie faulis
in & gingle type of chrenit modoles, In tlis section
we exiend the previons resulis io fnult tolerant chips
with multiple types of moduies. We derive vield ex-
pressions [or chips with bwo different 1y pes of mod-
ules, say, Type 1 and Type 2. The exlension loa
losger mamber of module trpes is straightforward.

Assume that thers are redundant modules of bath
types and that the moduoles of each type can be re-
comfignred separntely when necessary, Then, we can
calcnlate the yield of each module type separately
(nssuming that foulte follow the Poison distribe-
tiom), and muliiply the two resnlie i obinin the
overoll viekd

}"=]"'1-!|"'1 [IE]

where ¥ [+ = 1,%) i the yield of the ==t of N,



miedisles of Expe 1. This yield can be calculated ualng

Ny

re 3

My=Ny-Ry

[ TV |:"}

‘The final expression for the yield ¥ will conalst
of By - Ry terms, However, in many prackical chip
architecturea there is me such arebiteclural indepen-
dence and a fault in a module of type 1 may affect
the usefulpess of Ly pe 2 modules, e, a type 2 mod-
ule may becoame useless when a type 1 modale is de-
feciive, [nauch a cose nok all B, - B3 possible terms
should be incladed in the sxpression for 1, 1In well-
structiured architecinres we cam sasily identily thase
ferms that should be incladed and we can therefors
define o “coverage fnclor” ns fellows, e, o = 100
the chip iz nccepiable with My and M; fault-free
modules of trpe 1 oand 2, respeciively. Olherwise,

2y oy = - Consequently,

My M

1= E E Bty ey Bargirey * Oty sy [15]

M=y — iy My=N;-iiy

Tapy niy FEIVES Lo select all the fizable combinntions
aut of all combinations of fault-free medules of type
1 and type

In bese strmcinred architectares, the nomber of
fanli-free madules of sither Lype may be insuficient
to determine whether the chip is fixable o1 not; we
may alse meed to know the exact position of the
famli-free modules. Im such a case, Car, my Wil mok
be a Eacktor assuming only ithe valuea 0 nnd 1, but
the fractlon of fizalle patterns out of all paiterns
comsisting of My and My faule-free modoles of type
I and 2, respectively.

Finally, the expression {or the yield of a chip with
two types of moduoles and sspport circuitty when the
Paisson distribution i sssumed, is as fellows

My Ny =My Ng= My
:—a“E E “ Ei jhhy

-
H;-ny J'\l: ﬂ:

(1) ("27)- Ge) (2")

= [y kg Py =Mt Ba - dew | Tary, wrg [Iﬁ]

We now apply the compounding proceduars and

ohtain [10]
M — Ny Wy = My
ren 88T e
":"_I:I .ul,rf' kim0 ky=m

i (*"‘;;“*)-m--

[ ﬂiﬁ+ﬁ|]a'l|+{ﬂ"':+ﬂ':]j:+3:x}

...... [IT}

The yield expresions in (8} and (17) can help
find the optimal amouni of redundaney for & given
fanll-talersnt scheme.. The opiimal redundancy is
that which maximizes the number of acceptable chips
per wafer. When the redundancy increases, the
yield of the individual chip tends fo increase but
the number of chips par wafer tende 10 decrenss,
We need therefore, to maximize the so-called offee-
diwe giedd which i the chip yield mulliplied by the
ratio between the number of chips with and withaut
redandancy om the anme mzge waler

Clasteting alfects Lhe projecied yield and the re-
aalling optimal amcunt of redundnney ne hoa been
demonatrated in [7] and [11]. Igmoting the chuster-
ing phenvmenon for the sake of simplifying the tnsk
of yiehl projeciien may lead fo incogrect decisions
teparding ihe amount of redundancy to be incarpa-
rated.

5. COMNCLUSION

The imcerporatien of defeci-toleranes in VLSI
circaits have made remarknlds progress in recend
yenrs, The theozetical approaches for intreducing
anid optimizing redumdancy, ns well as the anppori-
ing technologies, nppesr to be in place for more wide
apread use of redundnney for yield enhancement
Mennwhile, s Y151 fenture mizes npproach physi-
cal Limits, the need for larger aren chips to meet the
ever growing demand for more complex monaolithic
arsiems, is likely io become much more pressing.
The use of defect iolerance technigues o provide
vinble yields for these large chips can be expected
Lo become toutine in such an environment.

Defect tolerance technigues are o must for wafer
scale designs. One such design iz the 40 Mbyte
Wafer Stack module conslating of fwo 6 inch-diameter
walers that was recenily developed by Anamartic
[2]. Thi=s and future circuits cely on the already well-
estabfished theary of fault tolerance in VLS circuita
and the well-developed supparting technalagies
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