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Abstract

Combining the inherent advantages of Bipolar andCMOS, BiCMOSis emerg-

ing as a major technology for high speed, highperformance, digital andmixed

signal applications. Logic Behavior of Single andDouble BJT BiCMOSdevices

under transistor level shorts and opens is examined. In addition to sequential

behavior, some stuck-OPEN faults exhibit delay faults. While most stuck-ON

faults canbe detectedbylogic level testing, some of themcanonlybe detected

bymonitoringthepower supplycurrent (I DDQ monitoring). A stuck-OPENfault

manifestingas enhanceddynamic I DD current is shownindouble BJTBiCMOS

devices. The faulty behavior of Single andDouble BJTBiCMOSNANDand

NOR, CMOSNANDandNOR, TTLNANDandNORarepresented. Thefaulty

behavior of Bipolar (TTL) andCMOSlogic families is comparedwithBiCMOS.

Testabilityof bothSingle andDoubleBJTBiCMOSdevices arediscussed.

�This research was supported by a SDIO/ISTfunded project monitoredbyONR.



1 Intro uction

BiC OS technology, whi ch combi nes the advantages of C OS and bi pol ar, i s emergi ng as

a major technol ogy f or many hi gh perf ormance di gi tal and mi xed si gnal appl i cati ons. he

mai n advantages of C OS technol ogy over bi pol ar are l ower power di ss i pati on and hi gher

packi ng densi ty. Bi pol ar technol ogy o ers better output current dri ve, swi tchi ng speed, I O

speed and anal og capabi l i ty. Combi ni ng the advantages of bi pol ar and C OS, Bi C OS o ers

the f ol l owi ng advantages [1]; i mproved speed over C OS, l ower power di ss i pati on compared

to bi pol ar, exi bi l i ty i n I O ( , C , C OS compati bi l i ty), hi gh perf ormance anal og

capabi l i ty and l atch up i mmuni ty. Compared to the C OS counterparts, Bi C OS ci rcui ts

can be f aster by a f actor of upto two f or the same l evel of technol ogy. ccess t i mes of l ess than

10nS have been reported f or 0. 8 �mBi C OS C i nput output 256 and 1 -bi t S s

[ 2] . 100 gate arrays operati ng at 100 z cl ock rates have al so been reported [ 2] . Bi C OS

i s even bei ng consi dered f or hi gh perf ormance mi croprocessors and dynami c s, and i t i s

f el t that i t wi l l be one of the mai n technol ogi es to dri ve al most al l f uncti ons i n the decade

ahead [ 3] .

ost of the def ects and f ai l ures i n present day i ntegrated ci rcui ts can be abstracted to

shorts and opens i n the i nterconnects and degradati on of devi ces [ 4] . ransi stor l evel shorts

and opens model many of the physi cal f ai l ures and def ects i n ICs [ 5] . study by ai l i ay [ 6]

on 4- bi t OS mi croprocessor chi ps reveal ed that many of the f aul ts were shorts and opens

at the transi stor l evel . nal ysi s of f aul ts i n el ementary stati c storage el ements suggest that

transi stor l evel test i ng provi des a hi gher coverage of f aul ts compared to that at the gate l evel

[ ] . hus, i t i s necessary to study the e ects of f ai l ures at the transi stor l evel and devel op

accurate f aul t model s at thi s l evel [ 5] .

he maj or f aul t model s at transi stor l evel are stuck- at f aul ts , and shorts and opens of

transi stors and i nterconnects [ 8] . I t has been shown [ 9, 10, 11, 12, 13] that the stuck- at model

does not cover many of the manuf acturi ng def ects i n Bi C OS devi ces and that most open

f aul ts mani f est themsel ves as del ay f aul ts . nal ysi s on the e ects of bri dgi ng f aul ts i n Bi C-

OS i s gi ven i n [ 14, 15] . merged Bi C OS ci rcui t con gurati on to i mprove Bi C OS gate

perf ormance at l owsuppl y vol tage i s presented i n [ 16] . ef erence [ 13] presents testabi l i ty anal -

ysi s and f aul t model i ng of Bi C OS ci rcui ts i n whi ch the behavi or of Bi C OS under f aul ts i s

compared wi th C OS. he most common type of Bi C OS ci rcui ts empl oy bi pol ar transi s-

tors to perf ormthe f uncti on of dri vi ng output l oads and C OS to perf orml ogi c f uncti ons. In

thi s paper, we bri e y revi ewthe operati on of a si ngl e B (S-B ) and doubl e B ( -B )

Bi C OS devi ce. Si nce Bi C OS technol ogy combi nes the advantages of both C OS

and bi pol ar, we compare the f aul ty behavi or of Bi C OS wi th C OS and bi pol ar ( ) .
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i gure 1: n S-B Bi C OS .

stuck- open f aul t mani f est i ng i n enhanced dynami c IDD i s presented whi ch can be detected

usi ng IDDQ moni tori ng. estabi l i ty aspects of Bi C OS devi ces are al so presented.

hi s paper i s organi zed as f ol l ows. he operati on of basi c S-B and -B Bi C OS

devi ces are descri bed i n secti on 2. Secti on 3 deal s wi th del ay measurements. Secti ons

4 and 5 deal wi th the anal ysi s of physi cal f ai l ures i n S-B and -B Bi C OS devi ces

respecti vel y, where the l ogi c behavi or of Bi C OS devi ces i n both the con gurati ons are ex-

ami ned under di erent f aul ts . nal ysi s of physi cal f ai l ures i n Bi C OS O , C OS (

O ) and ( O ) devi ces are presented i n secti on 6. Compari son of the

three l ogi c f ami l i es ( , C OS and Bi C OS) are done i n secti on . Secti on 8 deal s wi th

testabi l i ty of Bi C OS devi ces. i nal l y, concl usi ons drawn f romthe study are gi ven i n secti on

9.

i ic s

Bi C OS ci rcui ts empl oy one or two Bi pol ar uncti on ransi stors (B s) to perf ormthe

f uncti on of dri vi ng output l oads and C OS to perf orml ogi c f uncti ons. In thi s secti on, the

operati on of S-B and -B devi ces and i ts l ogi c l evel s are presented.

. -

Si ngl e B Bi C OS real i zati on i s shown i n i gure 1. he f uncti oni ng of the

Bi C OS can be expl ai ned by rst appl yi ng l ogi c `0' to one or both of the i nputs

whi ch woul d cause at l east one - devi ce to be O and at l east one - devi ce i n each seri al
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i gure 2: general S-B Bi C OS devi ce

- pai rs to be O . i th the - devi ces (1 and or 2) O , the base of the bi pol ar

transi stor woul d be about 5 suppl yi ng base current and turni ng O the bi pol ar transi stor

( 1) provi di ng l ogi c ` 1' at the output. i th ei ther of the i nputs bei ng at l ogi c ` 0' and the

other i nput at l ogi c ` 1' woul d sti l l cause ei ther of the paral l el connected - devi ces to be O

and ei ther of the seri es connected - devi ces to be O . hi s woul d sti l l suppl y base current

to the bi pol ar transi stor causi ng l ogi c ` 1' at the output. i th both the i nputs at l ogi c ` 1' , the

- devi ces ( 1 and 2) woul d be turned O , and the - devi ces 1, 2, 3 and 4 woul d be

turned O causi ng a conducti on path f romoutput node to ground. hi s wi l l cause the output

to be a l ogi c ` 0' . hus the ci rcui t real i zes the f uncti on. Bl ock di agramof a general

S-B Bi C OS devi ce i s shown i n i gure 2. n S-B Bi C OS gate consi sts of C OS

p- and n- parts to perf orml ogi c f uncti on, and a B and a pul l - down n- part f or dri vi ng the

output node.

S-B Bi C OS devi ces do not have the f ul l DD to round l ogi c swi ng of C OS devi ces.

he output i gh vol tage ( ) i s l i mi ted toDD- (Q1). owever, output owvol tage ( )

i s 0 . he C ol tage transf er characteri st i cs shown i n i gure 3 of a Bi C OS i nverter was

exami ned to determi ne the l ogi c l evel s [ 12] . ax and n were determi ned to be 1. 5

and 1. 9 respecti vel y, by ndi ng the o t - 1 poi nts [ 1, 18] on the vol tage characteri st i cs .

I t can be seen f rom i gure 3 that a x i s 4. 4 (DD- (Q1)) and n i s 0 . he l ogi c

l evel s f or Bi C OS are 0 to 1. 5 f or l ogi c l evel ` 0' and 1. 9 to 4. 4 f or l ogi c l evel ` 1' [ 12] .

ny vol tage between 1. 5 and 1. 9 i s consi dered i ndetermi nate. he devi ce characteri st i cs

gi ven f or uj i tsuBi C OSgate array devi ces [ 19] are n 2 , n 2. 4 , a x 0. 8
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i gure 4: C ol tage transf er characteri st i cs of a C OS Inverter.
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i gure 5: - B Bi C OS .

and a x 0. 5 . he C ol tage transf er characteri st i cs of a C OS i nverter i s shown i n

i gure 4, f or compari son. a x and n f or a C OS i nverter were determi ned to be

2. 4 and 2. 9 respecti vel y. C OS devi ces exhi bi t rai l - to- rai l l ogi c swi ng resul t i ng i na x

of 5 and n of 0 .

. -

oubl e B Bi C OS real i zati on i s shown i n i gure 5. he f uncti oni ng of the

Bi C OS can be expl ai ned by rst appl yi ng l ogi c ` 0' to one or both of the i nputs

whi ch woul d cause at l east one - devi ce to be O and at l east one - devi ce i n each seri al

- pai rs to be O . i th at l east one - devi ce i n each seri al - pai rs bei ng O , no current

i s suppl i ed to the base of 2 resul t i ng i n transi stor2 bei ng O . i th the - devi ces (1

and or 2) O , the base of the bi pol ar (1) transi stor woul d be about 5 suppl yi ng

base current and turni ng O the bi pol ar transi stor (1) provi di ng l ogi c ` 1' at the output.

i ther of the i nputs bei ng at l ogi c ` 0' and the other i nput at l ogi c ` 1' woul d sti l l cause ei ther

of the paral l el connected - devi ces to be O and ei ther of the seri es connected - devi ces to

be O . hi s woul d sti l l suppl y base current to the bi pol ar transi stor1 causi ng l ogi c ` 1'

at the output. i th both the i nputs at l ogi c ` 1' , the - devi ces (1 and 2) woul d be turned

O , and the - devi ces 1, 2, 3 and 4 woul d be turned O , suppl yi ng base current to

2 whi ch di scharges the l oad. ransi stor1 and 2 drawcurrent f romthe base of 1 thus
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i gure 6: general - B Bi C OS devi ce.

rapi dl y turni ng thi s devi ce O . hi s wi l l cause the output to be a l ogi c ` 0' . hus the ci rcui t

real i zes the f uncti on. I t may be noted that duri ng output i gh to ow transi t i on,

transi stor turns O as a resul t of transi stors1 and 2 di schargi ng 1 base, causi ng the

gate of to be l ow[ 20] , thi s resul ts i n al l the current through3 and 4 to be provi ded as

base current to transi stor2. uri ng output owto i gh transi t i on, transi storturns O

to di scharge the base of 2 ui ckl y to speed up the transi t i on. I t may al so be noted that the

stati c power consumpti on of the ci rcui t i s negl i gi bl e negl ecti ng reverse bi ased l eakage currents.

Bl ock di agramof a general - B Bi C OS devi ce i s shown i n i gure 6. - B Bi C OS

gate consi sts of C OS p- and n- parts to perf orml ogi c f uncti on, and two output B s f or

dri vi ng the output node.

- B Bi C OS devi ces do not have the f ul l DD to round l ogi c swi ng of C OS devi ces.

he output i gh vol tage ( ) i s l i mi ted toDD- (Q1) and output owvol tage ( ) i s

l i mi ted to (Q2). he C ol tage transf er characteri st i cs shown i n i gure of a

-B Bi C OS i nverter was exami ned to determi ne the l ogi c l evel s [ 12] . a xand n

were determi ned to be 2. 2 and 2. respecti vel y, by ndi ng theo t - 1 poi nts [ 1, 18] on

the vol tage characteri st i cs . I t can be seen f rom i gure that a x i s 4. 4 (DD- (Q1))

and n i s 0. 6 ( (Q2)) . he l ogi c l evel s f or Bi C OS are 0. 6 to 2. 2 f or

l ogi c l evel ` 0' and 2. to 4. 4 f or l ogi c l evel ` 1' [ 12] . ny vol tage between 2. 2 and 2.

i s consi dered i ndetermi nate. he devi ce characteri st i cs gi ven f or uj i tsu Bi C OS gate array



i gure : C ol tage transf er characteri st i cs of an -B Bi C OS Inverter.

devi ces [ 19] are n 2 , n 2. 4 , a x 0. 8 and a x 0. 5 . he C ol tage

transf er characteri st i cs of a C OS i nverter i s shown i n i gure 4, f or compari son.a x and

n were determi ned to be 2. 4 and 2. 9 respecti vel y. C OS devi ces exhi bi t rai l - to- rai l

l ogi c swi ng resul t i ng i n a x of 5 and n of 0 .

a asur nts in i ic s

In C OS ( ul l y C OS) ci rcui ts , gate del ay ( ) i s normal l y de ned as the del ay f rom

the ti me i nput to a gate crosses 0. 5DD to the ti me when the f al l i ng(ri s i ng) output crosses

0. 5 DD [ 21] . Si nce the swi tchi ng threshol d i n the vol tage transf er characteri st i cs of a C OS

i nverter i s approxi matel y
2

, thi s de ni t i on i s f ai r l y val i d. owever, i n Bi C OS devi ces,

the swi tchi ng threshol d need not be very cl ose to
2

as seen i n the vol tage characteri st i cs of

S-B Bi C OS devi ces [ 12 ] . ence, the vol tage characteri st i cs need to be caref ul l y anal yzed

to determi ne the swi tchi ng threshol d f or the purpose of del ay measurements.

Swi tchi ng threshol d i s determi ned by pl otti ng n and i denti f yi ng the i ntersecti on of

thi s l i ne on the vol tage characteri st i cs [ 22] . he swi tchi ng threshol d f or the gates used i n

thi s study i s determi ned f romthe Cvol tage transf er characteri st i cs to be 1. 9 f or S-B

Bi C OS, 2. 5 f or - B Bi C OS and 2. 65 f or C OS [ 12 ] .

I f del ay measurement f or Bi C OS devi ces i s done si mi l ar to that f or C OS devi ces, i . e. ,

f romthe ti me i nput to a gate crosses 0. 5DD to the ti me when the f al l i ng(ri s i ng) output

crosses 0. 5DD. or f al l i ng outputs, the output l ogi c l evel cannot be termed as ` 0' l ogi c l evel

at 0. 5 DD. hi s i s because 2. 5 i s consi dered as l ogi c ` 1' l evel f or S-B Bi C OS devi ces
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[ 12] . nder del ay f aul ts i f the output l evel remai ns very cl ose to 2. 5 , the l ogi c l evel has not

crossed the swi tchi ng threshol d and cannot be termed as del ay f aul t . ow, i f 0. 5DD cannot

be used as the poi nt f or del ay measurement, a uesti on ari ses as to whi ch poi nt i s to be used

f or del ay measurement.

or determi ni ng l ogi c l evel s , a x and n were obtai ned by ndi ng the o t -

1 poi nts. he swi tchi ng threshol d of the devi ce has to be i n between a x and n

and thi s has to be determi ned by ndi ng the i ntersecti on of n on the vol tage transf er

characteri st i cs .

Some del ay f aul ts i n Bi C OS devi ces do not necessari l y cross the l ogi c threshol d as shown

l ater i n secti ons 4. 2 and 5. 2, dependi ng on f an- out, pul se- wi dth etc. , and such f aul ts cannot

be termed as del ay f aul ts . hey can be termed as stuck- at f aul ts f or al l practi cal purposes, as

l ogi c moni tori ng exhi bi ts stuck- at behavi or. ven though some i gh to owtransi t i on del ay

f aul ts resul t i n the output l evel reachi ng nde ned l evel , whi ch coul d cause the gate connected

to the output of thi s devi ce to get swi tched as soon as the l ogi c l evel reaches the swi tchi ng

threshol d. ence, i t i s more accurate to perf ormdel ay measurements f romthe l evel at whi ch

swi tchi ng takes pl ace (swi tchi ng threshol d). In thi s study, we perf ormdel ay measurements

between swi tchi ng threshol ds whi ch f or S-B Bi C OS i s determi ned to be 1. 9 and f or

- B Bi C OS i s determi ned to be 2. 5 .

Ana sis o sica ai ur s in i

ic s

In thi s secti on, the response of the S-B Bi C OS i s eval uated f or hard f ai l ures of the

bi pol ar and OS transi stors. ossi bl e f ai l ures consi dered are stuck-O s, and stuck-O s of

transi stors. he output of the Bi C OS gate i s exami ned by si mul ati ng one f ai l ure at a ti me

f or al l possi bl e stuck-O and stuck-O f ai l ures of al l the transi stors. Stuck-O f aul ts and

stuck-O f aul ts were si mul ated by turni ng O and turni ng O the correspondi ng tran-

si stors. Open (O ) i n bi pol ar transi stor termi nal s (emi tter, base col l ector) were si mul ated

by connecti ng a resi stance of 1 i n seri es wi th the respecti ve node and short (S ) were

si mul ated by connecti ng a hard short of 0. 01 between the respecti ve termi nal s . he Bi C-

OS gate outputs obtai ned anal yti cal l y have been compared wi th S IC si mul ati on outputs

to ensure correctness.

he f aul t- f ree and f aul ty behavi or (Stuck-O and Short f aul ts) of Bi C OS are

summari zed i n abl e 1 and Stuck-O f aul ts are summari zed i n abl e 2. he l ength

and wi dth of p OS ( , ) and n OS ( n, n) transi stors used f or Bi C OS devi ces i n

thi s study are ( 1. 5� , 30� , n 1. 5� , n 26� ) s i mi l ar to the val ues used i n [ 9] .
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i gure 8: S-B Bi C OS wi th C OS i nverter l oad and dri ver

Si mul taneous current moni tori ng was perf ormed duri ng S IC si mul ati on and the observed

IDDQ val ues are l i sted i n the abl es al ong wi th the output l ogi c l evel s . In abl es 1 and 2,

the subscri pt represents the transi stor number f or the Bi C OS ci rcui t shown i n i gure 1 and

superscri pt represents the type of hard f ai l ure under consi derati on where O i ndi cates stuck-

O f ai l ure and O i ndi cates stuck-O f ai l ure. or exampl e,1 i ndi cates transi stor1

stuck-O , 1 i ndi cates transi stor1 stuck-O , 1 i ndi cates transi stor1 col l ector

open and 1 i ndi cates transi stor col l ector to emi tter short.

In order to make the anal ysi s a true representati ve of ci rcui t condi ti ons, C OS i nverters

were used to dri ve the Bi C OSdevi ce and C OS i nverters were used as l oads to the Bi C OS

devi ce as shown i n i gure 8. he di mensi ons of p OS and n OS transi stors used as C OS

dri ver devi ces i n thi s study are ( 5� , 60� ) and ( n 5� , n 20� ) respecti vel y.

he si zes f or the C OS l oad devi ces used are ( 5� , 40� ) and ( n 5� , n 15� ) .

o study the e ects of output f an- out on Bi C OS devi ces, anal ysi s was conducted wi th one

C OS l oad al one and al so wi th an C( esi stor Capaci tor) l oad al ong wi th a C OS l oad as

shown i n i gure 8. 100 and C 1p were chosen f or thi s study and Cl oad ref erred to

hencef orth i n thi s paper ref ers to the above val ues.

. - -

Stuck-O f aul ts i n S-B Bi C OS general l y resul t i n a f aul t- f ree l ogi c l evel , f aul ty

l ogi c l evel or i ndetermi nate l ogi c l evel . owever, i n al l the cases, i t resul ts i n enhanced IDDQ.

ef err i ng to the S-B Bi C OS shown i n i gure 1, f or the physi cal f ai l ure1 ,

the devi ce behaves si mi l ar to f aul t- f ree gate f or al l i nput vectors except f or i nput vector ` 11' .

Input vector ` 11' causes al l the - devi ces to be O provi di ng a conducti on path f romDD

to ( nd), resul t i ng i n enhanced IDDQ. he current drawn by the devi ce wi th thi s vector

f or the f aul t under consi derati on i s 2m i nstead of the normal 0. 2� . Current testi ng

techni ue can be empl oyed to detect thi s f aul t . s i mi l ar resul t i s observed f or transi stor2
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stuck-O f aul t ( 2 ) . S IC si mul ati on i ndi cates the output vol tage l evel to be 1. 16 ,

whi ch i s l ogi c ` 0' l evel f or S-B Bi C OS devi ces i ndi cated as ` 0' i n abl e 1.

ransi stor 1 stuck-O f aul t resul ts i n enhanced IDDQ f or i nput vector ` 01' . S IC

si mul ati on i ndi cates output vol tage to be 2. 42 , whi ch i s l ogi c ` 1' l evel f or S-B Bi C OS

devi ces. Si mi l arl y, enhanced IDDQ i s observed f or transi stor2 stuck-O f aul t wi th i nput

vector ` 10' . S IC si mul ati on i ndi cates the output vol tage l evel to be 1. , whi ch i s an

i ndetermi nate (I) vol tage l evel f or Bi C OS devi ces. t a rst gl ance, one woul d expect the

output vol tage l evel to be the same f or 1 and 2 . On caref ul anal ysi s , i t can be seen

that the channel resi stance wi l l be di erent due to the non- l i near characteri st i cs of the n OS

transi stor f or the i ndi vi dual stuck-O f ai l ures1 and 2 , l eadi ng to the di erent output

vol tage l evel s .

Stuck-O f ai l ures of transi stors3 and 4 woul d resul t i n enhanced IDDQ f or i nput vectors

01 10 respecti vel y. owever, the f aul t- f ree and f aul ty output i s l ogi c ` 1' f or i nput vectors

01, 10 and 11. Si nce f aul t- f ree and f aul ty l ogi c l evel i s the same, current testi ng al one can

detect the f ai l ures. ransi stor1 and 1 shorts al so resul t i n enhanced IDDQ and cause

a f aul ty output l ogi c l evel ` 1' f or i nput vector 11. ransi stor1 resul ts i n del ay f aul ts f or

output owto i gh transi t i ons as the base to emi tter j uncti on does not get f orward bi ased

and hence the transi stor does not get turned O . he owto i gh transi t i on el ay observed

f or transi stor 1 short wi th Coutput l oad i s 2. 08ns compared to the f aul t- f ree del ay of

0. 90ns.

Current testi ng can be very e ecti ve f or testi ng f ai l ures whi ch resul t i n el evated IDDQ f rom

a normal 0. 2� to enhanced 2m , an i ncrease by a f actor of 104. Conventi onal l ogi c

testi ng cannot be used to detect stuck-O f ai l ure2 as the f ai l ure exhi bi ts i ndetermi nate

output. owever, current testi ng can detect the above stuck-O f ai l ures. Si nce stuck-O

f ai l ures 1 , 2 , 1 , 3 and 4 provi de same l ogi c l evel f or f aul ty as wel l as f aul t-

f ree operati ons, current testi ng al one can detect the f ai l ures. Conventi onal l ogi c testi ng can

detect the f ai l ures 1 and 1 as the l ogi c output i s di erent f or f aul t- f ree and f aul ty

operati ons, however, current testi ng woul d detect thi s f ai l ure mode. el ay f aul t caused by

transi stor 1 can be detected by del ay test.

. - -

Stuck-O f aul ts i n S-B Bi C OS resul t i n ei ther se uenti al behavi or or del ay

f aul ts .

wo f aul ts i n the S-B Bi C OS exhi bi t se uenti al behavi or (n) , s i mi l ar to

the behavi or seen i n C OS ci rcui ts . resence of the f aul t1 stuck-O woul d resul t i n
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abl e 1: Behavi or of S-B Bi C OS wi th Stuck-O and Short f aul ts between termi -

nal s f or al l transi stors.

SingleBJTBiCMOSNANDStuck-ONandShort results

I 1 2 1 2 3 4 1 1 D 1D 2 2 D 2D 1

B i i i i i i i i i i i i i i

0 0 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 a 1 a 1 n 1 a 1 a 1 n 1 n

0 1 1 n 1 n 1 n 1 a 1 n 1 a 1 n 1 n 1 n 1 n 0 a 0 a 1 n 1 n

1 0 1 n 1 n 1 n 1 n I a 1 n 1 a 0 a 0 a 1 n 1 n 1 n 1 n 1 n

1 1 0 n 0 a 0 a 0 n 0 n 0 n 0 n 0 n I a 1 a 0 n 1 a 1 a 1 a

I 1 D 1D 2 2 D 2D 3 3 D 3D 4 4 D 4D 1 1 1

B i i i i i i i i i i i i i i

0 0 1 a 1 n 1 n 1 n 1 n 1 n 1 a 1 n 1 n 1 n 1 n 1 n 1 n
�1 n

0 1 0 a 1 a 1 a 1 a 1 n 1 n 1 a 1 a 1 a 1 a 1 n 1 n 1 n
�1 n

1 0 1 n 1 n 1 n I a 0 a 1 n 1 n 1 n 1 n 1 a 1 a 1 n 1 n
�1 n

1 1 1 a 0 n 1 a 1 a 0 n 1 a 1 a 0 n 1 a 1 a 0 n 1 a 1 a 0 n

Q

( )

(1 2 ) ( )

( ) 2 ( ) 2 3

D D
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f aul t- f ree behavi or f or al l i nput vectors except f or i nput vector ` 10' whi ch causes the previ ous

state to be retai ned resul t i ng i n se uenti al behavi or. Si mi l ar se uenti al behavi or i s observed

f or 2 stuck- open wi th i nput vector ` 01' . wo pattern tests can be appl i ed to detect these

stuck- open f ai l ures. Summary of the behavi or of S-B Bi C OS wi th Stuck-O

f aul ts f or al l transi stors i s gi ven i n abl e 2.

s-O f ai l ures of transi stors1 and 2 exhi bi t uni ue del ay f aul ts . rst gl ance

woul d l ead one to expect that wi th i nput vectors 11, the output parasi t i c capaci tance woul d

be di scharged by turni ng O of transi stors 3 and 4. owever, due to the open f aul t

of transi stor 1 or 2 under consi derati on, the vectors 00, 01 or 10 woul d charge up the

parasi t i c capaci tors at the base as wel l as the emi tter nodes of the bi pol ar transi stors. i th

the appl i cati on of i nput vector 11, the seri es path of3 and 4 wi l l be turned O but the

seri es path of 1 and 2 wi l l not be turned on due to the f aul t . hi s wi l l cause transi stor1

to remai n O f or someti me because of the charge stored at the base of the bi pol ar transi stor.

ransi stor 1 woul d be di scharged sl owl y through the O resi stance of 3 and 4 al one

causi ng del ay i n the output response. he sl owto f al l del ay f aul t i s shown i n i gure 9a, b

c. hi s type of f aul t has been observed i n [ 9] f or a di erent i mpl ementati on of a Bi C OS

.

i gures 9a b showthe response of the Bi C OS to 1 f ai l ure wi th one C OS

l oad and wi th C l oad respecti vel y. i gure 9a shows the response of Bi C OS to

1 wi th onl y one C OS l oad connected to the Bi C OS output. he i nputs shown i n thi s

gure are the i nputs appl i ed to the Bi C OS and the i nput pul se wi dth ( ) i s 10ns

wi de. he response of the Bi C OS wi th 1 f aul t wi th i nput 10ns shows sl ow

to f al l del ay ( 2) of . 2ns i nstead of the normal propagati on del ay (1) of 0. 6ns. esponse

of Bi C OS output wi th C l oad shown i n i gure 9b causes i gh to ow transi t i on del ay

f or both f aul t- f ree and1 response, due to hi gher f an- out. ere, the output l evel barel y

reaches the l ogi c ` 0' l evel . I t shoul d be noti ced that i f the cl ock peri od i s smal l , the vol tage

at the output wi l l be i n the i ndetermi nate range or wi l l not drop bel owval i d ` 1' range. he

response of the Bi C OS wi th 1 f aul t wi th 10ns and wi th Cl oad shows sl ow

to f al l del ay ( 2) of . 9ns i nstead of the normal propagati on del ay (1) of 1. 835ns. i gure 9c

shows the response wi th i nput 4ns, where the f aul ty output does not have ti me enough to

go bel owl ogi c ` 1' range. he response of the f aul t- f ree Bi C OS wi th i nput 4ns

gi ves a propagati on del ay of 1. 835ns.

or the s-O f ai l ures of transi stors3 and 4 wi th i nput vector 11, there i s no conduc-

ti on path f or the charge stored i n the output parasi t i c capaci tances to be di scharged. i th

the i nput vector of 11, transi stors1 and 2 turn O and resul ts i n a vol tage cl ose to 0 at

the base of the bi pol ar transi stor. I f the i nput vector appl i ed pri or to the i nput vector 11 was

13



abl e 2: Behavi or of S-B Bi C OS wi th Stuck-O f aul ts f or al l transi stors.

SingleBJTBiCMOSNANDresults

1 2 1 2 3 4

I 1 D 2 D 1 D 2 D 3 D 4 D 1 1 1

B

0 0 1 1 1 1 1 1 1
�1

0 1 1 1 n 1 1 1 1
�1

1 0 1 n 1 1 1 1 1
�1

1 1 0 0 0 1� 1� S S 0 0 0

Q ( )

(1 2 ) ( D )

D D

1

00, 01 or 10, i t woul d charge the output to a l ogi c ` 1' l evel . hi s woul d e ecti vel y appear as

i nput stuck- at- 1 af ter i ni t i al i zati on, whi ch i s a speci al case of se uenti al behavi or (n) .

Bi pol ar transi stor emi tter and base s-O f aul ts mani f est as stuck- at- 0 af ter i ni t i al i zati on

(shown as i n abl e 2). I t can be seen that wi th ei ther of the above f aul ts , output cannot

go to l ogi c ` 1' (other than duri ng power up) as no path exi sts between output andDD. i th

col l ector open, the output exhi bi ts owto i gh transi t i on del ay (
�1) as shown i n i gures

10a, b c. i gure 10a shows the response of Bi C OS to 1 col l ector open wi th one

C OS l oad connected to the Bi C OS output. he i nputs shown i n thi s gure are the i nputs

appl i ed to Bi C OS . he response of the Bi C OS wi th 1 col l ector open f or

10ns shows owto i gh transi t i on del ay ( 2) of 0. 5 9ns i nstead of the normal owto

i gh transi t i on del ay (1) of 0. 289ns. esponse of Bi C OS wi th Cl oad shown i n

i gure 10b exhi bi ts owto i gh transi t i on del ay (2) of 1. 449ns i nstead of the normal ow

to i gh transi t i on del ay (1) of 0. 483ns. i gure 10c shows the response wi th i nput

4ns, where the f aul ty output exhi bi ts l arger del ay f or the l owto hi gh transi t i on. he f aul ty

l owto hi gh transi t i on del ay was seen to be 2 1. 449ns i nstead of the normal l owto hi gh

transi t i on del ay of 1 0. 483ns.
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i gure 10: (a) Bi C OS response to 1

wi th 10ns One C OS oad (b)

10ns C oad (c) 4ns C oad.
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Ana sis o sica ai ur s in i

ic s

In thi s secti on, the response of the -B Bi C OS shown i n i gure 5 i s eval uated f or

hard f ai l ures of the bi pol ar OS transi stors and the resul ts are gi ven i n abl es 3 and 4.

. - -

Stuck-O f aul ts i n S-B Bi C OS general l y resul t i n a f aul t- f ree l ogi c l evel , f aul ty

l ogi c l evel or i ndetermi nate l ogi c l evel . owever, i n al l the cases, i t resul ts i n enhanced IDDQ

ef err i ng to the -B Bi C OS shown i n i gure 5, f or the physi cal f ai l ure1 ,

the devi ce behaves si mi l ar to f aul t- f ree gate f or al l i nput vectors except f or i nput vector ` 11' .

Input vector ` 11' causes the - devi ces (1, 2, 3 and 4) to be O . hi s causes transi stor

2 to be O , provi di ng a conducti on path f rom DD to ( nd), resul t i ng i n enhanced

IDDQ. he current drawn by the devi ce wi th thi s vector f or the f aul t under consi derati on i s

2m i nstead of the normal 0. 2� . Current testi ng techni ue can be empl oyedto detect thi s

f aul t . Si mi l ar resul t i s observed f or transi stor2 stuck-O f ai l ure (2 ) . S IC si mul ati on

i ndi cates the output vol tage l evel to be 1. 63 , whi ch i s l ogi c ` 0' l evel f or Bi C OS devi ces

i ndi cated as ` 0' i n abl e 3.

ransi stor 1 stuck-O f aul t resul ts i n an enhanced IDDQ f or i nput vector ` 01' . Si mi l arl y,

enhanced IDDQ i s observed f or transi stor2 stuck-O f aul t wi th i nput vector ` 10' . S IC

si mul ati on i ndi cates the output vol tage to be 1. 86 , whi ch i s l ogi c ` 0' l evel f or - B Bi C OS

devi ces.

Stuck-O f ai l ures of transi stors3 and 4 resul t i n enhanced IDDQ f or i nput vectors 01

and 10 respecti vel y. he f aul t- f ree and f aul ty l ogi c l evel s f or3 and 4 stuck-O f ai l ures

exhi bi t l ogi c ` 1' at the output. Si nce the f aul t- f ree and f aul ty l ogi c l evel s are the same, current

testi ng al one can detect the f ai l ures.

ransi stor stuck-O f ai l ure does not cause any appreci abl e e ect f or output ow to

i gh transi t i ons. owever, duri ng output i gh to ow transi t i ons, wi th i nput vector ` 11' ,

the output nds a l owresi stance path through transi stors3, 4 and . ue to thi s l ow

resi stance path, transi stor2 does not turn O and hence, i gh to ow transi t i on gets

del ayed. hi s del ay i s dependent upon the output l oad. or C l oad, the i gh to ow

transi t i on del ay was observed to be 1. 45ns i nstead of the normal 0. 89ns. I t may be noted that

due to the l owresi stance path through transi stors3, 4 and , output goes al l the way to

ground i nstead of (Q2).

ransi stor 1 and 1 shorts resul t i n enhanced IDDQ and causes a f aul ty output l ogi c
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abl e 3: Behavi or of - B Bi C OS wi th Stuck-O and short between termi nal s f or

al l transi stors.

i i i i i i i i i i i i i i i i i i

n n n n n n n n a a n a a n n a n n

n n n a n a n n n n n a a n n a a a

n n n n a n a n a a n n n n n n n n

n a a n n n n n n � a a n � a a a � a n a

i i i i i i i i i i i i i i i i i i

n n n n a n n n n a a n n n n a a n

n a n n � a � a a a n a a n n n n a a n

n a a n n n n a a a a n n n n a a n

n � a n a � a n a � a n n n n a a n n n n

Q

( )

(2 2 2 ) ( )

( ) 2 ( ) 2 3

D D

l evel ` 1' f or i nput vector 11. ransi stor2 and 2 al so resul t i n enhanced IDDQ and causes

a f aul ty output l ogi c l evel ` 0' f or i nput vectors 00, 01 and 10. ransi stor1 and 2 resul t

i n del ay f aul ts f or ow to i gh transi t i on and i gh to ow transi t i ons respecti vel y, as the

base to emi tter j uncti on of the transi stors do not get f orward bi ased and hence do not get

turned O . he owto i gh transi t i on del ay observed f or1 wi th Coutput l oad i s 1. 98ns

compared to the f aul t- f ree del ay of 1. 0 ns. he i gh to ow transi t i on del ay observed f or

2 wi th Coutput l oad i s 1. 4 ns compared to the f aul t- f ree del ay of 0. 89ns.

Current testi ng can be very e ecti ve f or testi ng f ai l ures whi ch resul t i n el evated IDDQ f rom

a normal 0. 2� to enhanced 2m , an i ncrease by a f actor of 104. Si nce stuck-O f ai l ures

1 , 2 , 3 and 4 provi de same l ogi c l evel f or f aul ty as wel l as f aul t- f ree operati ons,

current testi ng al one can detect the f ai l ures. ransi stor1 and 2 stuck-O as wel l as 1 ,

1 , 2 , and 2 f ai l ures exhi bi t di ss i mi l ar outputs under f aul ty and f aul t- f ree condi ti ons,

conventi onal l ogi c testi ng can detect the f ai l ure. owever, current testi ng woul d detect thi s

f ai l ure mode. ransi stor1 2 base to emi tter shorts mani f est as owto i gh and i gh to

owtransi t i on del ays respecti vel y and hence del ay test al one woul d detect the f ai l ure modes.
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abl e 4: Behavi or of - B Bi C OS wi th Stuck-O f aul ts f or al l transi stors.

SingleBJTBiCMOSNANDresults

1 2 1 2 3 4

I 1 D 2 D 1 D 2 D 3 D 4 D D 1 1 1 2 2 2

B

0 0 1 1 1 1 1 1 1
�1 �1 1 1 1

0 1 1 1 n 1 1 1 1
�1 �1 1 1 1

1 0 1 n 1 1 1 1 1
�1 �1 1 1 1

1 1 0 0 0 1� 1� 1� 1� 0 0 0 0 1� 1� 1�

Q ( )

(2 2 2 ) ( D )

D D

1

. - -

Stuck-O f aul ts i n -B Bi C OS resul t i n ei ther se uenti al behavi or or del ay

f aul ts .

wo f aul ts i n the -B Bi C OS exhi bi t se uenti al behavi or (n) , s i mi l ar to

the behavi or seen i n C OS ci rcui ts . resence of the f aul t1 stuck-O woul d resul t i n

f aul t- f ree behavi or f or al l i nput vectors except f or i nput vector ` 10' whi ch causes the previ ous

state to be retai ned resul t i ng i n se uenti al behavi or. Si mi l ar se uenti al behavi or i s observed

f or 2 stuck- open wi th i nput vector ` 01' . wo pattern tests can be appl i ed to detect these

stuck- open f ai l ures. Summary of the behavi or of - B Bi C OS wi th Stuck-O

f aul ts f or al l transi stors i s gi ven i n abl e 4.

S-O f ai l ures of transi stors1 and 2 exhi bi t uni ue del ay f aul ts , as observed i n S-B

Bi C OS . rst gl ance woul d l ead one to expect that wi th i nput vectors ` 11' , the

output parasi t i c capaci tance woul d be di scharged by turni ng O of transi stors3, 4 and

2. owever, due to the O f aul t of 1 or 2 under consi derati on, the vectors 00, 01 or 10

woul d charge up the parasi t i c capaci tors at the base as wel l as the emi tter nodes of the bi pol ar

transi stor 1. i th the appl i cati on of i nput vector 11, the seri es path of3 and 4 wi l l be

turned O but the seri es path of 1 and 2 wi l l not be turned O due to the f aul t . hi s

wi l l cause transi stor1 to remai n O f or someti me because of the charge stored at the base

of the bi pol ar transi stor1. ransi stor 1 woul d be di scharged sl owl y through 3, 4 and

2 path al one causi ng del ay i n the output response. he sl owto f al l del ay f aul t i s shown i n

i gure 11a, b c. hi s type of f aul t has been observed i n [ 9] . i gures 11a b showthe response
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of the -B Bi C OS to 1 f ai l ure wi th one C OS output l oad and i nput pul se

wi dth of 10ns and 4ns respecti vel y. i gure 11a shows the response of the Bi C OS

to 1 wi th onl y one C OS connected to the Bi C OS output. he i nputs shown i n thi s

gure are the i nputs appl i ed to the Bi C OS and the i nput pul se wi dth ( ) i s 10ns

wi de. he response of the Bi C OS wi th 1 f aul t wi th i nput 10ns shows sl ow

to f al l del ay ( 2) of 4. 5ns i nstead of the normal propagati on del ay (1) of 0. 526ns. esponse

of the Bi C OS output wi th the same one C OS l oad and wi th of 4ns causes a i gh to

owdel ay of . 2ns i nstead of the normal propagati on del ay of 0. 58ns. s the cl ock peri od i s

smal l , i t shoul d be noti ced here that the output barel y reaches the swi tchi ng threshol d and

the l ogi c l evel does not have a chance to drop to l ogi c ` 0' range. I f the cl ock peri od i s f urther

reduced or i f the output l oad i s i ncreased, the output l evel wi l l not have a chance to reach

even the swi tchi ng threshol d. n exampl e of whi ch i s shown i n i gure 11c where an Cl oad

i s used i n addi ti on to a C OS l oad. I t can be seen that the output does not have a chance to

reach the swi tchi ng threshol d. he response of the f aul t- f ree Bi C OS wi th 4ns

and Cl oad gi ves a propagati on del ay of 0. 9ns.

esponse of stuck-O f ai l ure of4 are shown i n i gures 12a, b c. or the stuck-O

f ai l ure of 4 shown i n i gure 12a, wi th i nput vector ` 11' exhi bi ts a del ay (2) of 1. 204ns and

output l ogi c l evel of 1 i nstead of the normal propagati on del ay of 0. 526ns and l ogi c l evel

of 0. 6 , wi th one C OS l oad and i nput pul se wi dth of 10ns. educi ng the pul se wi dth

to 4ns exhi bi ts a del ay ( 2) of 1. 25ns i n pl ace of the normal 1 of 0. 58ns as shown i n

i gure 12b. he output l evel i s observed to be 1. 5 i nstead of the normal output l evel of

0. 6 , however, the output l ogi c l evel i s st i l l a val i d l ogi c ` 0' l evel of - B Bi C OS devi ces.

i th Cl oad and i nput pul se wi dth of 4ns, the output l ogi c l evel does not f al l bel owthe

l ogi c threshol d as shown i n i gure 12c. ence, the f aul t appears as stuck- at- 1 f or l ogi c testi ng

purposes.

Bi pol ar transi stor 1 emi tter and base open f aul ts mani f est as stuck- at- 0 af ter i ni t i al i zati on

(shown as i n abl e 4). I t can be seen that wi th ei ther of the above f aul ts , output cannot

go to l ogi c ` 1' (other than duri ng power up) as no path exi sts between output andDD.

i th Bi pol ar transi stor1 col l ector open, the output exhi bi ts owto i gh transi t i on del ay

(
�1) as shown i n i gures 13a, b c. i gure 13a shows the response of Bi C OS to1

col l ector open wi th one C OS l oad connected to the Bi C OS output and wi th i nput pul se

wi dth of 10ns shows owto i gh transi t i on ( 2) del ay of 1. 08ns i nstead of the normal

owto i gh transi st i on ( 1) of 0. 823ns. esponse wi th the same one C OS l oad and wi th

i nput pul se wi dth ( ) of 4ns exhi bi ts owto i gh transi t i on del ay (2) of 1. 105ns i nstead

of the normal propagati on del ay ( 1) of 0. 2ns as shown i n i gure 13b. i gure 13c shows the

response of the Bi C OS wi th i nput 4ns and C l oad where the f aul ty output
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exhi bi ts a l arger del ay f or the owto i gh transi t i on. he f aul ty owto i gh transi t i on del ay

i s seen to be 2 2. 3ns i nstead of the normal owto i gh transi t i on del ay of1 0. 91ns.

Bi pol ar transi stor 2 emi tter, base col l ector open f aul ts mani f est as i gh to owdel ay

f aul ts . esponse of - B Bi C OS base and emi tter opens are shown i n i gures

13a, b c. i th one C OS l oad and i nput of 10ns shows a del ay ( 2) of 1. 059ns i nstead

of the normal propagati on del ay ( 1) of 0. 526ns f or 2 base open. owever, 2 emi tter

exhi bi ts a l ower del ay compared to 2 base open. i th i nput of 4ns and wi th one C OS

l oad, the output exhi bi ts a del ay (2) of 1. 68ns i nstead of the normal propagati on del ay (1)

of 0. 58ns. i th Cl oad at the output of the Bi C OS i nput of 4ns, the output

exhi bi ts a del ay ( 2) of 3. 22ns i nstead of the normal propagati on del ay (1) of 0. 9ns, f or

transi stor 2 base open. ransi stor 2 emi tter open wi th i nput of 4ns exhi bi ts stuck- at- 1

behavi or si nce bef ore the i nput can make a transi t i on to output l ow, the i nput undergoes

transi t i on to opposi te l ogi c l evel . I f the i nput pul se wi dth () i s made wi der, the output

woul d go to the other si de of the l ogi c threshol d.

ransi stor serves the purpose of di schargi ng the base of2 ui ckl y to speed up the

output owto i gh transi t i on [ 20] . Stuck-O f ai l ure of transi storcan be expected to

resul t i n del ayed owto i gh transi t i on.

here i s an i nteresti ng observati on duri ng output i gh to ow transi t i on whi ch needs

menti oni ng. uri ng output i gh to owtransi t i on and wi th stuck-O , i t i s observed

that the output transi t i on speeds up and causes enhanced dynami c current (IDD) as shown

i n i gure 14. hi s can be expl ai ned as f ol l ows. nder normal operati on wi thf aul t- f ree,

any of the i nput vectors 00, 01 or 10 causi ng output hi gh(1), turns O transi stor, thereby

base of 2 remai ns di scharged, keepi ng transi stor2 O . i th transi stor stuck-O ,

any of the i nput vectors 00, 01 or 10 causi ng output hi gh(1), wi l l not be abl e to turn O

transi stor and di scharge base of 2. hi s causes some base bi as to exi st at the base of

transi stor 2. he base bi as exi st i ng at the base of2 may be su ci ent enough to turn O

the devi ce parti al l y. Si nce the i nput vectors 00, 01 or 10 are i ntended to turn O transi stor

1 to provi de output i gh, wi th 2 al so parti al l y O , enhanced dynami c IDD i s observed. I t

may be noted that gi ven su ci ent ti me the current may decay to ero. ence, thi s probabl y

cannot be termed as enhanced IDDQ f aul t and so thi s i s bei ng termed as enhanced dynami c

IDD f aul t . IDDQ testi ng may detect thi s f aul t as the enhanced dynami c IDD current i s about

2 orders of magni tude greater than f aul t- f ree current, j ust af ter the i ni t i al transi ent. ue to

the exi stence of resi dual base bi as on transi stor2, wi th i nput vector 11, turns transi stor2

O f aster than f aul t- f ree where no resi dual base bi as exi sts . ence, the speed up f or output

i gh to owtransi t i on. he f aul t- f ree output i gh to owtransi t i on del ay i s observed to be

0. 90ns and wi th transi stor stuck-O 0. 43ns, resul t i ng i n 0. 4 ns earl y transi t i on than
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that of f aul t- f ree.
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i gure 12: (a) Bi C OS response to 4

wi th 10ns One C OS oad (b)

4ns One C OS oad (c) 4ns

C oad.
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i gure 14: Bi C OS response to and
aul t- f ree wi th C oad (a) ol tage l evel s at

Bi C OS output and 2 base (b) l ot i l l us-

trati ng enhanced dynami c IDD.
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i gure 15: n S-B Bi C OS O .

sica ai ur s in i an

ic s

In thi s secti on, the response of Si ngl e and oubl e B Bi C OS O , C OS and

O as wel l as and O are eval uated f or hard f ai l ures of the OS and Bi pol ar

transi stors.

.

In thi s subsecti on, the response of the Si ngl e and oubl e B Bi C OS O gates are

eval uated f or hard f ai l ures of the OS and Bi pol ar transi stors.

ossi bl e f ai l ures consi dered are stuck-O and stuck-O of transi stors. he output of

the Bi C OS O gate i s obtai ned by si mul ati ng one f ai l ure at a ti me f or al l possi bl e stuck-

O and stuck-O f ai l ures f or al l transi stors. Stuck-O and stuck-O were si mul ated

by turni ng O and turni ng O the respecti ve transi stors. Open (O ) i n transi stor termi nal s

were si mul ated by connecti ng a resi stance of 1 i n seri es wi th the respecti ve node and

short (S ) were si mul ated by connecti ng a hard short of 0. 01 between the respecti ve

termi nal s .

he response of S-B Bi C OS O shown i n i gure 15 f or stuck-O i n transi stors and

shorts (S ) between termi nal s i s gi ven i n abl e 5

he response of S-B Bi C OS O shown i n i gure 15 f or stuck-O i n transi stors

and between termi nal s i s gi ven i n abl e 6

he response of - B Bi C OS O shown i n i gure 16 f or stuck-O i n transi stors and

shorts (S ) between termi nal s i s gi ven i n abl e
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abl e 5: Behavi or of S-B Bi C OS O wi th Stuck-O and Short f aul ts between termi nal s

f or al l transi stors.

SingleBJTBiCMOSNORStuck-ONandShort results

I 1 2 1 2 3 4 1 1 D 1D 2 2 D 2D 1

B i i i i i i i i i i i i i i

0 0 1 n 1 n 1 n 0 a 0 a 1 a 1 a 0 a 0 a 1 n 0 a 0 a 1 n 1 n

0 1 0 n 0 n 0 a 0 n 0 n 0 n 0 n 0 a 0 a 0 n 0 n 0 a 0 a 0 n

1 0 0 n 0 a 0 n 0 n 0 n 0 n 0 n 0 n 0 a 0 a 0 n 0 n 0 n 1 a

1 1 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 n 0 a

I 1 D 1D 2 2 D 2D 3 3 D 3D 4 4 D 4D 1 1 1

B i i i i i i i i i i i i i i

0 0 0 a 0 a 1 n 0 a 0 a 0 a 0 a 0 a 1 n 0 a 0 a 1 n 1 n
�1 n

0 1 0 n 0 n 1 a 0 a 0 n 0 n 0 n 0 n 1 a 1 a 0 n 1 a 1 a 0 n

1 0 0 a 0 n 0 n 0 n 0 n 0 a 1 a 0 n 0 n 0 n 0 n 1 a 1 a 0 n

1 1 0 a 0 n 0 n 0 a 0 n 0 a 0 a 0 n 0 a 0 a 0 n 1 a 1 a 0 n

Q

( )

(1 2 ) ( )

( ) 2 ( ) 2 2

D D

abl e 6: Behavi or of S-B Bi C OS O wi th Stuck-O f aul ts f or al l transi stors.

SingleBJTBiCMOSNORresults

1 2 1 2 3 4

I 1 D 2 D 1 D 2 D 3 D 4 D 1 1 1

B

0 0 1 n n 1 1 1 1
�1

0 1 0 n n 0 1� 0 n 0

1 0 0 n n
1� 0 n 0 0

1 1 0 0 0 0 0 0 0 0 0 0

Q ( )

(1 2 ) ( D )

( ) 2 ( ) 2 2

D D
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i gure 16: n -B Bi C OS O .

abl e : Behavi or of - B Bi C OS O wi th Stuck-O and short between termi nal s f or
al l transi stors.

i i i i i i i i i i i i i i i i i i

n n n a a � a � a n a a n a a n n a a n

n n a n n n n n a a n n � a a n n n a

n a n n a n n n n a a n n n a � a n n

n n n n n n n n n n n n a n a a n a

i i i i i i i i i i i i i i i i i i

n n a n � a a n � a a a a n n n n a a n

n � a n a n n a � a n n n n a a n n n n

n n n a � a n n n n n n n a a n n n n

n n n n n n a a n n n n a a n n n n

Q

( )

(2 2 2 ) ( )

( ) 2 ( ) 2 2

D D
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abl e 8: Behavi or of - B Bi C OS O wi th Stuck-O f aul ts f or al l transi stors.

DoubleBJTBiCMOSNORresults

1 2 1 2 3 4

I 1 D 2 D 1 D 2 D 3 D 4 D D 1 1 1 2 2 2

B

0 0 1 n n 1 1 1 1
�1 �1 1 1 1

0 1 0 n n 0 1� 0 n 0 0 0 0 1� 1� 1�

1 0 0 n n
1� 1 n 0 0 0 0 0 1� 1� 1�

1 1 0 0 0 0 0 0 0 0 0 0 0 1� 1� 1�

Q

(2 2 2 ) ( D )

D D

he response of - B Bi C OS O shown i n i gure 16 f or stuck-O i n transi stors

and between termi nal s i s gi ven i n abl e 8

.

In thi s subsecti on, the response of the C OS and O gates are eval uated f or hard

f ai l ures of the OS transi stors.

ossi bl e f ai l ures consi dered are stuck-O and stuck-O of transi stors. he output

of the C OS gate i s obtai ned by si mul ati ng one f ai l ure at a ti me f or al l possi bl e stuck-O

and stuck-O f ai l ures f or al l transi stors. Stuck-O and stuck-O were si mul ated by

turni ng O and turni ng O the respecti ve transi stors. Open (O ) i n transi stor termi nal s

(source, gate drai n) were si mul ated by connecti ng a resi stance of 1 i n seri es wi th

the respecti ve node and short (S ) were si mul ated by connecti ng a hard short of 0. 01

between the respecti ve termi nal s .

he response of C OS shown i n i gure 1 f or stuck-O i n transi stors and shorts

(S ) between termi nal s i s gi ven i n abl e 9.

he response of C OS shown i n i gure 1 f or stuck-O i n transi stors and

between termi nal s i s gi ven i n abl e 10.

he response of C OS O shown i n i gure 18 f or stuck-O i n transi stors and shorts

(S ) between termi nal s i s gi ven i n abl e 11.

he response of C OS O shown i n i gure 18 f or stuck-O i n transi stors and be-

tween termi nal s i s gi ven i n abl e 12.
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i gure 1 : C OS ate.

abl e 9: Behavi or of C OS wi th Stuck-O and Short f aul ts between termi nal s f or al l
transi stors.

i i i i i i i i i i i i i i i i i

n n n n n a a n a a n n a n n n n

n n n a n a a n n n n n a a a a n

n n n n a n n n a a n n n n n a a

n a a n n n a a n a a a a n a a n

Q ( D )

(1 2 )

( ) 2 ( ) 2 2

abl e 10: Behavi or of C OS wi th Stuck-O f aul ts f or al l transi stors.

Q ( D )

(1 2 )

( ) 2 ( ) 2 2
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abl e 11: Behavi or of C OS O wi th Stuck-O and Short f aul ts between termi nal s f or al l

transi stors.

i i i i i i i i i i i i i i i i i

n n n a a a a n a a n n a a n a a

n n a n n a a n n a a n n n a a n

n a n n n n a a n n n a � a n n n n

n n n n n n n n n a n a a n a a n

Q ( D )

(1 2 )

( ) 2 ( ) 2 2

abl e 12: Behavi or of C OS O wi th Stuck-O f aul ts f or al l transi stors.

Q ( D )

(1 2 )

( ) 2 ( ) 2 2
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i gure 18: C OS O ate.

.

In thi s subsecti on, the response of the and O gates are eval uated f or hard

f ai l ures of the bi pol ar transi stors.

ossi bl e f ai l ures consi dered are S O S and O S i n transi stors. he output of the

gate i s obtai ned by si mul ati ng one f ai l ure at a ti me f or al l possi bl e O and S O

f ai l ures f or al l transi stors. Open (O ) i n transi stor termi nal s (emi tter, base col l ector) were

si mul ated by connecti ng a resi stance of 1 i n seri es wi th the respecti ve node and short

(S ) were si mul ated by connecti ng a hard short of 0. 01 between the respecti ve termi nal s .

he response of shown i n i gure 19 f or shorts (S ) between termi nal s of

transi stors i s gi ven i n abl e 13.

he response of shown i n i gure 19 f or O between termi nal s of transi stors

i s gi ven i n abl e 14.

he response of O shown i n i gure 20 f or shorts (S ) between termi nal s of

transi stors i s gi ven i n abl e 15.

he response of O shown i n i gure 20 f or O between termi nal s of transi stors

i s gi ven i n abl e 16.

o arisono t t r o ic a i i s

i

Summary of f aul ty behavi or of s i ngl e and doubl e B Bi C OS, C OS and and

O devi ces are gi ven i n abl es 1 18 respecti vel y. hi l e anal ysi s of s i ngl e and doubl e

B Bi C OS devi ces are presented i n secti ons 4 and 5, anal ysi s of Bi C OS as wel l as
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i gure 19: ate.

abl e 13: Behavi or of wi th short between termi nal s f or al l transi stors.

� �

� �

( )

( 2 4 )
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i gure 20: O ate.
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abl e 15: Behavi or of O wi th short between termi nal s f or al l transi stors.

� �

� �

� �

�

� � �

� � �

� � �

( )

( 2 4 )

abl e 16: Behavi or of O wi th open between termi nal s f or al l transi stors.

( )

( 2 4 )
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abl e 1 : Summary of f aul ty behavi or i n Bi C OS, C OS and Bi pol ar( ) ates.

Summaryof BiCMOS, CMOS TTLNANDgates

ype of f aul ty Behavi or Bi C OS Bi C OS C OS
(S-B ) ( -B )

ault-free ( . )

IndeterminateOutput ( . )

LogicTestable aults ( . ) ( . ) ( ) ( . )

Stuck- at- 0 or 1 10(18. 52 ) 2(2. 9 ) 8(25 ) 25(60. 9 )

Se uenti al Behavi or 8(14. 81 ) 8(11. 6 ) 8(25 )

DelayTestable aults ( . ) ( . )

Current Testable aults ( . ) ( . ) ( )

ogi c establ e 1 (31. 48 ) 22(32. 35 ) 14(43. 5 )

ot ogi c establ e 9(16. 6 ) 8(11. ) 2(6. 25 )

C OS and O are gi ven i n Secti on 6. esponse of the respecti ve devi ces i s

eval uated f or hard f ai l ures of the components ( OS bi pol ar transi stors and resi stors) . l l

possi bl e f ai l ures such as, stuck-O and stuck-O of transi stors, opens and shorts between

termi nal s are consi dered.

rom abl es 1 18, the concl usi ons that can be drawn are gi ven bel ow. hi l e f aul ts i n

devi ces mani f est ei ther as l ogi c testabl e or i ndetermi nate output, C OS devi ces exhi bi t

ei ther as l ogi c testabl e or current testabl e f aul ts . 25 of the f aul ts i n C OS devi ces mani f est

as stuck- at and 25 as se uenti al behavi or. Out of the 50 of the f aul ts i n C OS

and O whi ch mani f est as current testabl e f aul ts , 43. 5 i n C OS and 34. 38 i n

C OS O are l ogi c testabl e. owever, 6 and 16 of the current testabl e f aul ts i n C OS

and O devi ces are not l ogi c testabl e, whi ch means that onl y IDDQ testi ng woul d

detect the f aul ts i n a de ni te way. bout 26 of the f aul ts i n si ngl e and doubl e B as

wel l as O devi ces mani f est as current testabl e f aul ts , out of whi ch al most 11 to 1 of the

f aul ts are not l ogi c testabl e and hence, f or these f aul ts , onl y IDDQ moni tori ng woul d ensure

detecti on. or - B Bi C OS devi ces, transi stor open f aul t mani f est i ng as enhanced

dynami c I DD current i s not i ncl uded as current testabl e f aul t i n abl es 1 18. owever,

the enhanced dynami c I DD current can be detected usi ng IDDQ moni tori ng techni ues. 18. 5

of the f aul ts i n S-B O and 28 20 of the f aul ts i n -B and

O are del ay f aul t testabl e.

romthe above summary on the behavi or of S-B and -B Bi C OS devi ces vi s- a- vi s

C OS and devi ces, i t can be seen that a maj or porti on of the f aul ts i n S-B and
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abl e 18: Summary of f aul ty behavi or i n Bi C OS, C OS and Bi pol ar( ) O ates.

Summaryof BiCMOS, CMOS TTLNORgates

ype of f aul ty Behavi or Bi C OS Bi C OS C OS
O (S-B ) O ( -B ) O O

ault-free ( . )

IndeterminateOutput ( . )

LogicTestable aults ( . ) ( . ) ( ) ( . )

Stuck- at- 0 or 1 2(3. ) 2(2. 94 ) 8(25 ) 31(59. 62 )

Se uenti al Behavi or 16(29. 63 ) 16(23. 53 ) 8(25 )

Delay ault ( . ) ( . )

Current Testable aults ( . ) ( . ) ( )

ogi c establ e 20(3 . 04 ) 20(32. 35 ) 11(34. 38 )

ot ogi c establ e 6(11. 11 ) 10(14. 1 ) 5(15. 62 )

-B devi ces mani f est ei ther as current testabl e f aul t or as del ay testabl e f aul t . hi s makes

IDDQ testi ng as wel l as del ay testi ng methodol ogi es i mportant f or Bi C OS devi ces. Current

moni tori ng techni ues [ 23, 24, 10] can be used to detect such f aul ts . scheme f or current

moni tori ng (IDDQ) f or Bi C OS devi ces i s presented i n [ 25] . In addi ti on to current testabl e

f aul ts , Bi C OS devi ces exhi bi t del ay testabl e f aul ts too. ence, the strategy f or Bi C OS

devi ces are much more compl i cated than C OS and devi ces. estabi l i ty and testi ng

i ssues i n Bi C OS are addressed i n the next secti on.

stabi i t o i ic s

In S-B and -B Bi C OS devi ces, apart f romse uenti al behavi or, current testabl e as

wel l as del ay testabl e f aul ts are present.

Stuck-O f aul ts i nBi C OSdevi ces resul t i n ei ther same l ogi c l evel as f aul t- f ree or di erent

l ogi c l evel f romthat of f aul t- f ree. In al l cases, enhanced IDDQ resul ts due to a di rect path f rom

DD to ( nd). ence, current testi ng (IDDQ moni tori ng) techni ues can be i mpl emented

to detect such f ai l ures. hen the l ogi c l evel under f aul ty condi ti ons are di erent f romthat of

f aul t- f ree, l ogi c moni tori ng as wel l as current testi ng wi l l detect the f aul t . owever, when the

l ogi c l evel under f aul ty condi ti ons i s the same as f aul t- f ree, current testi ng al one can detect

the f aul t .

Stuck-O f aul ts i n Bi C OS devi ces can exhi bi t se uenti al behavi or or del ay f aul t [ 9,

10, 11, 25] . etecti on of such se uenti al behavi or due to s-O f aul ts i n C OS re ui res two
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i gure 21: roposed testabl e desi gn f or testabl e Bi C OS gate usi ng (a) p OS transi s-

tors, (b) n OS transi stors
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pattern tests i nstead of a si ngl e pattern [ 6, 26, 2 , 28] . he rst pattern i s appl i ed to i ni t i al i ze

the output of the gate and the second pattern to detect the f aul t [ 29, 30] . or detecti on

of an s-O f aul t i n the p- part(n- part), the rst pattern sets the output to l ogi c O

(l ogi c O ). he second pattern then attempts to provi de a l ow- resi stance path between the

output and the power- suppl y (ground) through the f aul ty transi stor. o avoi d i nval i dati on of

tests i n the presence of t i mi ng skews, robust two- pattern tests have been suggested. In such

robust se uences, the ammi ng di stance between the i ni t i al i zati on pattern and the second

test pattern i s kept at uni ty [ 31, 32, 33] , so as to avoi d the possi bl e i ntermedi ate state.

Stuck-O f ai l ures i n n- part(1) i n both S-B and -B devi ces mani f est as

del ay f aul ts . est generati on f or detecti on of del ay f aul ts are more di cul t . One method of

detecti ng f aul ts mani f est i ng as se uenti al behavi or i s by appl yi ng two pattern tests or mul ti -

pattern se uences. esi gn f or estabi l i ty ( ) techni ue [ 36] has been devel oped f or

detecti on of such f aul ts i n S-B ci rcui ts . he scheme devel oped uses onl y 2 addi ti onal

transi stors and onl y a si ngl e vector i nstead of the two or mul ti - pattern se uences to detect

stuck-O f ai l ures i n the presence of t i mi ng skews del ays, gl i tches or charge shari ng among

i nternal nodes. he esi gn f or estabi l i ty scheme [ 34, 35, 36] devel opedavoi ds the re ui rement

of generati ng tests f or detecti on of del ay f aul ts .

he testabl e desi gn scheme al l ows testi ng the n- parts and the combi nati on of p- part

bi pol ar separatel y, thus f aci l i tati ng the use of a si ngl e test vector to detect a s-O f aul t .

Instead of f orci ng the output to a hi gh- i mpedance state to test f or s-O se uenti al behavi or

or del ay f aul t , the output node i s connected to the power suppl y(ground) duri ng the testi ng

of n- parts (p- part bi pol ar) through a resi stance that i s s i gni cantl y hi gher than the O

resi stances of the n- or p- parts.

Si nce the n- parts and the combi nati on of p- part bi pol ar are compl ementary to each

other, when a vector turns the n- part O , the combi nati on of p- part bi pol ar are turned

O and vi ce- versa. he proposed testabl e desi gn uses two transi stors ( or esi gn f or

estabi l i ty transi stors) , ei ther two p OS transi stors or two n OS transi stors can be used as

shown i n i gures 21(a), (b). One of the transi stors i s connected to the C OS output of the

Bi C OS devi ce (base of bi pol ar transi stor) and the other to the output of the Bi C OS devi ce

(emi tter of the bi pol ar transi stor). he swi tchi ng of these pass transi stors are control l ed by an

external s i gnal and the val ue passed i s provi ded external l y by the si gnal. wo external

control s i gnal s ( ) and two p- or n- transi stors are used i n the proposed desi gn as shown

i n i gures 21(a) (b).

he extra transi stors provi de a stati c l oad at the output. he di mensi ons of the extra

transi stors shoul d be chosen such that the O resi stance of the transi stors are consi derabl y

hi gher than the O resi stances of the p- part as wel l as the n- parts. i th the use of p OS
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abl e 19: Summary of i nput vectors needed under normal and test condi ti ons.

Summary

ode p OS n OS

ransi stors ransi stors

ormal Operati on 1 0

esti ng n- parts 0 1 1 1

esti ng p- part 0 0 1 0

transi stor, f or exampl e, when 0, the gate i s essenti al l y transf ormed to a pseudo n OS

gate [ 22] . heref ore, the standard rul es i n desi gni ng pseudo n OS (pseudo p OS) type

structures can be used to determi ne the si ze of the extra transi stors. In general , a mi ni mum

si ze transi stor, whi ch o ers a resi stance of about 5- 6 ti mes that of the O resi stance of the p-

or n- parts are su ci ent to provi de the correct vol tage l evel s .

abl e 19 summari zes the i nput vectors neededunder normal and test modes wi th p OS n OS

transi stors as transi stors. he test vector f or detecti on of stuck- open f aul t i n ei ther of

the n- parts i s 11(01) wi th n OS(p OS) transi stors, and a ero ertex (0 x)

coveri ng the i nterested n OS transi stor. ero ertex 0 x(One ertex 1 x) i s an i nput vec-

tor to a l ogi c gate, whi ch produces an output l ogi c val ue ero(One) i n the f aul t- f ree gate.

he 0 x wi l l turn the p- part and the Bi pol ar O . heref ore, both parts of the augmented

gate wi l l appear as pul l down n- part(1) (2) and pul l - upn 1, n 2( 1, 2) . I f s-O f aul t

i s present i n n- part(2), i t wi l l cause a hi gh- resi stance path between the output and ground

resul t i ng i n l ogi c O (1) at the output. I f an s-O f aul t i s present i n n- part(1), i t wi l l

cause a hi gh- resi stance path between the base of the bi pol ar transi stor and ground. i th the

appl i cati on of 0 x and wi th the transi stors n OS(p OS) turned O , the base of the

bi pol ar transi stor woul d be 5 due to the s-O f aul t i n n- part(1) whi ch turns the bi pol ar

transi stor O . 0 x turns the n- part(2) O but due to the wi red-O property [ 10] exhi bi ted

by the S-B devi ce, resul t i ng output i s l ogi c O (1). ence, the output wi l l appear to

be l ogi c O (1) f or both n- part(1) as wel l as n- part(2) s-O f ai l ures. I f the f aul t i s not

present, 0 x wi l l provi de a l ow resi stance path f rombi pol ar transi stor base to ground and

output to ground. s the O resi stance of 1, 2( n 1, n 2) i s consi derabl y hi gher than the

O resi stance of the n- part, the output wi l l appear as l ogi c O(0). heref ore, a si ngl e test

vector wi l l detect the f aul t .

Si mi l arl y, consi der an s-O f aul t i n the p- part. he test vector f or thi s f aul t i s

10(00) wi th n OS(p OS) transi stors, and a O ertex (1 x), coveri ng the i nterested
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p OS transi stor. he 1 x wi l l turn the n- parts(1) (2) O causi ng pul l up p- part, bi pol ar

transi stor and pul l down n 1, n 2( 1, 2) . I f an s-O f aul t i s present i n the p- part, i t wi l l

cause a hi gh resi stance path between the base of the bi pol ar transi stor andDD. i th the

appl i cati on of 1 x and wi th the transi stors n OS(p OS) turned O , the base and

emi tter nodes of the bi pol ar transi stor woul d be 0 l eadi ng to l ogi c ` 0' at the output. I f

the base, emi tter or col l ector nodes of the bi pol ar transi stor i s open, wi th the appl i cati on of

1 x and wi th the transi stors n OS(p OS) turned O , the output resul ts i n l ogi c ` 0' .

I f the f aul t i s not present 1 x wi l l provi de l owresi stance path f rombi pol ar transi stor base

and out put to DD. s the O resi stance of 1, 2( n 1, n 2) i s consi derabl y hi gher than the

O resi stance of the p- part, the output wi l l appear as l ogi c O (1). heref ore, a si ngl e test

vector wi l l detect the f aul t .

onc usions

hysi cal f ai l ures causi ng transi stor stuck-O i n Si ngl e B and oubl e B Bi C OS de-

vi ces were exami ned. In addi ti on to se uenti al behavi or observed i n C OS devi ces, Bi C OS

devi ces al so exhi bi t del ay f aul ts . Some of the stuck-O f aul ts can be detected by observi ng

vol tage l evel , however, power suppl y current (IDDQ) moni tori ng woul d de ni tel y detect the

f aul t . stuck-O f aul ts i n doubl e B Bi C OS devi ce exhi bi t i ng enhanced dynami c IDD

current was presented. aul ty behavi or of the three di erent f ami l i es , namel y, , C OS

and Bi C OS were compared to bri ng out the testabi l i ty di erences between the three l ogi c

f ami l i es . Si nce many stuck-O f aul ts mani f est as del ay f aul ts , thi s f ai l ure needs to be con-

si dered as an i mportant cri teri a f or testi ng test generati on of Bi C OS devi ces. estabi l i ty

of both Si ngl e B and oubl e B Bi C OS devi ces were di scussed.
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