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Abstract

In BiCMOS, transi stor stuck-OPEN faults exhi bit delay faults in addition to se
quential behavior. Stuck-ONfaults cause enhamged The faulty behavior of
Bi pol ar (TTL) and CMXS logic families is conpared with BiCM)S. The faults in
Bi CMS devices cause one or nore parts (p-part or n-parts) of the circuit to e
hibit a different state (conducting or non-conducting) fromthe fault-free circui
input pattern classification schene is presented for different faults. These clas

patterns are then used to obtain test sets.
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1 Introduction

With the inherent advantages of CMOS and bipolar, BICMOSis emerging as a mjor technol ogy
for many high perfornance digital and mxed signal applications. BiCMOS offers the following
advantages [1  ]; inproved speed over CMOS, lover pover dissipation compared to hipolar, flexi-
hilityinl/O (TTL, ECL, CMOS comatihility), hi gh performance anal og capahility and 1atch up
1mmmni by

Tramsistor level shorts and opens nodel many of the physical failures and defects in ICs. The
mjor fault mdels at tramsistor level are stuck-at faults, and shorts and opens of tramsistors

and intercomects. It has been showm [2 ]-[1 that the stuck-at nodel does not cover many of
the nanuf acturi ng defects in BiCMOS devi ces and that most open faul ts nanifest thersel ves as
del ay faul ts. Analysis on the effects of bridging faults in BICMOSis givenin [3 , 8 9. Reference

[T presents testability analysis and fault modeling of BiCMOS circuits in vhich the behavior
of BiICMOS under faults is compared wth CMOS. The mst comon type of BiCMOS circuits
erpl oy bi pol ar tramsistors to performthe function of driving output 1oads and CMOS to perform
logi ¢ functiors.

Inthis paper, since BiCMOS technol ogy corhi nes the advantages of both CMOS and hi pol ar,
ve conpare the faulty behavior of BiCMOS wth CMOS and hipolar. The fadts in BiCMOS
device cawses the ppart or n-parts to exhihit a different state, condicting or nonrconducting,
fromthe fault-free circuit. A classification schem for input patterrs is presented for different
faults. The classes of input patterns obtained are then wsed to obtain test sets for detection of
the variows faults in BICMOS circuits. The tests so derivedfor ore logi ¢ gate can then be wsed to
gererate the appropriate primary input patterrs.

This paper is organized as follows. Comparison of the faulty behaviors of the three logic
famlies (TTL, CMOSand BiCMOSY) are done insection 2. Section3 deals wth nanifestations of
faults and input pattern classificationin BiCMOS devices. Section 4 deals wth gereration of test
sets for detection of the variows faults in BiCMOS circuits. Derivation of inpt pattern classes is

giveninsection 5. Finally conclwions draw fromthe study are givenin section 6.

2 Comparison of BiCMOS with CMOS and TTL

BiCMOScircuits enploy ore or tvo Bipolar Junction Transistors (BJTs) to perfornthe function
of driving output 1oads and CMOS to performlogic functions. Block diagramof a gereral Single
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Figwe 1: A gereral SBJT BiCMOS devi ce

BJT (SBJT) BiCMOS device is shomin Figue 1. An S BJT BiCMOS gate corsists of CMOS
p and n-parts to performlogic function, a BJT and a pull-down - part for driving the output
load.

Sumary of faulty behavior of single BJT BiCMOS, CMOS and TTL NAND devices is given
in Table 1. Analysis of BICMOS as vell as CMOS and TTL NAND & NOR are givenin [6
A test gereration mthodology and a testable design for BiCMOS circuits are presented in [10
and [11 | respectively. Respomse of the respective devices is evaluated for hard failures of the
comorerts (MOS & hipolar tramsistors and resistors). All possible failures such as, stuck-ON
and stuck-OPEN of tramsistors, opens and shorts betveen termnal s are corsi dered.

The manifestations of faults in BiCMOS devices that are sumarized in Table 1 are, logic
testable, delay testable and current testable. Logic testable faults are faults that can be detected
at logic level. Delay testable faults are those faults that exhibit delay in its output respomse.
Gererally, tvo or or mlti-pattern sequences are wed to detect delay faults. Some faults in
BiCMOS devices exhihit enhances I ppg and these are classified as current testable faults. While
som current testable faults can be detected by logic monitoring, soma can be detected only by
Ippg ronitoring

Fronil'able 1, the conclwsions that can be drawn are givenbelow While faults inTTL devi ces
rani fest either as logic testable or indetermnate output, in CMOS devices they exhihit either as
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Table 1. Sumary of faulty behavior in BiICMOS, CMOS and Bipolar(TTL) NAND Gates.

Summary of BICMOS, CMOS & TTL NAND gate#

Type of faulty BCM» CMY TIL
Bhavior MND(S-BT) MND MND
Fault -free — — 12(29%)
Indet erminate — — 4(10%)
Logic Test able: 18(33%) [16(50%) 25(61%)
Stuck-at-0 or 1 10(18%) | 8(25%) | 25(61%)
Sequential Bhavior | 8(15%) 8(25%) —
Delay Testable:‘ 10(19%) — —
Current Testabhle:26(48%) [16(50%)

Logic Bstable - 17(31%) 14(44%) —

Nt Logic Bstable | 9(17%) 2(6%) —

logic testable or current testable faults. 25% of the faults in CMOS devi ces ranifest as stuck-at
and 25% as sequential behavior. Out of the 50% of the faults in CMOS NAND vhi ch rani fest
as current testable faults, 44% in CMOS NAND are logic testable. Hovever, 6% of the current
testable faults in CMOSNAND devi ces are not 1ogi ¢ testable, vhi chars that only 7 ppo testing
vould detect the faults in a definite vay About 48% of the falts insingle BJT NAND devices
nani fest as current testable faults, out of vhich almst 17% of the falts are not logic testable
and hence, for these falts, only I ppg ronitoring vould ensure detection. 19% of the fadts in
S BJT NAND are delay fault testable.

Fromthe above sumary on the behavior of SBJT BiCMOS devices vis-a-vis CMOS and
TTL devices, it can be seen that a mjor portion of the faults in S BJT devices manifest either
as current testable faults or as delay testable fault. This makes [ ppo testing as vell as delay
testing mthodol ogies important for BiCMOS devices. Current noni toring techni ques [12 , 13, 3]
can be wsed to detect such faults. A schema for current nonitoring (/ ppg) for BICMOS devi ces
is presentedin [5 ]. Inaddition to crrent testable faults, BiCMOS devices exhibit del ay testable
fauts too. Hence, the strategy for testing of BiCMOS devices are mch rore complicated than
CMOS and TTL devices. Manifestations of faults and test generation in BiCMOS devices are
addressed in the next sectiors.
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Table 2. Sumary of mani festations of faults in BiCMOS gates.

Sunmary
Faut type ‘ Mani festation
Any tramsistor Stuck-ON Enhanced I ppg
ppart Stuck-OPEN Sequential Behavior
npart(1) Stuck-OPEN Del ay Faul t
npart(2) Stuck-OPEN Sequential Behavior
1 ¢/b OPEN Stuck-at Behavior
H @)1 ¢ OPEN ‘ Del ay Faul t H

3 Manifestations of faults

The results obtaired under variows stuck-on and stuck-open faults for a general S BJT BiCMOS
gate shown in Figure 1 is sumarizedin Table 2. A stuck-ON fault of any of the tramsistors in
the S BJT BiCMOS gate nanifests as enhanced 1 pp¢ being drawn by the device for one or rore
inpt vectors. Hence, I ppg montoring vould detect the failue mde. A stuck-OPEN fault in
the p-part or n-part(2) exhihits sequential behavior. Delay faults are observed for stuck-OPEN
falts in n-part(1) or for @ 1 collector open fault. Bipolar tramsistor emtter or base open faul ts
rani fests as stuck-at-0.

In this section, ve classify the inpit patterms according to the effect on the outpit in the
presence of a fault. A section of the BiICMOS gate [ppart, nrpart(1) or npart(2)] is either
conducting or not conducting for a given vector. Let P ¢ denote the set of vectors vhich turn ON
the ppart. Simlarly, let N 1 and N 2 denote the set of vectors which turn ON the n-part(1) and
npart(2) respectively, N 14 and NV o4 are equivalert, and equal to the complerant of P ¢ as shom
in Figure 2(a). P/, N and N J, ave tle set of vectors vhich turn ON the ppart, npart(1) and
npart(2) respectively in the presence of fadt f in that part. Animput vector, vhen applied
to a fa t-free BiCMOS gate cawses a conduction path in the p-part(V pp tooutpt and base of
bipolar) or inmpart(1)(base of hipolar to Ground) and n-part(2)(outpit to Ground). Here, ve
are corsidering irredundant gates such that, for each trarsistor there is at least ore input vector
for vhich all the conduction paths are through that tramsistor. This condition may not be true,
for example, for high drive cells vhere many tramsistors wth the same gate inpit are connected
in parallel.
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~U

(a) Fault—free

@

(b) Open fault in n—part(1)

@

(c) Open fault in n—part(2)

~J
2,

(d) Open fault in p—part

Figure 2: Vemn diagram for BiCMOS stuck-OPEN faul ts.
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Belowve give a series of lemmas that sumarize the impact on the sets P 0y Mg, Ny dee to
the different faul ts.
Lemma 1: The set of vectors (N {,) that cawse the n-part(1) to turn ON ina BiCMOS gate vith
a stuck-OPEN faut f innpart(1) is a proper subset of the set of vectors (IV 1) that turn ON the
npart(1) in the absence of the fadt, i.e., N I C Ny,
Proof: Comider aninpt patternt € N{,. As N, is the set of vectors whi chmkes the npart (1)
conduct, thereis at least one conduction path through the n-part(1) part for this vector. Hovever,
as fis astuck-OPEN fault (for example, intramsistor T), this conduction path cammot be through
the tramsistor T'. As ve wse the single fault assunption, only tramsistor 7" has afault, and therefore
the conducting pathis not due to the fault. Thus the vector ¢ ~ wll cawse this path to conduct in
the farlt-free circut as vell, i.e., t € Ny;. Thsif £ € N{, thent_ € Ny,.

Nowcorsider avector ¢ " € Ny; suchthat the onl y conducting path through e part (1) is through
the tramsistor T'. Hovever, in the presence of f, the stuck-OPEN fault of tramsistor 7', this path
cannot condict. Therefore t ¢ N{,. Ths, there is at least one vector in N 1, that is mot in N {.
Ths, let is a proper subset of N 1.
QED

The rel atiorships betveen different sets is illwtratedin Figure 2(b).

Lemma 2: The set of vectors (N J,) that cawse the n-part(2) to turn ON ina BiCMOS gate with

a stuck-OPEN faut f innpart(2) is a proper subset of the set of vectors (IV 9¢) that turn ON the
npart(2) in the absence of the fadlt, i.e., N J. C Ny

The proof given for Lema 1 can be easily extended for mpart(2). The resuting set casing
shrinking of the N J; regionin the Vem diagramis shown in Figre 2(c).

Lenma 3: The set of vectors (P tf) that case the ppart to turn ON in a BiCMOS gate with a
stuck-OPEN faudt f inppart is a proper subset of the set of vectors (P ¢) that tun ON the p-part
in the absence of the falt, i.e., P/ C P,.
The proot givenfor Lemma 1 can be easily extended for the p-part. The resulting set P J region
is shomin Figure 2(d).

It may be noted that a vector vhich turns ON the condiction path in the p-part cases the
hipolar tramsistor (¢ 1) to turn ON, provided the hipolar tramsistor @) 1 1s fault-free. Hence, 1o
separate test vector is needed to turn the hipolar tramsistor ON. Faults in the hipolar tramsistor
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Pt @

(a) Fault—free

N

R

(b) Stuck—ON fault in n—part(1)

R
Ng

(c) Stuck—ON fault in n—part(2)

f
{

@

(d) Stuck—ON fault in p—part

Figure 3: Vem diagram for BiCMOS stuck-ON faul ts.
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are addressed 1 ater.

Theorem The set of vectors that cawse the tramsistors inany part [part(1), mpart(2) or p-part]
to turn ON in a BiCMOS gate wth a stuck-OPEN fault inthat part is a proper sulset of the set
of vectors that turn ON the corresponding part in the alsence of the fault.

The proof of this theoremfollows fromthe above 1ermas.

Single stuck-ON faults are corsidered next.

Lenma 4: The set of vectors (N 1¢) that case the n-part(1) to turn ON in a BiICMOS gate

is a proper subset of the set of vectors (N lft) that tun ON the nrpart(1) in the presence of the
stuck-ON faut innpart(1), i.e., Ny C N{,.

Followng an argunant simnlar to proof of Lemma 1, ve can showthat any vector in IV 14 1s alsoin
N{.. Now cosider a vector t € N, vhich cases nrpart(1) to provide a single conducting path

through the tramsistor T' containing the stuck-ON fault. As T is stuck-ON, there should be a

vector ¢ such that the gate voltage applied to tramsistor 7" is logic 0. This vector vhen applied

to fault-free circuit wll ot cawse n-part(1) to be conducting as it wll tun 7" off. Ths ¢ ¢ N 14
This completes the proof that N 1, C N{,. The resulting N 1; region in the Ve diagramis shom

in Figure 3(b).

Lenma 5: The set of vectors (N 2) that case the npart(2) to turn ON in a BiCMOS gate
is a proper subset of the set of vectors (N th) that turn ON the n-part(2) in the presence of the
stuck-ON failt, i.e., Ny C Ny,

Lenma 6: The set of vectors (P ;) that cawse the p-part toturn ON ina Bi CMOS gate is a proper
suset of the set of vectors that turn the p-part ON in the presence of the stuck-ON fault (P tf),
i.e., PC P/

The proof givenfor Lema 4 can be easily extended for mpart(2) and p-part. The resulting
Ny regionand P4 region in the Vem diagram are show in Figures 3(c) and (d) respectivel v
Theorem The set of vectors that cawse the transistors inany part(n-part(1), n-part(2) or p-part)
to turn ON in a BiCMOS gate under fault-free condition is a proper sulset of the set of vectors
that turn ON the corresponding part in the presence of a stuck-ON fault.

The proof of this theoremfollows fromthe above 1ermas.
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4 Test Sets for Fault Detection

Withthe above results, the test gererationfor BiCMOS devi ces can be dore wsing the procedires
given in the rext sulsectiors. Since the manifestations of the faults in the different Hocks of
ppart, npart(1) and nepart(2) are known, appropriate test sets need to be gererated to observe
the mani festation of the respective faults at the output.

4.1 Test sets for stuck-ON faults

In the presence of a stuck-ON fault, the size of the sub-set of vectors turning the corresponding
conduction paths ON increases, resulting in the exparsion of the corresponding regions in the
Vem di agram Basedonthis result, tests facilitating/  ppg testingfor the variows stuck-ON faul ts
of a BiCMOS gate can be gererated as gi ven bel ow

The set of test vectors for a stuck-ON failt inthe ppart is {P 7/ N (N14)}-

The set of test vectors for a stuck-ON falt inthe npart(1) is {N  {, N P}.

The set of test vectors for a stuck-ON fault inthe npart(2) is {N  §, N P}.

The set of test vectors for a stuck-ON fault inthe bipolar tramsistor is {NV 1t = (Nag) b

4.2 Test sets for stuck-OPEN faults

Inthe presence of a stuck-OPEN fault inany of the tramsistors, the mwher of the vectors turning
the correspondi ng conduction paths ON decreases rel ative to that of fault-free circuit resultingin
the shrinking of the corresponding regions in the Vemn diagram Testing of stuck-OPEN faul ts
require tvo-pattern test <t 1,%> to be applied For detection of an s-OPEN faut in the p
part(mrpart), the first pattern sets the output to logic ZERO(logic ONE). The second pattern
then attenpts to provi de a lowresistance path betveen the output /base of hipolar and the pover
suppl y( Ground) through the faul ty tramsistor. Let the set of possible vectors for ¢ 1andt o be {1}
and {1" 5} respectively. Based on the above results, test sets <t 1,t> for the variows faults can be
i dertified wsing the followng resul ts.

For a stuck-OPEN faut in ppart, the possible sets of tests 7' 1 and T' 5 are given hy:

Ty = {Nu} = {Nat}

T ={P/}n{p}

For stuck-OPEN fault innpart(1), the possible sets of tests 7' | and T 5 are given by:

Ty = {P}
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Ty = {N{,}* 0 {N}

For stuck-OPEN fault innpart(2), the possible sets of tests 7' | and T 5 are given by:

Ty ={Pr}

Ty = {Nf,}* N {Nos}

Since bipolar tramsistor emtter and hase open faul ts nanifest as stuck-at-0, a test vhich tests
for stuck-at-0 vould detect the fault. The possible test can be froml" = {P +}. Bipolar tramsistor
collector open fault manifests as lowto high delay fault and hence, tvo pattern test need to be
applied The possible sets of tests T' 1 and T' 5 are given by:

Ty = { Ny}

T, ={r}

5 Derivation of Input Pattern Classes

Logi ¢ behavior of single and double BJT BiCMOS devi ces under tramsistor level shorts and opers
vere preserted in [3 ]-[§. For a givenfalt f, if P/, N{, or NJ, canbe fomd, then the test vector
can be sel ected according to the procedire givenin the previows section.

With the above observations, test sets for SBJT BiCMOS devices can be obtai ned wsing the
procedire given in the previows section. Since the manifestations of faults in the different parts
(ppart, nepart(1l) and n-part(2)) are known, appropriate test vectors need to be generated to
ohserve the nanifestation of the respective faults at the output.

Inthis section, ve showhowthe sets P ., P' Ny, let, .... etc. can be derived for different
faults under the assunption that a primary input of a gate is comnected only to ore tramsistor
gate in each part. Hovever this can be extended to the mre general case by assigning literals to
derote gate inputs of each tramsistor.

Bel owve corsider the faults inmpart(1). Let f(x) be the function impleranted by this part,

vhere . = {xy, a2, .... g} andx ; is the gate input to the ith tramsistor. For exaple, for the
npart shominFigwe 4, « _ ={A, B, C, D, F} and f(z) = (A+ B)C(D + E).
Let g(&vxl) = f(xlv ceee 41, 17 Litls «--- %)

ad h(z_,2;) = fla1, oo 221, 0, Zig1, ooon %)
For the examle, g(x _,D) = (A+ B)C andh(z ,D) = (A+ B)CFE

Lenma 7: For astuck-ON fault intramsistor @ ;, the set N7, is givenby
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2

Figwe 4: npart of a BiCMOS gate for Exanple in section 5.
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Proof follows fromLemma 1 in Section 3.

Exarmple 1: for stuck-ON of tramsistor D shominFigure 4, the set N Lis Nf, = {z | (A+B)C
=1}

Wi chrest ts in the folloving sets { 01100, 01101, 01110, 01111, 10100, 10101, 10110, 10111,
11100, 11101, 11110, 11111 }

The sets P/ and N J, for falts in the ppart and 1+ part (2) can be derivedin a simnlar namer.

Lenma 8: For astuck-OPEN faut intramistor & 4, the set N, is givenhy
Nfy={z | h(z . @) =1}
Proof follow fromlLemma 4 in Section 3.

Example 2: for stuck-OPEN of tramsistor D shown in Figure 4, the set N Lis N = {a |
(A+ B)CE =1}

Wi ch resul ts in the fol loving sets { 01101, 01111, 10101, 10111, 11101, 11111 }

The sets P/ and N J, for fadlts inthe ppart and 1+ part (2) can be derivedin a simnlar namer.

6 Conclusions

Mani festations of fauts in BiCMOS vere conpared wth CMOS and TTL to bring out the testa
hility differences. Inadditionto sequential behavior observed in CMOS devices, BiCMOS devi ces
alsoexhibit delay faults. Sorm of the stuck-ON faults can be detected by observi ng vol tage level
hovever, pover supply current (/ ppg) noni toring voul d defini tel y detect the fault. A corparison
of the faulty behaviors of the three different famlies, narely, TTL, CMOS and BiCMOS vas
preserted to bring ot the testahility differences betveen the three logic famlies. A pattern clas-
sification schema vas shom for BiCMOS gates under different faults and vere represented using
Vem diagrama. A mathodology for gereration of test sets in BiCMOS circuits wing the above
schema vas presented. The test sets obtained at swtch level nowcan be wed to generate test

vectors that can be applied at the prinary inputs of the circuit to detect these faults.
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