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1 Introduction

BiCMOS technology, whi ch combines the advantages of (M(» and bi pol ar, is energing as

a nmajor technol ogy for nany high perfornance digital and mxed signal applications. The
nai n advantages of (M(b technol ogy over bipolar are lower power dissipation and hi gher
packing density. Hpolar technol ogy offers better output current drive, switching speed, 1/0O
speed and anal og capability. (onbining the advantages of bi pol ar and (M, B (M offers

the follow ng advantages [1 inproved speed over (M(b, 1ower pover dissipation conpared

to bipolar, flexibility in I/O(TTL, EA,, (M@ conpatibility), high perfornance anal og
capability and latch up i mmuni ty. Conpared to the CM(b counterparts, B (MOs circuits

can be faster by afactor of upto twotor the sane level of technol ogy. Access tines of less than
10nS have been reported for 0.8 ymB (MG ECL input /out put 256K and 1M-bit SRAMs

[4. 100K gate arrays operating at 100MHz clock rates have al so been reportled B2CM (b

is even being considered for hi gh perfornance mcroprocessors and dynamec RAMs, and it is
felt that it will be one of the main technologies to drive alnost all functions in the decade
ahead [ 3] .

Most of the defects and failures in present day integrated circuits can be abstracted to
shorts and opens in the interconnects and degradation of deviceg. [ransistor level shorts
and opens nodel many of the physical failures and defects in IG][5A study by Gailiay][6
on 4-bit M mcroprocessor chips reveal ed that nany of the faults were shorts and opens
at the transistor level. Analysis of faults inelenentary static storage el enents suggest that
transistor level testing provides a hi gher coverage of faults conpared to that at the gate level
[M. Thus, it is necessary to study the effects of failures at the transistor level and develop
accurate fault nodels at this level .[5

The major fault nodels at transistor level are stuck-at faults, and shorts and opens of
transistors and interconnectq [ 8t has been shown [910, 11, 12 13 that the stuck-at nodel
does not cover nany of the nanufacturing defects in B (MO devices and that nost open
faults nanifest thensel ves as delay faults. Analysis on the effects of bridging faults in B G
MG is givenin [14 1. A nerged B (M@S circuit configuration to i nprove B (M(B gate
performance at lowsuppl y vol tage is presentedin |16Reference [l presents testability anal -
ysis and faul t nodeling of B (M(b circuits in whichthe behavior of B (MO under faults is
conpared with (M(b. The nost common type of H (MO circuits enpl oy bi pol ar transis-
tors to performthe function of driving output loads and CM(b to performlogic functions. In
this paper, we briefly reviewthe operation of asingle BIT (S-BJT) and doubl e BJT (D-BJT)

B (MG NAND device. Since B (M(b technol ogy conbi nes the advantages of both (M
and bi pol ar, we conpare the faul ty behavior of B (MO wi th (M5 and bi pol ar (TTL). A



Figure 1: An S-BJT B (M(> NAND.

stuck-open fault nanifesting in enhanced dynamcgp is presented which can be detected
using Ippg noni toring. Testability aspects of B (M(b devices are also presented.

This paper is organized as follows. The operation of basic S-BJT and D-BJT B (M
NAND devices are describedinsection 2. Section 3 deals with del ay neasurenents. Sections
4 and 5 deal with the anal ysis of physical failures in S-BJT and D-BJT B (M5 devices
respectively, where the logic behavior of B (M devices in both the configurations are ex-
amned under different faults. Analysis of physical failures in B(MO NOR, (M (NAND
& NR) and TTL (NAND & NQR) devices are presented in section 6. (onparison of the
three logic famlies (TTL, (M and B (M) are done insection 7. Section 8 deals with
testabilityof B (M devices. Finally, conclusions drawn fromthe study are gi veninsection

9.

2 BiCMOS Devices

B M@ circuits enploy one or two B polar Junction Transistors (BJTs) to performthe
function of driving output 1oads and (M(b to performlogic functions. Inthis section, the
operation of S-BJT and D- BT NAND devices andits logic levels are presented.

2.1 S-BJT BiCMOS device

A Single BIT B (MO NAND realization is shown in Figure 1. The functioning of the
B (MO NAND can be expl ai ned by first appl ying logic ‘0’ to one or both of the inputs

whi ch woul d cause at least one P-device to be ON and at least one N-device in each serial



Figure 2: A general S-BJIT B (M devi ce

N-pairs to be OFF. With the P-devices(&hd/or P;) ON, the base of the bipolar NPN
transistor woul d be about 5V suppl yi ng base current and turning ON the bipol ar transistor
(1) providing logic ‘1’ at the output. With either of the inputs being at logic ‘0’ and the
other input at logic ‘1" would still cause either of the parallel connected P-devices to be (N
and either of the series connected N-devices to be FF. This would still supply base current
to the bipol ar transistor causing logic ‘1" at the output. With both the inputs at logic “1’, the
P-devices (Pand P3) woul d be turned OFF, and the N-devices N, N, N; and N4 woul d be
turned ON causing a conduction path fromoutput node to ground. This will cause the output
to be alogic 0. Thus the circuit realizes the NAND function. Hock diagramof a general
S-BIT BM® device is shown in Figure 2. An 5-BIT B (M gate consists of (M
p- and n-parts to performlogic function, and a BJT and a pull-down n-part for driving the
out put node.

S-BIT B (M@ devi ces do not have the full Vpp to Ground 1 ogi ¢ swing of (M devi ces.
The out put Hi gh voltage (¥x) is limtedtodp- Vargr). However, output Lowvol tage (¥T)
is ~0V. The DCVol tage transfer characteristics shomnin Figure 3 of a B (M5 inverter was
examned to determine the logic levels [J12 Vimar and Vigmi, were determmned to be 1.5V
and 1.9V respectively, by findi ng th%‘% = -1 points [ 171§ on the vol tage characteristics.
It can be seen fromFigure 3 that dgma.is 4.4V (¥p- Ver(on) and Vormi is ~0V. The logic
levels for BM® are 0 to 1.5V for logic level ‘0" and 1.9V to 4.4V for logic levdl 17 [12
Any vol tage between 1.5V and 1.9V is considered i ndetermnate. The device characteristics

givenfor FujitsuB (M(b gate array devi ces [J19re Vymin=2V, WVymin=2.4V, Vima..=0.8V



Figure 4: DC Vol tage transfer characteristics of a (M(b Inverter.



Figure 5: A D-BIT B (MO NAND.

and Vorma,=0.5V. The DC Vol tage transfer characteristics of a (M(b inverter is shown in
Figure 4, for conparison. 7}, and Vigu,, for a (M(s inverter were determned to be

2.4V and 2. 9V respectively. (M(b devices exhibit rail-to-rail logic swing resul pirng.in V
of ~5V and Vormim of ~0V.

2.2 D-BJT BiCMOS device

A Double BJT B (MO NAND realization is shown in Figure 5. The functioning of the

B (MO NAND can be expl ai ned by first applying logic ‘0’ to one or both of the inputs
whi ch woul d cause at least one P-device to be ON and at least one N-device in each serial
N-pairs to be OFF. With at 1east one N-device in eachserial N-pairs being OFF, no current
is supplied to the base of (resulting in transistop Ging OFF. With the P-devices (P
and/or Py) ON, the base of the bipolar NPN ({) transistor woul d be about 5V suppl ying
base current and turning ON the bipolar transistor {)Qproviding logic ‘1’ at the output.
Either of the inputs being at logic ‘0" and the other input at logic 1" wouldstill cause either
of the parallel connected P-devices to be (N and either of the series connected N-devices to
be OFF. This would still supply base current to the bipolar transistora@ing logic ‘1’

at the output. With both the inputs at logic 17, the P-devi geandPz) woul d be turned

(FF, and the N-devices Iy, N, N; and N4 woul d be turned ON, suppl yi ng base current to

()2 which discharges the load. Transiston Ahd Ny drawcurrent fromthe base of ¢} thus



Figure 6: A general D-BJ'T B (M devi ce.

rapidly turning this device FF. This will cause the output to be alogic *0’. Thus the circuit
realizes the NAND function. It nay be noted that during output High to Lowtransition,
transistor Nturns OFF as aresult of transistorg and N, dischargi ng @ base, causing the
gate of N tobelow[2(, this results inall the current throughnd N, to be provided as
base current to transistors()During out put Lowto High transition, transisterti¥ns (N
to discharge the base of gquicklyto speed up the transition. It nay al so be noted that the
static pover consunptionof the circuit is negligible neglecting reverse biased]eakage currents.
B ock di agramof a general D-BJIT B (M device is shownin Figure 6. A D-BIT B (M
gate consists of (M(b p- and n-parts to performlogic function, and two output BJTs for
driving the out put node.

D-BIT B (M@ devi ces do not have the full Vpp to Ground logi ¢ swing of (M(b devi ces.
The output High voltage (¥z) is limted topp- Var(qg1) and out put Low vol tage (Vor) is
limted to Gnd+¥g(g2. The DC Voltage transfer characteristics shown in Figure 7 of a
D-BIT B MO inverter was examned to determne the logic levels [12 Vima»and Vigpin
vere determned to be 2. 2V and 2. TV respectivel y, by findi ng t&%}% = -1 points [ 171§ on
the vol tage characteristics. It can be seen fromFigure 7 that,V.is ~4.4V (¥p- %E(Ql))
and Vopmin is ~0.6V (Gnd+¥ggz). The logic levels for H (M5 are 0.6V to 2.2V for
logic level *07 and 2.7V to 4.4V for logic level |.1” A2 vol tage bet ween 2.2V and 2. 7V

is consideredindetermnate. The device characteristics givenfor Fujitsu B (M(b gate array



Figure 7: DC Vol tage transfer characteristics of an D- BJT B (M(b Inverter.

devices [1P are Vumin=2V, Vorummn=2-4V, VYim..,=0.8V and Vo1 ,=0.5V. The DCVol t age
transfer characteristics of a (M(b inverter is shown in Figure 4, for conparigpn, ,Jdnd
Vitmin were determned to be 2.4V and 2.9V respectively. (MO devices exhibit rail-to-rail
logic swing resul ting i ¥, 0f =5V and Vo, of =0V.

3 Delay Measwemerts in BiCMOS Devices

In FOMGS (Fully (M) circuits, gate del aygy(tmr) is nornally defined as the del ay from

the tine input to a gate crosses 0.pY to the tine when the falling(rising) output crosses
0.5Vp [2]. Since the switching threshol din the vol tage transfer characteristics of a (M(b
inverter is approxirmtelyvl%, this definitionis fairly valid. However, in B (M devi ces,
the switching threshol d need not be very close ‘X@Q as seen in the vol tage characteristics of
S-BJIT B M@ devices [12]. Hence, the vol tage characteristics need to be carefully anal yzed
to determmne the switching threshold for the purpose of del ay neasurenents.

Swi tching threshold is determmned by plottingV,, and identifying the intersection of
this line on the voltage characteristich.[2Phe switching threshold for the gates used in
this study is determned fromthe DCvol tage transfer characteristics to be 1.9V for S-BJT
B MO, 2.5V for D-BJT B (MO and 2. 65V for (MB [ 12 ].

If del ay neasurenent for B (M devices is done simlar to that for (M(b devices, i.e.,
fromthe tine input to a gate crosses 0.p} to the tine when the falling(rising) output
crosses 0.5pp. For falling outputs, the output l1ogic level cannot be terned as 0" logic level

at 0.5Vhp. This is because 2.5V is considered as logic ‘1" level for S-BIT B (M devi ces



[14. Under delay faults if the output level remains very close to 2.5V, the logic level has not
crossed the switching threshol d and cannot be terned as del ay fault. Now if §phdannot

be used as the point for del ay neasurenent, a question arises as to which point is to be used
for del ay neasurenent.

For determmning logic levels;r ¥, » and Vigi, were obtained by findi ng the %O:: = -

1 points. The switching threshold of the device has to be in between,l . and Vg
and this has to be determned by finding the intersection of,&#V;, on the vol tage transfer
characteristics.

Sone del ay faul ts in B (M(b devi ces do not necessarily cross the logic threshol d as shown
later in sections 4.2 and 5.2, depending on fan-out, pulse-wdth etc., and such faults cannot
be terned as del ay faults. They can be terned as stuck-at faults for all practical purposes, as
logi ¢ noni toring exhi bits stuck-at behavior. Even though sone High to Lowtransition del ay
faults result inthe output 1evel reachi ng Undefined 1 evel , which coul d cause the gate connected
to the output of this device to get switched as soon as the logic level reaches the switching
threshold. Hence, it is nore accurate to performdel ay neasurenents fromthe level at which
swi tching takes place (switching threshold). In this study, we performdel ay neasurenents
bet ween swi tching thresholds which for S-BJT B(M(b is determmned to be 1.9V and for

D-BIT BM®Ois determined to be 2.5V.

4 Amlysis of Physical Failures inS-BJT BiCMOS De-

vices

Inthis section, the response of the S-BIT B (M(b NAND is eval uated for hard failures of the
bi pol ar and M(b transistors. Possible failures consideredare stuck-Ns, and stuck- OPENs of
transistors. The output of the B (M( gate is examned by simul ating one failure at a tine
for all possible stuck- N and stuck- OPEN failures of all the transistors. Stuck- ON faults and
stuck- OPEN faul ts were simul ated by turni ng ON and turni ng OFF the correspondi ng tran-
sistors. (pen (OP) in bipolar transistor termnals (emtter, base & collector) were sinul ated
by connecting a resistance of R>IMQ inseries with the respective node and short (SH) were
simul ated by connecting a hard short of R<0.01Q between the respective termmnals. The B G
M@ gate out puts obtai ned anal ytically have been conpared wi th SPT(E simul ation out puts
to ensure correctness.

The fault-free and faul ty behavior (Stuck- ON and Short faults) of B (MO» NAND are
summarized in Table 1 and Stuck- OPEN faults are summarized in Table 2. The length
and width of pM® (L ,,W,) and nM® (L ,, W,) transistors used for B (MO devices in
this study are (J=1.5pm, W,=30um, L,=1. 5pm, W,=264m) simlar to the val ues used in][.9

9



Figure 8: S-BIT B (MO NAND wi th (M inverter l1oad and dri ver

Sinul taneous current noni toring was perforned during SPICE simul ation and the observed
Ippg values are listed in the Tables along with the output logic levels. In Tables 1 and 2,
the subscript represents the transistor nunber for the B (M(b circuit shown in Figure 1 and
superscript represents the type of hard failure under consideration where (N indicates stuck-
(N failure and (P indi cates stuck- OPEN failure. For exanpl e?Nindicates transistor; N
stuck- N, NPT indicates transistor; Nuck- OPEN, (PP indicates transistor; @ollector
open and @ 77 indicates transistor collector to emtter short.

In order to nake the anal ysis a true representative of circuit conditions, (M(b inverters
vere used to drive the B (M(» devi ce and (M(b inverters were used as 1 oads to the B (M(b
device as shown in Figure 8. The di nensions of pM(b» and nM(b transistors used as CM(b
driver devices inthis study are &5pm, W,=60pm) and ( L,=5pm, W,=20um) respectivel y.

The sizes for the (M(B1oad devi ces used are (,E5pm, W,=40pm) and ( L, =5pm, W,=15um).
To study the effects of output fan-out on B (M devices, anal ysis was conducted with one
(M@ 1 oad al one and al so wi th an RC(Resistor Capacitor) load al ong wi th a OM(b 1 oad as
shown in Figure 8. R=100Q and C=1pF were chosen for this study and RCload referred to

henceforth in this paper refers to the above val ues.

4.1 Stuck-ON faults in S-BJT BiCMOS NAND

Stuck-ON faults in S-BIT B (MO NAND generally result in a fault-free logic level, faulty
logiclevel or indetermnate logic level. However, inall the cases, it results in ¢nhanced [
Referring to the S-BIT B (M5 NAND shown in Figure 1, for the physical failw® P

the device behaves simlar to fault-free gate for all input vectors except for input vector *11’.
Input vector ‘11" causes all the N-devices to be ON providing a conduction path fromV

to Vss (Gnd), resulting in enhancedphg. The current drawn by the device with this vector

for the fault under consideration is ~2mA instead of the nornal ~0.2pA. Cirrent testing
techni que can be enpl oyed to detect this fault. A simlar result is observed for transistor P

10



stuck-ON fault (PV). SPICE simulation indicates the output voltage level to be ~1.16V,
whichis logic *0" level for S-BIT B (M devi ces indi cated as *0” in Table 1.

Transistor {stuck-ON fault results in enhancedphg for input vector “01’. SPICE
simul ationindi cates out put vol tage to be ~2.42V, whichis logic ‘1" level for S-BJT B (M
devices. Simlarly, enhancedphg is observed for transistor, Muck-ON fault with input
vector “10”. SPICE sinulation indicates the output voltage level to be ~1.7V, whichis an
indetermnate () vol tage level for B (M(b devices. At a first glance, one woul d expect the
output vol tage level to be the sane for A and NV, (h careful analysis, it can be seen
that the channel resistance will be different due to the non-1inear characteristics of the nM(b
transistor for the individual stuck-ON fail wf®¥ &d NIV, leading to the different output
vol tage levels.

Stuck- (N failures of transistorgaNd NV, woul dresult inenhanced hpg for input vectors
01 & 10 respectively. However, the fault-free and faul ty output is logic *1” for input vectors
01, 10 and 11. Since fault-free and faulty logic level is the sane, current testing al one can
detect the failures. Transistg¥ @nd Q7 shorts also result in enhancedbg and cause
a faul ty output logic level ‘1’ for input vector 11. Transigfore€ults in delay faults for
output Lowto High transitions as the base to emtter junction does not get forward biased
and hence the transistor does not get turned ON. The Lowto High transition Del ay observed
for transistor {J short with RCoutput load is 2.08ns conpared to the fault-free delay of
0.90ns.

(rrrent testing can be very effective for testing failures whichresult in el gypheflrbm
a normal =~0.2pA to enhanced ~2nA\, an increase by a factor of ~I{) (onventional logic
testing cannot be used to detect stuck-ON failuréWas the failure exhibits indeterninate
output. However, current testing can detect the above stuck- (N failures. Since stuck-ON
failures YV, PN NPV NON and NON provide sane logic level for faulty as well as faul t-
free operations, current testing alone can detect the failures. (bnventional logic testing can
detect the failuresi@ and Q7 as the logic output is different for fault-free and faulty
operations, however, current testing would detect this failure node. Delay fault caused by
transistor ¢J7 can be detected by del ay test.

4.2 Stuck-OPEN faults in S-BJT BiCMOS NAND

Stuck- OPEN faults in S-BJT B (MO NAND result in either sequential behavior or del ay
faul ts.

Tvwo faults in the S-BIT B (MG NAND exhibit sequential behavior (), simlar to
the behavior seen in (M(b circuits. Presence of the faultsfick- OPEN would result in

11



Table 1: Behavior of S-BJT B (MO NAND wi th Stuck- ON and Short faul ts between term-

nals for all transistors.

Srge BB MIDS wdeWNad Sut resdts

Input| ff | PPN PPNINPNINPNINSNINPN | PG | PED | Pibs | Pads | Pach | Paths| Nids
AB X1 | X1 | X1 | X1 | X1 X1 | X1 | X1 X1|X1|Xi|X1]X1]| Xi
00 |In|1ln|In|Iln|ln|ln|ln|lajla|ln|lalla|ln| 1In
01 |In|ln|In|la|ln|la|ln|{ln|ln|In|O0Oa|0a|ln| 1In
10 |{In|ln | 1Iln|ln|/*a|ln|la|0a/0a|ln|ln|ln|ln| 1n
11 |{0n|0a 0a|0n|0n|0n|0n|{0n|/*aj]la|0n|lalla| 1la

Input N |INTHs | Ntis Nty Nabis| Nidis Nt | Natis Niadds Nidp | Nibls| Qe Qe | @it
AB X1 | X1 | X1 | X1 | X1 X1 | X1 | X1 X1|X1|Xi|X1]X1]| Xi
00|la|ln|ln|ln|ln|ln|jla | ln|/ln|ln|ln|ln|ln|Dy_1n
0l |0ajlajla/la|ln|ln|la/lalla|la|ln|ln|ln|Dy_1n
10 |{In|ln|lnj{l*a|0a|ln|ln|ln|ln|jla|la|ln| 1ln[Dy_1n

11 /1la/0Onlla/la|0On|lallal/0On|jlajla|0On|lal/lal On

X = Output, i = Current drawn by the device, Q™ = Previous State,

ON = Stuck-ON, SH = Short, (G, S, D = Gate, Source, Drain),

ff = fault free, I* = Indeterminate (1.5-2.0Volts), (e, b, c = emitter, base, collector),
n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-3 A,

Do_1= Low to High transition delay, D1_o = High to Low transition delay,

12



faul t-free behavior for all input vectors except for input vector ‘10’ whi ch causes the previous
state to be retained resul ting in sequential behavior. Simlar sequential behavior is observed
for B stuck-open with input vector ‘01’. Two pattern tests can be applied to detect these
stuck-open failures. Summary of the behavior of S-BJT B (MO NAND wi th Stuck- OPEN
faults for all transistors is givenin Table 2.

s-(PEN failures of transistors d¥d N, exhibit uni que delay faults. A first glance
woul d 1 ead one to expect that with input vectors 11, the output parasitic capacitance woul d
be discharged by turning ON of transistorssMnd N,. However, due to the open fault
of transistor yNor N, under consideration, the vectors 00, 01 or 10 would charge up the
parasitic capacitors at the base as well as the emtter nodes of the bipolar transistors. With
the application of input vector 11, the series path ofamd N4 will be turned ON but the
series path of {NVand Ny will not be turned on due to the fault. This will cause transistor @)
to remain ON for sonetine because of the charge stored at the base of the bipolar transistor.
Transistor ¢ would be discharged slowy through the ON resistance of sMand N4 al one
causing delay in the output response. The slowto fall delay fault is shown in Figure 9a,b &
c. This type of fault has been observed it [fbr a different inplenentation of a B (MOb
NAND.

Figures 9a & b showthe response of the B (M5 NAND to A°P failure with one (M(B
load and with RCload respectively. Figure 9a shows the response of B (MG NAND to
NOP with only one (M(b 1oad connected to the B (M5 output. The inputs shown in this
figure are the inputs applied to the B (M3 NAND and the input pulse width () is 10ns
wi de. The response of the B (MO NAND with NPF fault withinput ,=10ns shows slow
to fall delay ) of 7.2ns instead of the nornal propagation delay,(} of 0.6ns. Response
of BMG® output with RCload shown in Figure 9b causes High to Lowtransition del ay
for both fault-free and9¥ response, due to higher fan-out. Here, the output level barely
reaches the logic *0" level. It should be noticed that if the clock periodis snall, the voltage
at the output will be in the indetermnate range or will not drop belowvalid ‘1" range. The
response of the B (MO NAND with NP fault withf,=10ns and wi th RCload shows slow
tofall delayfs) of 7.9ns instead of the nornal propagation delay;(} of 1.835ns. Figure 9¢
shows the response withinput f,=4ns, where the faul ty output does not have tine enough to
go belowlogic “1” range. The response of the fault-free B (M NAND wi th i npyt=4ns
gives a propagation del ay of 1.835ns.

For the s- OPEN failures of transistogsaid N4 withinput vector 11, thereis no conduc-
tion path for the charge stored in the output parasitic capacitances to be discharged. With
the input vector of 11, transistorsg aMd Ny turn ON and resul ts in a vol tage close to OV at

the base of the bipolar transistor. If the input vector applied prior to the input vector 11 was

13



Table 2: Behavior of S-BJIT B (MO NAND with Stuck- OPEN faults for all transistors.

S1ge BTBO® MDresd ts
por | por | NPP | NOP | NOP | NOP

oP oP oP oP oP oP OP|NHOP| HOP
Inpui Irf PlSGD stGD NlSGD N2SGD NSSGD N4SGD

te |Wib I
AB X X X X X X X X | X X
00 |1 1 1 1 1 1 1 R |Do-q
01 |1 1 Q" 1 1 1 1 R | R Do
10 |1] Q" 1 1 1 1 1 R | R Do
1110 0 0 Di—o | Di—o S S 0 0 0

X = Output, Q™ = Previous State, (€, b, ¢ = emitter, base, collector), OP = Open,
ff = fault free, I* = Indeterminate (1.5-2.0Volts), (G, S, D = Gate, Source, Drain),
Do_1= Low to High transition delay, D1_o = High to Low transition delay,

R = Stuck-at-0 after initialization, S = Stuck-at-1 after initialization.

00, 01 or 10, it woul d charge the output to alogic ‘1" level. This woul d effectivel y appear as
input stuck-at-1 after initialization, whichis a special case of sequential behhvior (Q

B polar transistor emtter and base s- OPEN faul ts nanifest as stuck-at-0 after initialization
(shown as R in Table 2). It can be seen that with either of the above faults, output cannot
gotologic 1’ (other than during power up) as no path exists between out put andgd/ With
collector open, the output exhibits Lowto High transition del ag ()lhs shown in Figures
10a,b & c¢. Figure 10a shows the response of B (MO NAND to ¢ collector open with one
(MO 1 oad connected to the B (M out put. The inputs showninthis figure are the inputs
applied to B (M NAND. The response of the B (MO NAND with () collector open for
t,w=10ns shows Lowto High transition delay f£) of 0.579ns instead of the nornal Lowto
High transition del ayff) of 0.289ns. Response of B (M3 NAND with RCload shown in
Figure 10b exhi bits Lowto High transition del agA)t of 1.449ns instead of the nornal Low
to High transition delay;f#) of 0.483ns. Figure 10c shows the response with inpyf, =
4ns, where the faulty output exhibits larger delay for the lowto high transition. The faulty
lowto high transition del ay was seen to beg;# = 1.449ns instead of the nornmal lowto high
transition del ay of,# = 0. 483ns.
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Figure 10: (a) B (M response to QLEN
with t,,=10ns & e MG Load (b)
tpw=10ns & RCLoad (¢) t,,=4ns & RCLoad.



5 Amlysis of Physical Failures inD-BJT BiCMOS de-

vices

Inthis section, the response of the D- BJT B (M NAND shown in Figure 5 is eval uated for
hard failures of the bipolar & M(H transistors and the results are gi venin Tables 3 and 4.

5.1 Stuck-ON faults in D-BJT BiCMOS NAND

Stuck-ON faults in S-BIT B (MO NAND generally result in a fault-free logic level, faulty
logic level or indetermnate logic level. However, inall the cases, it results in gnhanced [

Referring to the D-BJT B (M NAND shownin Figure 5, for the physical failufdpP
the device behaves simlar to fault-free gate for all input vectors except for input vector *11’.
[nput vector ‘117 causes the N-devices (MW, N and N4) to be ON. This causes transistor
(2 to be ON, providing a conduction path fromlsp to Vss(Gnd), resulting in enhanced
Ippg. The current drawn by the device with this vector for the fault under considerationis
~2nmA instead of the nornmal ~0.2uA. Cirrent testing techni que can be enpl oyedto detect this
fault. Simlar result is observed for transistorudk- ON failure (29217\7) SPICE simul ation
indi cates the output voltage level to be ~1.63V, whichis logic 0" level for B (M devi ces
indicated as *0’ in Table 3.

Transistor Nstuck- N fault results in an enhancedypg for input vector *01’. Simlarly,
enhanced Ippg is observed for transistorn Muck- ON fault with input vector “10". SPICE
simul ationindi cates the output vol tage to be 1. 86V, whichislogic 0’ level for D-BJT B (MG
devi ces.

Stuck-ON failures of transistors ddd V4 result in enhanced ppg for input vectors 01
and 10 respectively. The fault-free and faulty logic level s famd W, stuck- ON failures
exhibit logic ‘1" at the output. Since the fault-free and faultylogiclevels are the sane, current
testing al one can detect the failures.

Transistor Hstuck-ON failure does not cause any appreciabl e effect for output Lowto
High transitions. However, during output High to Lowtransitions, with input vector ‘117,
the output finds a lowresistance path through transistors, NV, and N5. Due to this low
resistance path, transiston @bes not turn (N and hence, High to Lowtransition gets
del ayed. This delay is dependent upon the output load. For RCload, the High to Low
transition del ay was observed to be 1.45ns instead of the normal 0.89ns. It nmay be noted t hat
due to the lowresistance path through transistors, NV and N5, output goes all the way to
ground instead of Gnd+¥g(g2)

Transistor € and Q72 shorts result in enhancedphg and causes a faul ty out put logic
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Table 3: Behavior of D-BIT B (MO NAND wi th Stuck- ON and short between termmnal s for

all transistors.

Double BJT BiCMOS NAND with Stuck-ON and Short results

Input‘ff POV PPNINPNINPNINGNINDN| NN PG IPIED Pids| Podls \PodpiPap's Nidls NidhINERls) Nodis
ABX1 X1 | X1 | X1 | X1 | X1|X1| X1 | X1 |X1|Xi1| X1 |X1|X1| X1 |[X1|X1] X1
00fAn1n|{1ln|ln|ln|1ln|ln| 1n |(la|la|ln la |la|ln| 1In la|1ln| 1In
0l lnln|{ln|0a|ln|jla|ln| 1n |[1ln|ln|1ln| Oa |0Oa|ln| 1n [Oa|0a| la
101ln1ln|{ln|ln|0a|ln|fla| 1n |(0a|0a|l1ln| In |I1n|{ln| In |1n|ln| 1In
110n0a|0a|0n|0n|0n|0nDi_ogn0On|/[*ajla| On |[*aj|la| la |I*a|0On| 1la

Input £V N SEIN SN S, NN SE NS, INSEINSEINSE NSEL QS Q3 Q3 Q3 |Qst| Qs |
ABX1 X1 | X1 | X1 | X1 | X1|X1| X1 | X1 |X1|Xi1| X1 |X1|X1| X1 |[X1|X1] X1
00fAn1n|{ln|ln|la|ln|{ln| 1n [1n|0a|0a| 1n |1n|1lnDyj_1n O0a|0a| 1n
0Ol fnla|ln|ln|f*a/f*ajla| 1la |[1n|0a|0a| 1n |1n|1lnDyj_1n O0a|0a]| 1n
101ln0a|0a|ln|ln|ln|ln| la |1la|0a|0a| In |1n|1lnDy_1nO0Oa|0a| 1In
11 0nl*a|0n|la|l*a|0On|la| f*a |0n|0n|O0On|Di_gnlajla| On | On|0On|Di_gn

X = Output, i = Current drawn by the device, Q™ = Previous State,

ON = Stuck-ON, SH = Short, (G, S, D = Gate, Source, Drain),

ff = fault free, I* = Indeterminate (2.2-2.7Volts), (e, b, ¢ = emitter, base, collector),
n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-3 A,

Do_1= Low to High transition delay, D1_o = High to Low transition delay,

level ‘1’ for input vector 11. Transistidf €nd Q351 also result in enhancedplpg and causes
a faul ty output logic level 0’ for input vectors 00, 01 and 10. Transi{t emdQ 5/ resul t
in delay faults for Lowto High transition and High to Lowtransitions respectively, as the
base to emtter junction of the transistors do not get forward biased and hence do not get
turned ON. The Lowto Hi gh transition del ay observed foryf) wi th RCout put loadis 1.98ns
conpared to the fault-free delay of 1.07ns. The High to Lowtransition del ay observed for
S with RCoutput loadis 1.47ns conpared to the fault-free delay of 0.89ns.

(rrrent testing can be very effective for testing failures whichresult in el gypheflrbm

anormal ~0.2uA to enhanced ~2mA, anincrease by a factor of &1 Since stuck- N failures

PN PPN NON and N9V provide sane 1ogic level for faulty as well as fault-free operations,
H

current testing al one can detect the failures. TransisgtandAV; stuck- N as well as @7,

S and Q5 failures exhibit dissimlar outputs under faulty and faul t-free conditions,
conventional logic testing can detect the failure. However, current testing woul d detect this
failure node. Transistor;(q )5 base to emtter shorts nanifest as Lowto High and High to

Lowtransition del ays respectivel y and hence del ay test al one woul d detect the failure nodes.
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Table 4: Behavior of D-BIT B (MO NAND w th Stuck- OPEN faults for all transistors.

S1ge BTBO® MDresd ts
pPoP | por | NOP L NOP | NOP T NOP | NOP

Inputlf [P %]CDJDP 2%](3;17 N?SIE;DN%%DN:%%D NES%DNSOS%D ?SP ?bp ?CP g)ep g)bp g)ep
AB|X| X X X X X X X XXX | X | X | X
00 |1 1 1 1 1 1 1 Do_i | R | R [Dg_q| 1 1 1

1

1

0

01 1 Q" 1 1 1 1 Do Do_4| 1 1 1
10 Q" 1 1 1 1 1 Do Do_4| 1 1 1
11 0 0 D1_0 D1_0 D1_0 D1_0 0

o & =
SdR==ll=>

X = Output, Q™ = Previous State, (€, b, ¢ = emitter, base, collector), OP = Open,
ff = fault free, I* = Indeterminate (2.2-2.7Volts), (G, S, D = Gate, Source, Drain),
Do_1= Low to High transition delay, D1_o = High to Low transition delay,

R = Stuck-at-0 after initialization, S = Stuck-at-1 after initialization.

5.2 Stuck-OPEN faults in D-BJT BiCMOS NAND

Stuck- OPEN faults in D-BJT B (MO NAND result in either sequential behavior or delay
faul ts.

Two faults in the D-BIT B (MO NAND exhibit sequential behavior (), simlar to
the behavior seen in (M(b circuits. Presence of the faultsfick- OPEN would result in
faul t-free behavior for all input vectors except for input vector ‘10’ whi ch causes the previous
state to be retained resul ting in sequential behavior. Simlar sequential behavior is observed
for B stuck-open with input vector ‘01’. Two pattern tests can be applied to detect these
stuck-open failures. Summary of the behavior of D-BJIT B (MG NAND wi th Stuck- OPEN
faults for all transistors is givenin Table 4.

S-(PEN failures of transistorsaMd NV, exhi bit uni que del ayfaults, as observedinS- BJT
B MO NAND. A first glance would lead one to expect that with input vectors ‘117, the
out put parasitic capacitance woul d be discharged by turning ON of transistoss N, and
()2. Hovever, due to the OPEN fault of Nor N, under consideration, the vectors 00, 01 or 10
woul d charge up the parasitic capacitors at the base as well as the emtter nodes of the bipol ar
transistor ¢ With the application of input vector 11, the series pathyeindVN, will be
turned ON but the series path of Nand Ny will not be turned ON due to the fault. This
will cause transistor;@o renain ON for sonetine because of the charge stored at the base
of the bipolar transistor.QQTransistor {Jwoul d be discharged slowy through N, N, and
()2 path al one causing delay in the output response. The slowto fall delay fault is shown in
Figure 11a,b&c. This type of fault has been observed in [Bi gures 11a&b showthe response
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of the D-BJT B (M@ NAND to N 2F failure wi th one (M output 1oad and i nput pul se
widtht,, of 10ns and 4ns respectively. Figure 1la shows the response of the B (M NAND

to NPF with only one (M5 comnnected to the B (M5 output. The inputs shown in this

figure are the inputs applied to the B (M3 NAND and the input pulse width () is 10ns

wi de. The response of the B (MO NAND with NPF fault withinput ,=10ns shows slow
tofall delayfs) of 4.5ns instead of the nornal propagation del ay(} of 0.526ns. Response

of the B (MG output with the sane one (M(b load and with¢ ,, of 4ns causes a High to
Lowdel ay of 7.2ns instead of the nornal propagation delay of 0.58ns. As the clock periodis
small, it shoul d be noticed here that the output barely reaches the switching threshold and
the logic level does not have a chance to drop tologic 0’ range. If the clock periodis further
reduced or if the output load is increased, the output level will not have a chance to reach
even the swi tching threshold. An exanple of whichis shownin Figure 11c where an RCl oad

is usedinadditiontoa (M(b load. It can be seen that the output does not have a chance to
reach the switching threshold. The response of the fault-free B (M NAND wifb=tns

and RCl oad gi ves a propagation del ay of 0. 79ns.

Response of stuck- OPEN failure ofyAre shownin Figures 12a, b&c. For the stuck- OPEN
failure of Mshownin Figure 12a, withinput vector ‘117 exhibits a del agpftof 1.204ns and
output logic level of 1V instead of the nornal propagation delay of 0.526ns and logic level
of 0.6V, with one (M load and input pulse width 4, of 10ns. Reducing the pulse width
tow to 4ns exhibits a delay f&) of 1.25ns in place of the normaly,f of 0.58ns as shown in
Figure 12b. The output level is observed to be ~1.5V instead of the nornal output level of
~0.6V, however, the output logiclevel isstill avalidlogic ‘0" level of D-BJIT B (M devi ces.
With RCload and i nput pulse width {, of 4ns, the output logic level does not fall bel owthe
logi ¢ threshol d as shown in Figure 12c. Hence, the fault appears as stuck-at-1for logic testing
purposes.

B pol ar transistor (¢gmtter and base openfaul ts nani fest as stuck-at-0after initialization
(shown as R in Table 4). It can be seen that with either of the above faults, output cannot
go to logic “17 (other than during power up) as no path exists between output angj/

With B polar transistor;@ollector open, the output exhibits Lowto High transition del ay
(Do—1) as shown in Figures 13a, b&c. Figure 13a shows the response of B (M5 NAND to,)
collector open with one CM(» 1oad connected to the B (M out put and wi th input pul se

wi dth £,, of 10ns shows Lowto High transition ) delay of 1.08ns instead of the nornal
Lowto High transistion f#) of 0.823ns. Response with the sane one (M(B 1oad and wi th
input pulse width (£,) of 4ns exhibits Lowto High transition del aya)tof 1.105ns instead

of the normal propagation delay (1) of 0.72ns as shownin Figure 13b. Figure 13c shows the
response of the B (M(O» NAND with input ¢,,=4ns and RCload where the faulty output

19



exhibits alarger del ayfor the Lowto Hightransition. The faul ty Lowto High transition del ay
is seen to be fo=2.3ns instead of the nornmal Lowto High transition del ay gf =#0. 91ns.

H polar transistor Lmtter, base & collector open faul ts nanifest as High to Lowdel ay
faults. Response of D-BJT B (MO NAND base and emtter opens are shown in Figures
13a, b&c. With one CM(B load and input %, of 10ns shows a delay (#i2) of 1.059ns instead
of the normal propagation delay (#1) of 0.526ns for gbase open. However, (} emtter
exhi bits a lower del ay conpared to @ base open. Withinput 4, of 4ns and with one (M(h
load, the output exhibits a delayys) of 1.68ns instead of the nornal propagation del ay(}
of 0.58ns. With RCload at the output of the B (M(» NAND input,f, of 4ns, the output
exhi bits a delay (f2) of 3.22ns instead of the nornal propagation delay(} of 0.79ns, for
transistor ¢base open. Transistor femtter open withinput 4, of 4ns exhibits stuck-at-1
behavior since before the input can nake a transition to output low the input undergoes
transition to opposite logic level. If the input pulse wigthi@t nade wi der, the output
woul d go to the other side of the logic threshold.

Transistor Aserves the purpose of discharging the base of, @uickly to speed up the
output Lowto High transition [20 Stuck- OPEN failure of transistorcAh be expected to
result in del ayed Lowto High transition.

There 1s an interesting observation during output High to Low transition which needs
nentioning. During output High to Lowtransition and withsMtuck- OPEN, it is observed
that the output transition speeds up and causes enhanced dynamc current () as shown
in Figure 14. This can be expl ained as follows. Under nornal operation wiglfdvlt-free,
any of the input vectors 00,01 or 10 causing output high(1), turns ON transistortNereby
base of () remains discharged, keeping transiston QFF. With transistor Nstuck- OPEN,
any of the input vectors 00, 01 or 10 causing output high(1), will not be able to turn ON
transistor Nand discharge base of . This causes sone base bias to exist at the base of
transistor ¢ The base bias existing at the base of Ghy be suffici ent enough to turn (N
the device partially. Since the input vectors 00, 01 or 10 are intended to turn ON transistor
()1 to provide out put High, with @also partially ON, enhanced dynamc fp is observed. It
nay be noted that gi ven sufficient tine the current nay decay to Zero. Hence, this probably
cannot be terned as enhanced I ppg fault and so this is being terned as enhanced dynam c
Ipp fault. dpg testing nay detect this fault as the enhanced dynamcpp current is about
2 orders of nagnitude greater than fault-free current, just after the initial transient. Due to
the existence of residual base bias on transistorvi)th input vector 11, turns transistor @)

(N faster than faul t-free where no residual base bias exists. Hence, the speed up for output
High to Lowtransition. The fault-free output High to Lowtransition delayis observed to be
0.90ns and with transistor Nstuck- OPEN 0.43ns, resulting in 0.47ns early transition than

20



that of fault-free.
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Figure 12: (a) B MO response to FFEN
with t,,=10ns & e MG Load (b)
tow=4ns & he (M Load (¢) t ,,=4ns &
RC Load.
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Figure 14: B (M@ response to NOPPN and
Faul t-free with RCLoad (a) Vol tage levels at
B MO output and ¢ 5 base (b) Plot illus-
trating enhanced dynamc Ipp.



Figure 15: An S-BIT B (MO N(R.

6 Physical FailwresinBiCMOS NOR, CMOS and TTL
Devices

In this section, the response of Single and Double BJT B (MG NOR, (M NAND and
NR as well as TTL NAND and N(R are eval uated for hard failures of the M(»b and B pol ar

transistors.

6.1 Physical Failures in BICMOS NOR

In this subsection, the response of the Single and Double BIT B (M(b N(R gates are
eval uated for hard failures of the M(b and H pol ar transistors.

Possible failures considered are stuck- (N and stuck- OPEN of transistors. The output of
the B (M(b N(R gate is obtained by sinul ating one failure at a tine for all possible stuck-
(N and stuck- OPEN failures for all transistors. Stuck-ON and stuck- OPEN were simul ated
by turni ng ON and turni ng OFF the respective transistors. Qpen (OP) intransistor termmnals
vere simul ated by connecting a resistance of R>1MS in series with the respective node and
short (SH) were simulated by connecting a hard short of R<0.01€ between the respective
termmnal s.

The response of S-BJT B (M NOR shown in Figure 15 for stuck-ONin transistors and
shorts (SH) between termnals is givenin Table 5

The response of S-BIT B (M NOR shown in Figure 15 for stuck- OPEN in transistors
and betveen termmnals is givenin Table 6

The response of D-BJT B (M NOR shown in Figure 16 for stuck-(ON intransistors and

shorts (SH) between termmnals is givenin Table 7
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Table 5: Behavior of S-BJT B (M NR wi th Stuck- ON and Short faul ts betweentermmnal s

for all transistors.

Srge BIBO® NRSwdeNad Sut resdts

Iput, [ | PN PON | NON | NON NON NOY | PR P, Pitl P P P N
AB X1 | X1 | X1 | X1 | X1 X1 | X1 | X1 X1|X1|Xi|X1]X1]| Xi
00 |In|ln|In|jOa|l0ajlajla|0a/0a|ln|0a|0a|ln| 1In
01 | On|0n|0a|0n|0n|0n|0On|{0a|0a|0n|0n|0a|l0a| On
10/ 0n /0a|0n|0n|{0n|0n|{0n|O0On|0a|0a|0n|0n|0n| 1a
11 {0n|{0n 0n|{0n|0n|0n|0n|{0n | 0n|{0n|0n|0n|0n| Oa

Input| N INTHS Nyt INSED NS B N3ts INSED INSBS | N s N | Nibs| @2l | Q1 | Qi
AB X1 | X1 | X1 | X1 | X1 X1 | X1 | X1 X1|X1|Xi|X1]X1]| Xi
00| 0a|0a|ln|/0al0al0a|0a 0a/ln|0a|0a|ln|ln|Dy_1n
01 | On|O0On|la/0a|0n|{0n|0n|{0On|jlajla|0On|lalla| On
10/0a |/ 0n|{0n|0n|{0nf0a|la|0n|0n|0n|0On|lajla| On

11T 10a|[0n|0n|0a|0n|{0a|0a|0n|j0a|0a|0n|lallal O0n

X = Output, i = Current drawn by the device, Q™ = Previous State,

ON = Stuck-ON, OP = Stuck-Open, SH = Short, (G, S, D = Gate, Source, Drain),
ff = fault free, I* = Indeterminate (1.5-2.0Volts), (e, b, c = emitter, base, collector),
n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,

Do_1= Low to High transition delay, D1_o = High to Low transition delay,

Table 6: Behavior of S-BIT B (MO NCOR with Stuck- OPEN faults for all transistors.

S1ge BTBO® NRresd ts
por | por | NPP | NOP | NOP | NOP

oP oP oP oP oP oP OP|NHOP| HOP
Inpui Irf PlSGD stGD NlSGD N2SGD N3SGD N4SGD 1le 1b 1c

AB X| X | X | X X X X | X | X | X
00 | 1] Q" | Q" | 1 1 1 1 Do)
01 0] Q" | Q" | 0 |Dio| 0 | Q" | R | R | O
100 Q" | Q" ' Dio| O | Q" | 0 R IR O
11,0 0 0 0 0 0 0O |00 0

X = Output, Q™ = Previous State, (€, b, c = emitter, base, collector)

ff = fault free, I* = Indeterminate (1.5-2.0Volts), (G, S, D = Gate, Source, Drain),
n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,

Do_1= Low to High transition delay, D1_o = High to Low transition delay,

R = Stuck-at-0 after initialization.
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Figure 16: An D-BIT B (MG N(R.

Table 7: Behavior of D-BJT B (MO NOR with Stuck- (N and short between terminals for

all transistors.

Double BJT BiCMOS NOR with Stuck-ON and Short results
s 1] PO P N g g v o s e sg| e |psiresg wam b g
ABX1 X1 | X1 [ X1 | X1 X1 |X1| X1 |[X1|X1|X1| X1 |[X1[X1| X1 | X1 |X1] X1
00fAn1n|1ln|0a|0a |[*a|l*a] 1n |[O0Oa|0a|1ln| Oa |0Oa|ln| 1n [O0Oa|0a| 1n
01 0nO0On|0a|0n|0n|0n|0nDi_gn0a|{0a|0n| On ([[*a/0a| On [On |O0n| 1la
100n0a|0n|{0n|0a|0n|0nDi_ogn0On|0a|0a| On |On|{0On| la |I*a|0On| On
110n0n|{0n|{0n|0n|0n|{0nDi_gn0n|0n|{0n| On [O0Oa|0n| Oa |0a |0n| Oa
gt £ NS NSE NS TN S INSHN S NS, INSHNSTIN ST, NSEL @5 @5t @3t |3 Qstt| st
ABX1 X1 | X1 [ X1 | X1 X1 |X1| X1 |[X1|X1|X1| X1 |[X1[X1| X1 | X1 |X1] X1
00AnOn|0a|ln|f*aj/0a|ln| [*a|0a|0a|0a| 1In |1n|1lnDyj_1n O0a|0a]| 1n
01 0n*a|/0n|0a|0n|0n|la| *a|0n|0n|0nDi_gnlalla| On |{On |[0n Di_gn
100nO0n|0n|0a|(l*a|0n|0n| On |On|0n|O0On|Di_gnlajla| On | On|0On|Di_gn
1100 0n|{0n|{0n|{0n|0Onf0a| Oa |0n|0n|O0n|Di_gnlajla| On | On|0On|Di_gn

X = Output, i = Current drawn by the device, Q™ = Previous State,

ON = Stuck-ON, OP = Stuck-Open, SH = Short, (G, S, D = Gate, Source, Drain),

ff = fault free, I* = Indeterminate (2.2-2.7Volts), (e, b, ¢ = emitter, base, collector),

n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,

Do_1= Low to High transition delay, D1_o = High to Low transition delay,
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Table & Behavior of D-BJT B (MO NOR with Stuck- OPEN faul ts for all transistors.

IaHe BB MRresu ts
PR pOP | NOP | NOP T NOP  NOP T NOP

]npUtffP%%DP%ICD;DN?SIE;DN%%DN:%%DNESIE;DN?S%D or ?bp or g)ep g)bp g)cp
AB|X| X X X X X X
00 1] Q" Q" 1 1 1 1
01 0] Q™ | Q" 0 |Dio O Q"
0
0

Dy _o/D1—o/D1-0
Dy _o/D1—o/D1-0
Dy _o/D1—o/D1-0

10 Q" | Q" [ Dio) 1 | Q"] 0
11 0] 0] 0 0 0 0

oo o
olo|o| = s
o|o| o |
RIS

X = Output, Q™ = Previous State,
ff = fault free, I* = Indeterminate (2.2-2.7Volts), (G, S, D = Gate, Source, Drain),
Do_1= Low to High transition delay, D1_o = High to Low transition delay,

R = Stuck-at-0 after initialization.

The response of D-BIT B (MO NOR shown in Figure 16 for stuck- OPEN in transistors

and betveen termmnals is givenin Table 8

6.2 Physical Failures in CMOS NAND and NOR

In this subsection, the response of the (M(b NAND and NOR gates are eval uated for hard
failures of the M(» transistors.

Possible failures considered are stuck- ON and stuck- OPEN of transistors. The output
of the (M(» gate is obtained by sinul ating one failure at a tine for all possible stuck- ON
and stuck- OPEN failures for all transistors. Stuck-(ON and stuck- OPEN were simul ated by
turning ON and turni ng OFF the respective transistors. (pen ((P) in transistor termmnals
(source, gate & drain) were simul ated by connecting a resistance of R>IMQ in series with
the respective node and short (SH) were simmulated by connecting a hard short of R<0.01Q
bet ween the respective termnals.

The response of (M(b NAND shown in Figure 17 for stuck-ON in transistors and shorts
(SH) betvween termmnals is gi venin Table 9.

The response of (M(b NAND shown in Figure 17 for stuck-OPEN in transistors and
betveen termmnal s is gi venin Table 10.

The response of (M(b NOR shown in Figure 18 for stuck-ON in transistors and shorts
(SH) betveen termmnals is givenin Table 11.

The response of (M NOR shown in Figure 18 for stuck- OPEN in transistors and be-

tween termnals is givenin Table 12.

27



Figure 17: A (MO NAND Gate.

Table 9: Behavior of (M(h NAND wi th Stuck- (N and Short faul ts between terminal s for all

transistors.

Results for CMOS NAND Stuck-ON and Short between terminals

Input| f | PPN PPNINON NPV PEES PIED Pps Poges Podip Py s N T &S| N T IN T s N o d s NS i NS s
ABX1X1|X1| X1 | X1 [X1| X1 | X1 | X1 | X1 |X1|X1 | X1 |X1|X1|X1] X1
00 lnln|{ln|ln|ln|lallalln|lalla|ln|ln|la|ln|1ln|ln|1ln
01l 1lnln|{ln|0Oa|ln|0a|0a|ln|ln|{ln|ln|ln|0Oa|0a|la|lla|ln
[1101lnln|{ln|ln|0a|ln|ln|ln|{0a|0a|ln|ln|ln|l1ln|ln|0a|0a
11 0n0a|0a|0n|0On|0On|la|la|On|lajla|la|la|0n|la|la|0On

X = Output, Q™ = Previous State, (G, S, D = Gate, Source, Drain),
ff = fault free, I* = Indeterminate ( 1.5-2.0Volts),

n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,

Table 10: Behavior of (MO NAND w th Stuck- OPEN faults for all transistors.

CMOS NAND Open results
POP | POP | NOP | NOP
Input | Jf| P{ep | Piiep Nisap | Nssap
AB | X| X X X X
00 |1 1 1 1 1
01 |1, @ 1 1 1
10 |1 1 Q" 1 1
1110 0 0 1 1

X = Output, Q™ = Previous State, (G, S, D = Gate, Source, Drain),
ff = fault free, I* = Indeterminate ( 1.5-2.0Volts),

n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,
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Table 11: Behavior of (M NCR wi th Stuck- (N and Short faul ts between termnal s for all

transistors.

Results for CMOS NOR Stuck-ON and Short between terminals

L e e
ABX1X1|X1| X1 | X1 [X1| X1 | X1 | X1 | X1 |X1|X1 | X1 |X1|X1|X1] X1
00lnln|{ln|0a|0a|0al0a|lln|0a|0a|ln|ln|0Oa|0a|ln|0a|0a
01 0n0n|{0a|0n|0n|{0a|0a|0n|0n|{0a|0a|0n|0n|0On|la|0a|0On
10 0n0a|0n|{0n|0n|0n|{0a|0a|0n|{0n|0n|la|/*a|/0n|0n|0On|0On
11 0n0n|{0n|0n|{0n|{0n|{0n|{0n|0n|0a|0n|0a|0a|0n|0a|0a|0n

X = Output, Q™ = Previous State, (G, S, D = Gate, Source, Drain),
ff = fault free, I* = Indeterminate ( 1.5-2.0Volts),
n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,

Table 12: Behavior of (M NOR with Stuck- OPEN faults for all transistors.

CMOS NOR Open results
POP [ POF | NOP | NOP

OoP oP oP oP
Input | ff | Pisgp | Pisap | Nisep | Nasap

AB | X| X X X X
00 [L| O 0 1 I
01 [0 0 0 0 Q|
100 0 0 Q" 0
11 (0] 0 0 0 0

X = Output, Q™ = Previous State, (G, S, D = Gate, Source, Drain),
ff = fault free, I* = Indeterminate ( 1.5-2.0Volts),
n (Normal Current) = 2e-7 A, a (Abnormal Current) > 2.00e-2 A,
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Figure 18: A (MO NR Gate.

6.3 Physical Failures in TTL NAND and NOR

In this subsection, the response of the TTL NAND and NCR gates are eval uated for hard
failures of the bipolar transistors.

Possible failures considered are SHORTS and OPENS in transistors. The output of the
TTL gate is obtai ned by sinul ating one failure at a tine for all possible OPEN and SHORT
failures for all transistors. (pen (OP) intransistor termmnals (emtter, base & collector) vere
simul ated by connecting a resistance of R>1M inseries with the respective node and short
(SH) were simul ated by connecting a hard short of R<0. 01 between the respective termmnals.

The response of TTL NAND shown in Figure 19 for shorts (SH) between termnals of
transistors is givenin Table 13.

The response of TTL NAND shownin Figure 19 for OPEN betweentermmnal s of transistors
is givenin Table 14.

The response of TTL NOR shown in Figure 20 for shorts (SH) between termnals of
transistors is givenin Table 15.

The response of TTL NOR shown in Figure 20 for OPEN betvween termmnal s of transistors
is givenin Table 16.

7 Comparisonof the three logic families (TTL, CMOS,
BiCMOS)

Summary of faul ty behavior of single and double BJT B (M, (M and TTL NAND and
NQR devices are givenin Tables 17 & 18 respectively. While anal ysis of single and double
BIT B (M NAND devi ces are presentedinsections 4 and 5, anal ysis of B (M(b as well as
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Figure 19: A TTL NAND Gate.

Table 13: Behavior of TTL NAND with short between terminals for all transistors.

TTL NAND Short results

Input SH SH SH SH SH SH SH SH SH SH ‘
P lbe lbe lce 2be 2ce 3be 3be 3ce 4be 4be

ff
AB| X | X [X | X | X | X | X |X|X|X X
1
1
1
0

00 1
01 1
10 1
11 I~

0
0
1
0

OO =D
S| | R
O O =] =
O = D] =
OO OO
OO OO
S| | R
—

SH|ASH|ASH|ASH| NSH | nSH | nSH | pSH | pSH | pSH | pSH
Input| Q3:; | Q5i | @spe |@5ee | DT | D3 | D57 | RYY  R3Y | R | Ry

AB| X X X X X X X X X X X

00 1 1 0 0 1 1 1
01 1 1 0 0 1 1 1 0 1 1 1
10 1 1 0 0 1 1 1 0 1 1 1
11| I” 1 0 0 0 0 0 0 I~ 0 1

X = Output, SH = Short, (e, b, c = Emitter, Base, Collector),
ff = fault free, I* = Indeterminate ( 0.8-2.4Volts),
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Figure 20: A TTL NOR Gate.
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Table 15: Behavior of TTL NOR with short between terminals for all transistors.

TTL NOR Short results

7 i SH|NSH |NSH|NSH |NSH | NSH | SH |NSH |NSH |NSH |NSH |NSH | NSH
npu 1be | Wibe |“Wice |Wabe |Wobe | Wace | W3be | W3be |W3ce |Wabe |Wape | Wace | Wrhe

ff
ABIX[ X [ X [X[X X[ X[ X[ X [X[X[X[X][X
1
0
0
0

00 1 1
01 0 1
10 I~ | I
11 I~ 0

I*

I*

(o) New N aw) New)
OO O =
(o) New N aw) New)
(o) New N aw) New)
(o) New N aw) New)
(o) New N aw) New)
(o) New N aw) New)
OO O =
o

OO O =

IRPUt ff 5bc Sce 6be 6be Gee

AB | X| X X X X X X X X X X X X X
00 |1 1 1 I* 0 1 1 1 1 1 1
01 0] 0O I~ 1 I~ 0 0 0 0 0 I~ 0 0 1
10 0] O I~ 1 I~ 0 0 0 0 0 I~ 0 0 1
11 {0] 0 I~ 1 I~ 0 0 0 0 0 I~ 0 0 1

X = Output, SH = Short, (e, b, c = Emitter, Base, Collector),
ff = fault free, I* = Indeterminate ( 0.8-2.4Volts),

Table 16: Behavior of TTL NCOR with open between termnal s for all transistors.

TTL NOR Open results
Iput| £11Q0F | QOF Q9 Q97 Q9P Q9P (Q9F Q97 Q97 QOF Q%Y Q9P QoF |
AB X X | X X X | X X X X X X | X X | X
00 |1] 0 1 1 1 1 1 1 1 0 0
01 0] O 0 0 0 0 0 1 1 1 0 1 1 0
11070} 0O 1 1 1 1 1 0 0 0 0 0 0 0
1110 0 0 0 0 0 0 0 0 0 0 0 0 0
Input| ff Q" QSS QS |Qg” QS | DY DS | DY | RPT | RYT | RYT | RYT | ROT |
AB X X | X X X | X X X X X X | X X | X
00 |1] O 1 1 1 1 1 1 0 1 0 1 1 1
01 0] O 0 1 1 1 0 0 0 0 0 1 0 0
10 (0] 0 0 1 1 1 0 0 0 1 0 0 0 0
1110 0 0 1 1 1 0 0 0 0 0 0 0 0

X = Output, SH = Short, (e, b, c = Emitter, Base, Collector),
ff = fault free, I* = Indeterminate ( 0.8-2.4Volts),
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Table 17: Summary of faul ty behavior in B (M, (MO and B pol ar (TTL) NAND Gates.

Sitay d BO®, O & TENMDgtes

Type of faulty Behavior B MG B MG M TTL
NAND (S-BIT)|[NAND (D-BIT)] NAND NAND

Falt-free - - — 12(29.27%)
Trkteritete @bt - - - 4(9.76%)
Togic Btee Falts: 18(33.33%) | 10(14.66%) | 16(50%) |25(60.97%)
Stuck-at-0 or 1 10(18. 52%) 2(2.9%) 8(25%) | 25(60.97%)
Sequential Behavior 8(14.81%) 8(11.76%) 8(25%) —
Tday Btale Falts: 10(18.52%) @ 28(41.18%) — —
Qirat Btale Falts: 26(48.15%) | 30(44.12%) | 16(50%)
Logic Testabl e 17(31. 48%) 22(32.35%) |14(43.75% —
Not Logic Testabl e 9(16.67%) 8(11.77%) 2(6.25%) —

MO and TTL NAND & NOR are givenin Section 6. Response of the respective devices is
eval uated for hard failures of the conponents (MO & bipolar transistors and resistors). All
possible failures such as, stuck- (N and stuck- OPEN of transistors, opens and shorts between

termnal s are considered.

FromTables 17 & 18, the conclusions that can be drawn are gi ven bel ow While faults in
TTL devices nani fest either as logic testable or i ndetermnate output, (M devi ces exhi bi t
either as logic testable or current testable faults. 25% of the faults in (MO devi ces nani fest
as stuck-at and 25% as sequential behavior. Qut of the 50% of the faults in (M(Gs NAND
and NCR which nanifest as current testable faults, 43.75% in QM5 NAND and 34.38% in
(MO N(R are logic testable. However, 6% and 16% of the current testable faults in C(M(b
NAND and NOR devices are not logic testable, which neans that onl yhg testing woul d
detect the faul ts ina defini te way. About 26% of the faul ts insingle and double BIT NAND as
vell as NOR devi ces mani fest as current testable faul ts, out of whichalnost 11 to 17% of the
faults are not logic testable and hence, for these faults, mhyndni toring woul d ensure
For D-BIT B (M devices, transistor; §pen fault nanifesting as enhanced

dynamic [ pp current is not included as current testable fault in Tables 17 & 18. However,

detection.

the enhanced dynamc I pp current can be detected usingdpg noni toring techni ques. 18.5%
of the faults in S-BJT NAND & NOR and 28% & 20% of the faults in D-BJT NAND and
NOR are delay fault testable.

Fromt he above summary on the behavior of S-BJT and D- BJT B (MO devi ces vis-a-vis
(MO and TTL devices, i1t can be seen that a major portion of the faults in S-BJT and
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Table 18: Summary of faulty behavior in B (MO, (M5 and H pol ar (TTL) NOR Gates.

Siayd BO® OB & TLLNRgtes
Type of faul ty Behavior B MG B MG M TTL
NOR (S-BIT) NOR (D-BIT) NR NR
Falt-free - - — [14(26.92%)
Titaritte Qpt - - — 7(13.46%)
Togic Btatle Falts: 18(33.33%) | 18(26.47%) | 16(50%) 31(59.62%)
Stuck-at-0or 1 2(3.7%) 2(2.94%) 8(25%) | 31(59.62%)
Sequential Behavior 16(29.63%) | 16(23.53%) 8(25%) —
oy Falt 10(18.52%) | 20(29.41%) — =
Qivat Btae Falts: 26(48.15%) | 30(44.12%) | 16(50%) —
Logic Testable 20(37.04%) | 20(32.35%) |11(34.38% —
Not Logic Testable 6(11.11%) | 10(14.71%) | 5(15.62%) —

D-BJT devices nani fest either as current testable fault or as del ay testable fault. This nakes
Ippg testing as well as delay testing nethodol ogies inportant for B (M(h devices. Crrent
noni toring techni ques [2324 10 can be used to detect such faults. A schene for current
noni toring (pg) for BCMOb devices is presentedin [R5 In addition to current testable
faults, B (MO devices exhibit delay testable faults too. Hence, the strategy for B C(M(»
devices are much nore conplicated than (M(b and TTL devices. Testability and testing

issues in B M(@b are addressed in the next section.

8 Testahility of BiCMOS Devices

In 5-BJT and D-BJT B (M devices, apart fromsequential behavior, current testable as
vwell as delay testable faults are present.

Stuck- N faults in B (M(bdevices result ineither sane 1 ogiclevel as faul t-free or di flerent
logiclevel fromthat of fault-free. Inall cases, enhpngeddsul ts due toa direct pathfrom
Vop to Vas(Gnd). Hence, current testingpply noni toring) techniques can be inplenented
to detect such failures. When the logic level under faulty conditions are different fromthat of
fault-free, logic noni toring as well as current testing will detect the fault. However, when the
logic level under faulty conditions is the sane as fault-free, current testing alone can detect
the faul t.

Stuck- OPEN faults in B (MO devi ces can exhi bit sequential behavior or delay fault [9
10, 11, 25 . Detection of suchsequential behavior due tos-OPEN faults in (M(B requires two

35



Figure 21: Proposed testable design for testable B CM(b gate using (a) pMOB DFT transis-
tors, (b) nM® DFT transistors
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patterntests instead of asingle pattern2f6 27 28 . The first patternis appliedtoinitialize
the output of the gate and the second pattern to detect the fault,[28. For detection

of an s-OPEN fault in the p-part(n-part), the first pattern sets the output to logic ZERO
(logic ONE). The second pattern then attenpts to provide a l ow resistance path between the
output and the pover-supply (ground) through the faulty transistor. To avoidinvalidation of
tests in the presence of timng skews, robust two-pattern tests have been suggested. In such
robust sequences, the Hanmng di stance between the initialization pattern and the second
test patternis kept at unity [332 33, so as to avoid the possible internediate state.

Stuck- OPEN failures inn-part(1) in both S-BJIT and D- BI'T NAND devi ces nanifest as
delay faults. Test generation for detection of delay faults are nore difficult. (he nethod of
detecting faul ts nmanifesting as sequential behavior is by appl ying two pattern tests or multi-
pattern sequences. A Design for Testability (DFT) techni qlieha36been devel oped for
detection of suchfaults inS-BJT circuits. The DFT schene devel oped uses only 2 addi tional
transistors and only a single vector instead of the two or multi-pattern sequences to detect
stuck- OPEN failures in the presence of timng skews/delays, glitches or charge sharing anong
internal nodes. The Designfor Testabilityscheng B3436 devel opedavoi ds the requi renent
of generating tests for detection of delayfaults.

The testable design schene allows testing the n-parts and the conbination of p-part &
bi pol ar separately, thus facilitating the use of a single test vector to detect a s- OPEN fault.
Instead of forcing the output to a hi gh-inpedance state totest for s- OPEN sequenti al behavi or
or delay fault, the output node is connected to the power suppl y(ground) during the testing
of n-parts (p-part & bipolar) through a resistance that is significantly higher than the ON
resistances of the n- or p-parts.

Since the n-parts and the conbination of p-part & bipolar are conplenentary to each
other, when a vector turns the n-part N, the conbination of p-part & bipolar are turned
OFF and vi ce-versa. The proposed testable design uses two transistors (DFT or Design for
Testability transistors), either two pM(b transistors or two nM(B transistors can be used as
shown in Figures 21(a),(b). GChe of the transistors is connected to the (MO output of the
B QM (b devi ce (base of bipol ar transistor) and the other to the output of the B CM(S devi ce
(emtter of the bipolar transistor). The switchingof these pass transistors are controlled by an
external signal fand the val ue passedis provided externally by the signal. (Two external
control signals ((& C;) and two p- or n-transistors are usedin the proposed design as shown
in Figures 21(a) & (b).

The extra transistors provide a static load at the output. The dinensions of the extra
transistors shoul d be chosen such that the ON resistance of the transistors are considerably

hi gher than the ON resistances of the p-part as well as the n-parts. With the use of pM(b
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Table 19: Summary of input vectors needed under nornal and test conditions.

Siay
Mode pM b nM b
DFT TransistorDFT Transistors
C, Cy C, Cy
Normal (peration 1 X 0X
Testing n-parts 01 11
Testing p-part 00 10

transistor, for exanple, when &0, the gate is essentially transforned to a pseudo nMGs
gate [22. Therefore, the standard rules in designing pseudo nM(B (pseudo pM(B) type
structures can be used to determne the size of the extra transistors. In general, a mninum
size transistor, whichoffers a resistance of about 5-6 tines that of the ON resistance of the p-
or n-parts are sufficient to provide the correct vol tage levels.

Tabl e 19 sunmari zes t he i nput vectors needed under nornal and test nodes wi th pMOb/nM (b
transistors as DFT transistors. The test vector for detection of stuck-open fault ineither of
the n-parts is £C=11(01) with nMG(pM®) DFT transistors, and a Zero Vertex (0Vx)
covering the interested nM(b transistor. Zero Vertex 0Vx((he Vertex 1Vx) is an input vec-
tor to a logic gate, which produces an output logic value Zero(Che) in the fault-free gate.
The OVx will turn the p-part and the B pol ar (OFF. Therefore, both parts of the augnented
gate will appear as pull down n-part(1) & (2) and pull-upT o Tpa, T2). If s- OPEN faul t
is present inn-part(2), it will cause a high-resistance path between the output and ground
resul ting inlogic ONE(1) at the output. If ans-OPEN fault is present inn-part(1l), it will
cause a hi gh-resistance path betveen the base of the bipolar transistor and ground. With the
application of 0Vx and with the DFT transistors nMO5(pMOB) turned ON, the base of the
bi pol ar transistor woul d be &5V due to the s- OPEN fault inn-part (1) whichturns the bipol ar
transistor ON. OVx turns the n-part(2) ON but due to the wired- OR property [ 1€xhi bi ted
by the S-BJT device, resulting output is logic ONE(1). Hence, the output will appear to
be logic ONE(1) for both n-part(1) as well as n-part(2) s- OPEN failures. If the fault is not
present, OVx will provide a lowresistance path frombi polar transistor base to ground and
output to ground. As the ON resistance of ;i Toa( 11,1, 9) is considerably higher than the
(N resistance of the n-part, the output will appear as logic ZER(0). Therefore, asingle test
vector will detect the fault.

Simlarly, consider ans-OPEN fault inthe p-part. The test vector for this faull = C
10(00) wi thnMO(pMB) DFT transistors, and a ONE Vertex (1Vx), coveringthe interested
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pMO transistor. The IVx will turn the n-parts(1) & (2) OFF causing pull up p-part, bipol ar
transistor and pull down 'y, 7o o Tp1, Tpa). If an s- OPEN fault is present inthe p-part, it will
cause a high resistance path between the base of the bipolar transistor amd.VWith the
application of 1Vx and with the DFT transistors nMG(pM®s) turned ON, the base and
emtter nodes of the bipolar transistor would be ~0V leading to logic ‘0 at the output. If
the base, emtter or collector nodes of the bipolar transistor is open, with the application of
IVx and wi th the DFT transistors nMG(pM®) turned ON, the output results inlogic ‘0.

If the fault is not present 1Vx will provide lowresistance path frombi pol ar transistor base
and out put to Vpp. As the ON resistance of 4, To( 751, Tp2) is considerably higher than the

(N resistance of the p-part, the output will appear as logic ONE(1). Therefore, asingle test
vector will detect the fault.

9 Corxluiors

Physical failures causing transistor stuck- OPEN in Single BIT and Doubl e BI'T B (M(b de-
vices vere examned. In additionto sequential behavior observedin (M(b devices, B (M(b
devices also exhibit delay faults. Sone of the stuck-ON faults can be detected by observing
vol tage level, however, power supply current fgy) nonitoring woul d definitely detect the
fault. A stuck-OPEN faults in double BJ'T B (M(b devi ce exhi bi ting enhanced dynam b
current was presented. Faul ty behavior of the three different famlies, nanely, TTL, (MG
and B (M vere conpared to bring out the testability diflerences between the three logic
famlies. Since nany stuck- OPEN faults nanifest as delay faults, this failure needs to be con-

sidered as an inportant criteria for testing/test generation of B (M5 devices. Testability
of both Single BJT and Double BIT B (M devi ces vere discussed.
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