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Fig. 12-Alternative representation for the summation in the output spectrum of a 
time-compressed signal. 

We note that the term 

L X(fx - € + K) exp[j21Tt(fx - € + K)] (50) 
K 

is a Fourier series with a period of unity. Denoting this Fourier series 
by i(t), we see that 

i(t) = exp[j21Tt(fx - E)] L X(f" - € + K) exp(j21TKt) 
K 

= L x(t - k) exp[j21Tk(fx - E)], (51) 
k 

which is a complicated summation of various time- and phase-shifted 
versions of x(t). 

We now extend our previous results to a limited case applicable to 
Refs. 5, 6. Consider the special case where a is an integer, denoted by 
N. We take the time-compressed waveform y(t) in Fig. 2, time shift it 
by iT/N (i = 0 to N - 1) and add all N waveforms together. The 
resultant waveform has no blank time interval and is basically a 
staggering of N time compressedy(t) which we have considered so far. 
This can be written as 

N-l ( 'T) 
z (t) = �i�~� Y t - �~� , N ?:. 2. (52) 

Its Fourier transform is 

N-l ( 'T) 
Z(f) = Y(f) �i�~�O� exp �-�j�2�1�T�f�~� 

= Y(f) 1 - exp(-j21TfT) 

1- exp ( -j2'1!{ �~�)� , 

(53) 
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where Y(f) is the Fourier transform of y(t). The magnitude of the 
second complex factor is 

1 - exp(-j27TfT) 

1 - exp ( -J27Tt ~) 
1 - cos 27TfT 

1 - Cos( 27Tt ~) . 
(54) 

The above term vanishes whenever only the numerator vanishes, and 
is nonzero when both numerator and denominator vanish simultane­
ously. This means that the above term is zero when 

k 
f = T' (k = integer), 

except at those points where 

N 
f=k­

T 

(55) 

(56) 

holds. Therefore, one may infer that the frequency resolution in this 
case is NIT as compared to liT in the single y(t) case. 
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The application of transmission cathodoluminescence (TCL) in eval­
uating the quality of luminescing materials is reviewed. This scan­
ning electron microscope technique is particularly useful in imaging 
localized nonuniformities, such as dislocations and inclusions, in 
semiconductors. Understanding and analyzing such material defects 
are of practical importance since they greatly affect device perform­
ance and lifetime. After a detailed description of TCL, the advantages 
of this technique in comparison to defect etching, cathodolumines­
cence imaging, and electron beam-induced current (EBIC) is pre­
sented. Since TeL is simple to perform, this technique can be used to 
evaluate and monitor material growth and device processing proce­
dures. Although TCL may be applied to any luminescing material, this 
paper demonstrates its usefulness for the GaAs/GaAlAs and InP/ 
InGaAsP materials systems which provide most sources and detectors 
for optical communication. 

I. INTRODUCTION 

Diode lasers, light-emitting diodes (LEDS), and photodlodes are 
integral components of the current lightwave transmission systems. 
These devices are mainly based on the III-V materials systems, e.g., 
GaAs/GaAIAs and InP /InGaAsP. Both material and device develop­
ment are recent, relative to the highly developed Si-based technology. 
Material defect analysis is required to evaluate and monitor material 
growth and device processing procedures, especially during the early 
stages of development. 

The performance and reliability of optoelectronic devices are deter­
mined by the quality of materials and fabrication processes. Threading 
dislocations have been shown to increase the leakage current of both 
InP and GaAs photodiodes;1,2 these dislocations are also sources of 
micro plasmas in avalanche photodiodes.3

-
5 The quantum efficiency of 

GaP and GaAIAs:Si LEDS is strongly dependent on the dislocation 
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density.6,7 Threading dislocations and inclusions are known sources of 
dark line and dark spot defects in degraded LEDS and solid-state lasers 
fabricated from the GaAs/GaAIAs and InP /lnGaAsP materials sys­
tems.8

-
12 Finally, stresses from dielectric coatings are known to induce 

defects and accelerate device degradation.12
,13 

Characterization techniques are required to assess the effects of 
growth and processing procedures on material or device quality. Be­
cause of the variety of defects, materials, and devices, a number of 
characterization techniques have been developed. These techniques 
are listed and compared in Table I. 

The purpose of this paper is to review the most recently developed 
technique of transmission cathodoluminescence (TeL) and to compare 
it with other defect analysis techniques currently in use. 10

,14-23 Trans­
mission cathodoluminescence is performed on a scanning electron 
microscope (SEM); the magnification and depth of field available in an 
SEM are exploited. 

1. 1 Defect analysis techniques 

The technique with the highest magnification and resolution, trans­
mission electron microscopy (TEM), reveals the nature and origin of 

Table I-Comparison of various characterization techniques 
Technique 

IR microscopy 

Scanning photoluminescence 

Scanning photocurrent 

CL 

EBIC 

TCL 

Defect etching 

X-ray topography 

TEM 

Disadvantages 

Low resolution 
Dependent on detector sensitivity 

Requires removal of contact layer 
Dependent on detector sensitivity 
Difficult to identify features because of lack of an 

optical image 

Requires p-n junction or Schottky barrier 
Requires electrical contacts 
Difficult to identify features because of lack of an 

optical image 

Requires removal of contact layer 
Dependent on detector sensitivity 

Requires p-n junction or Schottky barrier 
Requires electrical contacts 

Dependent on detector sensitivity 

Material, orientation, dopant, and etch dependent 
Destructive 

Low resolution 
Slow 
Restricted to relatively small samples 

Difficult sample preparation 
Destructive 
Small volume of material probed 
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material defects. However, it cannot be used routinely for screening 
defective materials because it is destructive, the sample preparation is 
very difficult, and the volume of material probed is small relative to 
device dimensions. X-ray topography is relatively slow, has limited 
resolution, and is limited to small samples because of internal stresses 
generally associated with device wafers.24

,25 The evaluation of wafers 
by electron beam-induced current (EBIC) scan, cathodoluminescence 
(CL) scan, photoluminescence (PL) scan, photo current scan, and in­
frared microscopy have also been reported.9

,26-32 The electron excita­
tion techniques-EBlc and CL scan-are more useful in comparison to 
the conceptually similar photoexcitation techniques, i.e. photo current 
and PL scan, because of the availability of an exactly corresponding 
secondary-electron (SE) image to isolate surface details. Even when 
this disadvantage is overcome by careful experimental design, dislo­
cations which are responsible for poor device performance and relia­
bility cannot be readily imaged using these techniques, although some 
specific examples may be found. For example, dark spots in CL images 
have been identified to be dislocations only for the case of GaP, GaAs, 
and CdTe.6

,33-35 Additionally, it is difficult to observe dislocations in 
GaAs:Se.27 Moreover, dislocations have not been imaged in GaAs:Si. 

Etching is the simplest and, thus, the most widely used method for 
revealing defects. Once the identity of etch features has been estab­
lished, evaluation of material quality by etching is relatively fast. 
Additionally, etching has sufficient resolution to reveal a defect density 
as high as -107 cm-2

• However, aside from being destructive, etching· 
is material, material orientation, and dopant dependent. For example, 
the KOH etch readily reveals dislocations on the {100} and {Ill} 
surfaces of GaAS.36

,37 However, it cannot be used for the {110} surface 
which is the cleavage plane and, thus, forms the mirror faces of solid­
state lasers. Huber etch works well for the {100} surface of InP but 
not for the {110} surface.38 The A-B etch reveals dislocations on the 
{Ill} surface of InGaAsP, but no etch has been developed for the 
technologically important {100} surface.39

,40 To estimate dislocation 
densities of InGaAsP layers in a device structure, the InP confining 
layers had to be etched.40 Finally, the R-C and A-B etchants are 
successful for the {Ill} B face of GaP but cannot be used for other 
orientations.39,41,42 

The interpretation of etch patterns is often difficult even with known 
defect etchants.21 Figure 1 shows the response of an InP crystal to four 
different etchants reported to reveal dislocations: (a) Huber etch, (b) 
6:6:1, (c) RRE, and (d) modified A-B etch.38

,43-45 The sample is the 
{100} surface of a crystal doped with Sn to 2 X 1018 cm-3 and is a 
typical substrate for device wafers. A brief comparison shows large 
differences in these etch patterns. Dislocation and saucer pits are well 
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(a) (b) 

0.1 mm 
(c) (d) 

Fig. I-Optical micrographs showing the response of InP:Sn to different etchants: (a) 
Huber etch, (b) 6:6:1, (c) RRE, and (d) the modified A-B etch. D, S, and P refer to 
dislocation pit, saucer pit, and protrusions, respectively. 

delineated with the Huber etch but are not discernible with the 
modified A-B etch. On the other hand, growth striations, which are 
periodic variations in impurity concentration, are particularly well 
defined after A-B etching. The etch patterns of the other two etches 
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are in between that of the Huber and modified A-B etches. Therefore, 
the use of an etchant to reveal defects is often unreliable. 

Transmission cathodoluminescence reveals defects as dark spots, 
similar to the CL and EBIC techniques. 14 The characteristic images of 
dislocations have been identified by a one-to-one correspondence with 
a known dislocation etchant.14

,15 Dislocations are roughly the same size 
and have a comma shape. The comma shape is due to the dislocation 
intersecting the surface of the sample at an oblique angle. Inclusions 
whose contrast is due to nongeneration of CL radiation have random 
shapes and sizes. The improved collection efficiency and measurement 
geometry of TCL in comparison to CL allows defects to be readily 
imaged in many more materials. The materials to which TCL has been 
applied is listed in Table II. 

II. EXPERIMENTAL 

2. 1 Transmission cathodoluminescence technique 

A schematic of the TCL technique is shown in Fig. 2. Transmission 
cathodoluminescence is accomplished by placing a light detector un­
derneath a sample. The CL radiation generated on the top surface 
provides illumination which is transmitted through the sample and 
detected on the opposite side. Both sides of the sample must be 
optically smooth to reduce surface artifacts in TCL images. The TCL 

method has an efficient light collection geometry and no modification 
of the SEM is required. On the other hand, additional optics are 
required in the CL technique to guide the CL to an external detector. In 
Fig. 2, surface defects with their lower CL efficiency are detected as a 
decrease in CL radiation transmitted through the sample. Volume 
defects, i.e. defects which lie beneath the electron-hole (e-h) excitation 

Table II-Different substrates and device wafers examined by TCl 

Impurity 
striations 

Dislocations; 
defects 

Degradation 

GaAs/GaAIAs 

GaAs:Te 
GaAs:Si 

GaAs:Te 
GaAs:Si 
GaAlAJ>:Si LED wafer 
GaAs/'GaAlAs LED wafer 
GaAs/GaPJAs laser wafer 

GaAlAs:Si optoisolator LED 
GaAlAs data link LED 

InP:S 
InP:Se 
InP:Te 
InP:Sn 
InP:Zn 

InP:S 
InP:Se 
InP:Te 
InP:Sn 
InP:Zn 
InGaAsP 

InP /InGaAsP 

InP /InGaAsP LED wafer 
InP /IriGaAsP laser wafer 

InP /InGaAsP transmission LED 
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Fig. 2-Schematic of TeL measurement. Both surface and volume defects are detected 
by the solid-state detector as a decrease in luminescent radiation. The surface defect 
has a lower luminescing efficiency and the volume defect shadows the dector from the 
luminescing surface. 

volume of the electron beam, are detected by their interaction with 
the surface-generated CL radiation passing through the sample to the 
detector below. A void in the sample volume will increase light trans­
mission because of reduced absorption. A volume defect will decrease 
light transmission because of increased absorption or scattering. Using 
this method, defects deep within a thick sample can be observed. 
Although the transparency of a sample to its own CL radiation is 
material dependent, in the following we give TCL data on samples 
whose thickness is comparable to that of substrates and device wafers. 

2.2 Experimental consideration 

The data given was obtained with an ETEC Corporation autoscan 
SEM, but any SEM with similar capabilities may be used.46 Two solid­
state detectors were used for the TCL measurements, depending on the 
spectral region of interest. For wavelengths less than -1.0 /lm, a silicon 
photodiode was used; for wavelengths shorter than -1.6 /lm, a germa­
nium photo diode was selected. These detectors have low noise equiv­
alent power (NEP), fast response at zero bias, and output linearity with 
light input. The performance specifications of the photodiodes are 
listed in Table III. 

For typical SEM parameters of 20 ke V and 10-7 A for the electron 

2192 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1981 



Table III-Characteristics of photodiodes used in Tel experiments 

Active area 
NEP 
Responsivity 

Silicon Photo diode 

0.20 cm2 

8 X 10-13 W/JHz@ 850 nm 
0.35 A/W @ 850 nm 

Germanium Photodiode 

0.20 cm2 

6 X 10- 11 W /JHz @ 1300 nm 
0.22 A/W @ 1300 nm 

beam, the luminescent power radiated by the sample is approximately 
10-5W, assuming a CL conversion efficiency of 10-2

• This conversion 
efficiency is typical of GaAs but is lower for other materials.47 Most of 
this radiation is collected by the detector in the TCL configuration 
since it is placed 2-3 mm from the luminescing source. The solid angle 
subtended by the photodiode in the TCL geometry is -7[, whereas the 
collection angle in the usual CL mode is -10-2

7[. 

Since the silicon and germanium diodes have an NEP of 10-12 W / 
JHz and 10-10 W /.Jlh, respectively, the detectors are capable of sens­
ing 10- lOW and 10-8W, respectively, of TCL power at a bandwidth of 
105 Hz required for SEM imaging. Approximately two orders of mag­
nitude greater power is required to easily image material defects 
without the use of difficult noise reduction techniques such as lock-in 
amplification coupled with beam blanking. This power is readily avail­
able from the materials listed in Table II. 

2.3 Resolution 

The resolution of the TCL technique is limited by the type of defect 
observed. The contrast from dislocations is due to nonradiative recom­
bination; therefore, it is limited by the minority carrier diffusion length. 
The contrast at inclusions is due mainly to nongeneration of CL, and 
the resolution of these defects is limited by the electron beam condi­
tions as in SE imaging. Finally, volume defects can be resolved to 
roughly the CL emission wavelength since the defect is effectively 
observed by optical means. 

Figure 3 shows an example of two different defects appearing in the 
same InP:S sample. The large dark spots are due to dislocations 
intersecting the surface, whereas the much smaller dark spots are 
inclusions located within an e-h excitation volume of the surface. The 
identification of defects using TCL will be discussed in Section 2.4. The 
dislocation image is large because of the large minority carrier diffusion 
length. By imaging these dislocations, the minority carrier diffusion 
length is readily estimated in this sample to be -5 /lm. The images of 
inclusions show that defects as small as 1-2 /lm can be imaged under 
the beam conditions of 20 ke V and 10-7 A. 

Figure 4 is an example of a volume defect imaged by TCL. Figure 4a 
is the SE image of an unusual feature appearing in an InP /InGaAsP 
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• 
10 fLm 

Fig. 3-Transmission cathodoluminescence image of heavily S-doped InP substrate. 
The large and small dark spots are dislocations and inclusions, respectively. 

wafer. A CL picture of the same region, Fig. 4b, shows the area to be 
nonluminescent. It is only the TCL image, Fig. 4c, that explains the 
origin of this dark area. One can clearly see a bright spot in the center 
of the dark region associated with a void in the epitaxial layers. Since 
the void does not appear in the CL image, it lies below the e-h excitation 
volume. 

2.4 Interpretation of TeL images 

In general, defects appear as dark spots in a TCL image. To interpret 
images, dark spots must be identified. For the CL technique, dark spots 
in images of GaAs:Te, GaP, and CdTe were identified to be dislocations 
by demonstrating an exact one-to-one correspondence between these 
dark spots and dislocations revealed as etch pits produced by a known 
defect etchant.6

,23,34,35 We have followed this procedure for the TCL 

technique and applied it to GaAlAs:Si, GaAs:Te, InP:Te, and InP: 
S.14,15 

Two methods were used to show that dark spots observed in a TCL 
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r---i r---i 
lOOp.m lOOp.m 

(a) (b) 

VOID 

r---i 
lOOp.m 

(c) 

Fig. 4-(a) Secondary electron image of a surface feature on an InP /InGaAsP wafer. 
(b) Cathodoluminescence image of the region shown in (a). The dark circular region 
shows that the surface feature is nonluminescent. (c) Transmission cathodoluminescence 
image of the region shown in (a). The bright dot in the center of the dark area is a void. 

image represent grown-in dislocations. In the first method, a TCL image 
of a sample was taken prior to etching to reveal dislocations. By 
comparison of the etch pattern with the TCL image of the same region, 
an exact one-to-one correspondence was established. In the second 
method, a {lOO} wafer was etched to reveal dislocations as .etch pits. 
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Subsequently, the samples were cleaved along the {110} cleavage 
planes. By examining with TCL the {110} surface where it intersects an 
etch pit, a dark region immediately below each pit was found. Thus, 
each dislocation intersecting the {100} surface corresponds to a dark 
spot in a TCL image. The technique of first etching the surface and 
then showing dark spots at dislocation pits is not useful since surface 
features always appear in either a CL or TCL image. 

In Fig. 5a, a TCL image of a Si-doped Gal-xAlxAs layer grown by 
liquid phase epitaxy (LPE) on a {100} oriented GaAs substrate is 
shown.48 The aluminum concentration varies from x = 0.00 on the top 
surface to x =, 0.30 at the substrate-epitaxial layer interface. This 
gradient occurs over a thickness of -250 /lm. The sample has been 
bromine-methanol polished to produce smooth, damage-free surfaces. 
Only dust particles are observed on the top GaAlAs surface when 
examined by SE imaging and no features could be seen in normal CL 

using an Sl photomultiplier. This observation is in agreement with 
previous measurements on similar material.7 However, when examined 
by TCL, a number of randomly distributed dark spots appear. The size 
of these dark spots varies from 5 to 10 /lm. At high magnification, their 
shape closely resembles commas; that is, the central dark region is 
connected with a fainter tail. The average density of these dark spots 
is approximately 2 X 104 cm-2

• 

Figure 5b shows the SE image of the region shown in Fig. 5a. The 

(100) (100) 

. .. 
t 

H H 
10 fLm 

(a) (b) 

Fig. 5-Transmission cathodoluminescence image of a GaAlAs:Si epitaxial layer 
grown on {100} GaAs substrate. The dislocations appear as dark spots approximately 10 
p.m in diameter. (b) Secondary electron image of the area shown in (a) after 30 min in 
300°C KOH etchant. The circles surround the small (1- to 2-p.m diameter) dislocation 
pits. The squares surround the large (5 to 10 p.m) dislocation pits. 

2196 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1981 



sample has been etched in molten KOH at 300°C for 30 min to reveal 
dislocations. The dislocation pits in {100} GaAIAs, as revealed by this 
etchant, are hexagonal in shape and terminate in a central point.36 

Two distinct dislocation pit sizes are observed independent of etching 
time. The pit size has been related to the dislocation inclination.24 A 
careful comparison of Figs. 5a and 5b shows a one-to-one correspond­
ence between the large (5- to 10-lLm diameter) dislocation pits sur­
rounded by a square in the figure and the TCL dark spots. In addition, 
apparently similar TCL spots also correspond to the small (1- to 2-lLm 
diameter) dislocation pits surrounded by a circle. 

Figure 6a is a TCL image of aTe-doped InP crystal. The vertical 
unevenly spaced lines are the impurity-induced growth striations. 
Their contrast is due to the dependence of the CL efficiency on doping 
density and not due to unresolved defects.49 The dark band on the left 
of the figure is a scratch intentionally introduced to specify the 
location. Neither the striations nor the dark spots indicated by letters 
A through D are apparent on either a CL or an SE image. At higher 
magnifications, the dark spots have comma shapes as was found for 
the GaAlAs:Si sample in Fig. 5. The feature indicated by an arrow is 
a dust particle which appears also in the SE image. 

Figure 6b is a N omarski optical photograph of the region shown in 
Fig. 6a after Huber etching to reveal dislocations. The magnification 
of Figs. 6a and 6b are slightly different. The four dislocation pits are 
labeled A through D for their corresponding TCL dark spot; an exact 
correspondence between dark spots and dislocation pits is found by 
comparing Figs. 6a and 6b. As compared to the freshly etched surface 
of Fig. la, Huber etching followed by TCL scanning produces a fairly 
poor surface. In addition, the growth striations are not clearly revealed. 
It is believed that carbon deposition during the TCL examination 
interferes with the etching process. The carbon is due to electron­
beam decomposition of residual organics within the sample chamber. 
Etch pit D is somewhat obscure because the carbon film deposited 
over that area was twice as thick, a result of overlapping scan regions. 

Figure 7a shows an SE image of the cleaved {l10} surface of an InP: 
S sample after Huber etching and cleaving. Several dislocation pits 
produced on the {100} surface are intersected. A TCL scan of the 
corresponding area is shown in Fig. 7b. A dark region extending into 
the sample beneath each pit is observed, indicating that the pit 
corresponds to a dark spot on a TCL image of the {100} surface. Since 
the dark regions do not extend further into the crystal, the observed 
images could be due to portions of dislocation loops. 

The above examples of correspondence between etch features and 
TCL images brings out several advantages of TCL over etching. First, 
TCL can be applied to any crystal face, whereas defect etchants are 
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100 JLm 

(a) 

100 JLm 

(b) 

Fig. 6-(a) Transmission cathodoluminescence image of {IOO} surface of InP:Te. (b) 
Secondary electron image of the area shown in (a) after Huber etching to reveal 
dislocations. Corresponding features in (a) and (b) are labeled A through D. 
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(a) 

ETCH 
PITS 

ETCH 
PITS 

Fig. 7-(a) Secondary electron image of {llO} surface ofInP:S. Several etch pits on 
the {lOO} surface produced by Huber etching are intersected on the right-hand edge of 
the sample. (b) Transmission cathodoluminescence image of area shown in (a) displaying 
a dark region below each etch pit. 
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extremely orientation sensitive. Neither the KOH nor the Huber etch 
reveals defects on the {110} surfaces used as light-emission facets for 
lasers. Secondly, a defect etchant must be developed for each semicon­
ductor, whereas TCL requires, at most, a change in detectors to accom­
modate the spectral range. Additionally, the development of a defect 
etchant is difficult and time consuming. Finally, etching is extremely 
sensitive to the surface preparation. The etchant may not work 
properly if the surface has been contaminated. 

III. SUBSTRATESjEPILAYERS 

The common substrates used for optoelectronic devices are GaP, 
GaAs, InP, and GaSb. Since good photo detectors at 1.6 p.m are una­
vailable, dislocations in GaSb have not been imaged by any lumines­
cence technique. In the case of GaP, dislocations appear readily under 
examination by CL or TCL. Using CL, however, dislocations in GaAs are 
readily imaged only for the case of Te doping; dislocations in GaAs:Se 
are difficult to image and have not been imaged in GaAs:Si.27 Finally, 
dislocations in InP have not been observed for any dopant with CL 

scanning. However, using TCL, dislocations are easily observed for the 
commonly available GaAs and InP substrates. 1O

,14,15 These materials 
are listed in Table II. We will demonstrate the usefulness of the TCL 

technique on selected GaAs and InP substrates. 

3. 1 GaAs substrates 

Figures 8a and 8b are, respectively, the SE and TCL images of a 375-
p.m-thick GaAs:Si substrate commonly used for the growth of LED and 
laser wafers. The white spot in the upper right of Fig. 8a is a dirt 
particle that appears dark in the TCL image; the dirt particle effectively 
blocks the electron beam from the semiconductor and prevents CL 

generation. The remaining comma-shaped dark spots with no corre­
sponding features in the SE image are due to dislocations intersecting 
the surface at an oblique angle; the direction of the tail indicates the 
sense of inclination. This TCL image is typical of GaAs substrates 
grown by the gradient freeze technique; growth striations show weak 
contrast and are rarely observed. The dislocation image is unchanged 
when the dopant is changed from silicon to tellurium, another standard 
dopant for GaAs substrates. 

3.2 InP substrates j epilayers 

The recent work of Seki et al. has demonstrated that the macro­
scopic perfection of InP crystals grown by the liquid encapsulated 
Czochralski (LEC) technique can be improved by heavy doping.5o

,51 The 
order of effectiveness in reducing the dislocation density is Zn, S, and 
Te. It is of considerable technological interest to assess whether or not 
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(100) (100) 

H H 
10 p,m 10 p,m 

(a) (b) 

Fig. 8-(a) Secondary electron image of the {IOO} surface of a GaAs:Si substrate. The 
white spot on the upper right is a dirt particle. (b) Transmission cathodoluminescence 
image of the area shown in (a) displaying four dislocations. The diameter of the 
dislocation image is approximately twice the minority carrier diffusion length. 

the macroscopic perfection of such highly doped substrates can be 
replicated into isoepitaxial layers grown by LPE. This is especially 
important since it was shown by Mahajan et al. that although heavy 
zinc doping reduces the dislocation density, a high density of Zn related 
precipitates results.20 Similar effects have also been found for heavy 
Ge doping of InP. 52 Although individual precipitates, which are -675 
A in dimension, cannot be resolved using TCL, precipitate clusters can 
be imaged.20 Transmission cathodoluminescence imaging in this ex­
ample is important since neither the precipitates nor their clusters 
show enough strain contrast to be observed either in X-ray topography 
or in Huber etching.20 

TEM is required for a detailed study, but TCL is 
useful for a simple, macroscopic investigation. 

To facilitate the location of corresponding areas of substrate and 
epilayers in the TCL study,23 a pattern was produced on one side of the 
wafers by evaporating gold through a shadow mask. This pattern may 
be observed irrespective of which side is excited with the electron 
beam. A similar CL or EBIC study would not be easy since corresponding 
areas of a wafer on opposite sides are difficult to locate in these 
techniques. In the TCL study, each side of the wafers is examined with 
the electron beam since maximum contrast and resolution of defects 
are obtained when the defects lie within the e-h excitation volume. 

As ascertained by etch pitting, the quality of epilayers grown on the 
Zn-doped substrates was satisfactory and compared well with that of 
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the substrate.23 Occasionally, etch pits in the form of clusters were 
observed. The TCL study, however, revealed additional features within 
the epilayers. These results are presented in Fig. 9. Figure 9a is the SE 

image of the lO-Jlm-thick InP:Sn epitaxial layer. This epilayer is a 
typical buffer layer used in device wafers. The small white features are 
indium-rich beads caused by localized surface decomposition. The 
beads appear as dark spots in the TCL image of Fig. 9b. In addition, 
however, a high density of light grey circular areas, whose origin at 

100p.m 100p.m 

(a) (b) 

100p.m 

(c) 

Fig.9-(a) Secondary electron image of a lO-,um-thick InP:Sn epitaxial layer. (b) 
Transmission cathodoluminescence image of region shown in (a). (c) Transmission 
cathodoluminescence image of the underlying InP:Zn substrate. 
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Fig. lO-(a) Secondary electron image of a lO-/Lm-thick InP:Sn epitaxial layer. (b) 
Transmission cathodoluminescence image of region shown in (a). (c) Transmission 
cathodoluminescence image of the underlying InP:S substrate. 

present is uncertain, is apparent. These defects are likely related to 
the precipitates within the substrate, although corresponding features 
are not present in the substrate of Fig. 9c. Only growth striations and 
two defects are observed in the substrate. The dark border in Figs. 9b 
and 9c is due to the gold mask evaporated on the substrate side. A 
mirror inversion about a horizontal axis is required to exactly compare 
the image of the substrate with that of the epilayer. 

Figure 10 shows images of a 10-f!m-thick InP:Sn layer grown on a 
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heavily S-doped substrate. Figure lOa shows the SE image of the 
epilayer surface. The indium-rich beads on the surface are again 
evident. Figure lOb demonstrates that this portion of the epilayer is 
dislocation free and correlates very well with the quality of the sub­
strate as illustrated in Fig. IOc. Nearly horizontal light and dark bands 
are growth striations, and darker regions on some of these bands may 
represent local dopant variations. 

As a result of these studies, it was confIrmed that macroscopically 
dislocation free InP may be obtained by heavy Zn or S doping. 
However, defect-free isoepitaxiallayers may be grown only on the S­
doped substrates. The defects in the epilayers on InP:Zn are probably 
a result of precipitates within the substrate. These precipitates have 
been observed by TEM in low-dislocation InP:Zn but not InP:S. There­
fore, it is recommended that InP:S crystals having low-dislocation 
density be used as substrates for the growth of device wafers. 

3.3 InGaAsP epitaxial layers 

For InGaAsP layers whose bandgap corresponds to 1.3 /Lm, the Si 
photodetector normally used to detect transmitted CL was replaced 
with the Ge photodiode. Although CL radiation transmitted through 
the sample was detected by the Si diode in all cases, defects appeared 
for most of the InGaAsP samples studied only in the TCL image 
obtained with the Ge detector. Apparently, for these samples, the 
defects affected the CL emission and optical properties in the spectral 
region beyond the Si bandgap, i.e. wavelengths longer than 0.9 /Lm. 

Figure 11 shows an SE and TCL image of' a 2-/Lm-thick n-type, 
nominally undoped, InGaAsP epilayer grown on a 15-mil-thick, {Ill} 
oriented InP substrate. This TCL image was obtained using the Ge 
photodiode. The InP substrate does not contribute to the TCL image 
since it is transparent to the InGaAsP CL centered at 1.3 /Lm. Dark 
lines correspond to surface scratches or cracks seen in an SE image. 
The lower region of Fig. lIb is darker than the upper region because 
of a slight nonuniformity in the CL or optical properties of the quar­
ternary layer. The dark spots, approximately 2 /Lm in diameter and 
similar in shape, have no corresponding surface features. By analogy 
with the TCL study of dislocations in GaAs and InP, it is suggested 
that these spots are caused by dislocations in the epitaxial layer. 
Additionally, it has been shown by etching studies that dislocations in 
the substrate are sources of dislocations in quarternary layers. The 
average density of dark spots imaged by TCL, 2-3 X 104 cm-2

, is 
approximately the same as that of the InP substrate. Finally, the 
minority carrier diffusion length of InGaAsP has been measured to be 
1 to 2 /Lm in agreement with the diameter of the dark spotS.53 

It should be noted that the Ge detector is unsuitable for TCL imaging 
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Fig. 11-(a) Secondary electron image of a 2-pm-thick n-type InGaAsP layer grown 
on a 15-mil-thick {Ill} oriented InP substrate. (b) Transmission cathodoluminescence 
image of region shown in (a). The dark spots not apparent in the SE image are 
disloca tions. 

of p-type InGaAsP, which has at least an order of magnitude lower 
efficiency than an n-type material. Imaging of p-type InGaAsP may be 
possible using lock-in amplification coupled with beam blanking of the 
electron beam. 

IV. DEVICE WAFERS 

The TCL imaging of device wafers differs from that of substrates 
because of the presence of a p-n junction and heterojunctions within 
the wafer. The built-in electric field at the p-n junction (depletion 
region) separates the generated electrons and holes and prevents 
recombination. 54 Thus, in the CL, EBIC, and TCL modes, the depletion 
region is probed indirectly. In either the CL or TCL mode, the image is 
complicated by this depletion width if the p-n junction intersects the 
e-h excitation volume. For the plane view configuration where the 
electron beam is orthogonal to the plane of the p-n junction, CL 

radiation is generated in the layers confining the p-n junction, i.e. the 
layers above and below the p-n junction. Thus, the image is composed 
of three components: the CL image of the two confining layers and 
variations in the depletion width. Electron beam-induced current 
scanning, however, is primarily composed of variations in the depletion 
width and comparison of EBIC images with CL and TCL images may be 
used to locate the position of defects within the wafer. 

In this section, we will demonstrate the usefulness of TCL in evalu­
ating the quality of device wafers used in fabricating LEDS and lasers 
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based on both the GaAs/GaAIAs and InP /InGaAsP material systems. 
Presently, TeL is used to screen out GaAs/GaAIAs wafers that produce 
unreliable LEDS; highly reliable LEDS are incorporated as light sources 
in the Western Electric (WE) 1250A optical transmitter. Additionally, 
TeL is used to screen out GaAs/GaAIAs laser wafers with a high 
density of rake lines without the removal of the contacting layer. 
Finally, TeL is used to screen out InP /InGaAsP LED and laser wafers 
with misfit dislocations. 

4.1 GaAIAs LEOs 

High radiance GaAs/GaAIAs LEDS and lasers operating at a current 
density of J::::: 103 A/ cm2 can degrade rapidly by the development of 
dark line defects (DLDS).8,31,55 Since these optoelectronic devices are 
intended for optical communication systems, a high yield of reliable 
devices is necessary. By detecting defects which act as sources for 
DLDS during processing, wafers with an unacceptable defect density 
may be rejected early and, thus, save processing time and cost. 

A preliminary study involving single heterostructure LEDS shows 
that approximately 12 percent of the devices fail a stress test (burn-in) 
because of the growth of DLDS, whereas the remaining LEDS have a 
lifetime in excess of 106 hours.56 Since DLDS in GaAs/GaAIAs-based 
devices are observed to originate at material defects, a high yield of 
long-lived devices may not be consistently achieved due to inevitable 
variations in substrate quality, epitaxial growth conditions, and proc­
essing procedures. A nondestructive technique such as TeL selects 
device quality material, evaluates growth and processing procedures, 
and reveals the degradation mechanism of fabricated devices. 

The schematic of the GaAIAs LED used in the WE 1250A transmitter 
and the epitaxial structure is shown in Fig. 12. The growth of the 
GaAIAs layers by LPE and the device processing have been described 
elsewhere. 57 The 50-JLm-thick n-type GaAlAs carrier confinement layer 
also serves as the window and mechanical support layer. This planar 
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Fig. 12-Schematic of planar DH LED and device wafer. The shaded region of the 
device is Ge-doped. 
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structure facilitates device processing but the epitaxial growth is 
difficult. Because of the thickness of the first-to-grow window layer, 
the aluminum concentration gradient is large and nonequilibrium 
growth conditions must be controlled in forming the active and final 
confinement layers. 

The device wafers are examined with the epilayers in the as-grown 
conditions. The substrate side of the wafers, normally rough polished, 
is bromine-methanol polished after epigrowth to reduce scattering of 
the TCL radiation. The electron beam of the SEM is scanned over the 
episide of the wafers since the quality of the epimaterial is of main 
interest. The typical 375-Jlm-thick GaAs substrate does not have 
sufficient absorption to reduce the TCL intensity below the limit 
required for good imaging using the silicon photodiode. This is in 
contrast to the CL or PL scan geometry where a thin (1 to 2 Jlm) GaAs 
contact layer is sufficient to reduce the signal below the detection 
limit.30 No processing problems because of TCL examination of device 
wafers have been found; the wafers must be soaked in concentrated 
sulfuric acid to remove the electron beam deposited carbon prior to 
standard processing. 

Figure 13 is a TeL image of a wafer that produced a high yield of 
reliable devices. Almost no dark spots corresponding to defects are 
observed; the faint light and dark bands are the growth lamellae 
normally observed in wafers grown by LPE. Figure 14a is a TeL image 
of an LED wafer grown under nonequilibrium conditions. Defects in 
the substrate are not imaged since the CL efficiency of GaAlAs is much 
higher than that of GaAs. The epilayers were grown on low-dislocation 
«103 cm-2

) Si-doped substrates. However, as shown in Fig. 14b, an 
order of magnitude higher defect density (;:::104 cm-2

) is found in the 
TCL image of the epilayers. These defects cannot be observed using 
Nomarski contrast microscopy and are, thus, "hidden." An etching 
study using KOH was attempted to find the nature and origin of the 
defects. The etchant study was performed carefully so as not to remove 
the 2-Jlm-thick, last-to-grow layer. The etch pattern obtained did not 
distinctly reveal dislocation pits but resembled the TCL image. A 
similar etch study of a grooved sample showed these defects to be 
localized to the active and last-to-grow layers. 

A TEM evaluation of the sample shown in Fig. 14a ascertained that 
the defects are dislocation tangles located within the epilayer. Figure 
14b displays one of the dislocation tangles. The bar indicates 1 Jlm. A 
comparison of Figs. 14a and 14b shows that the TeL defect image is 
roughly 10 to 20 times their actual size, a result of the large minority 
carrier diffusion length. It is apparent from Fig. 14b that the disloca­
tions are very closely spaced contiguous to the center, whereas inter­
dislocation spacing increases when going toward the edges. Further-
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Fig. 13-Transmission cathodoluminescence image of a planar DH LED wafer-produc­
ing reliable LEDS. 

more, stereomicroscopy reveals that the dense dislocation networks 
are essentially planar in character and are located within the active 
and last-to-grow layers. Since the networks appear to intersect along 
the [110] direction, their habit planes may be (111) and (111) planes. 
The topology observed by stereomicroscopy is consistent with this 
suggestion. 

A plausible explanation for the origin of dislocation networks is the 
following. It is suggested that at the temperature at which the growth 
of the thick window layer was completed, the active layer melt was 
supercooled in excess of 5°C. Faceted growth on {Ill} planes is 
initiated locally by this supercooling. Since the compositions of layers 
growing on the (001), (111), and (111) planes are likely to be different, 
accommodation dislocation networks will be generated at the conflu-
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Fig. 14-(a) Transmission cathodoluminescence image of a planar DH LED wafer 
grown under nonequilibrium conditions. The dark areas are dislocation tangles. (b) 
Transmission electron microscopy image of an individual dislocation cluster in the 
samples shown in (a). 
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ence of these different growth fronts. This growth problem encoun­
tered in the early stages of the planar double heterostructure (DH) LED 

development, results in a low yield of reliable devices. After adjusting 
the composition of the melts so that growth of the active and last-to­
grow layers is under near-equilibrium conditions, dislocation tangles 
in the device wafers were no longer observed. 

4.2 GaAs / GaAIAs lasers 

The use of TCL as a nondestructive screening technique for defects 
in GaAlAs DH laser material has been recently reported by Gaw and 
Reynolds. I8 Every wafer is examined with TCL prior to processing. 
Wafers with a high density of rake lines are rejected since devices with 
this defect either do not lase or have an excessive threshold current. A 
nondestructive screening technique for this growth defect is especially 
important since -45 percent of all material grown exhibits rake lines. I8 

The LPE laser material was prepared for the 0.83-/-tm lasers used in 
the FT-3 transmitter subsystem.I8 It has the usual four-layer DH with 
aTe-doped n-ternary confinement layer. Starting from the n-GaAs 
substrate, the layers have the compositions (i) N-GaAIAs (x = 0.34 to 
0.44), (ii) P-GaAIAs (x = 0.00 to 0.10), (iii) P-GaAlAs (x = 0.34 to 
0.44), and p-GaAs. The thickness of the p-active layer is 0.10 to 0.20 
/-tm and the total thickness of the p-Iayers is -1.8/-tm. The p-GaAs is 
used for a contact layer. This contact layer prevents wafer scanning by 
either CL or PL because of absorption within this layer. Photo current 
scan may be used if contacts are applied, but TCL has a higher 
resolution in addition to the advantages provided by the SEM. 

The TCL imaging of laser wafers is performed as previously for the 
LED wafers. In these wafers the back surface is polished prior to growth 
and, thus, TCL involves no additional processing. 

Figure 15 compares the TCL image of a slice having severe rake lines 
with the almost featureless SE image of the top surface. Wafers with 
such a TCL image are rejected from further processing. Figure 16a and 
16b shows the SE and TCL image of a wafer free of rake lines. In the 
absence of gross defects, the dislocations and dark spot defects which 
have lower contrast may be observed. By correlating the TCL evalua­
tion with broad area and stripe geometry laser yields, TCL was shown 
to be an effective nondestructive screening technique for rake lines. 

4.3 InP / InGaAsP LED and lasers 

In InP /lnGaAsP heteroepitaxy, the possibility of lattice mismatch 
exists. Misfit dislocations at the substrate-epilayer interface form when 
lattice mismatch is in excess of 0.06 percent.58 These misfit dislocations 
have a deleterious effect on device performance and reliability. 40,59 In 
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Fig. I5-Comparison of the TeL image of DH laser material having severe rake lines 
with the almost featureless SE image of the top surface of the slice. 

100fLm 100 fLm 

(a) (b) 

Fig. I6-(a) Secondary electron image of a DH laser wafer. (b) Transmission catho­
doluminescence image of dislocations and dark spot defect in area shown in (a). 

this section, we show that TeL can be used to screen out device wafers 
with misfit dislocations present. 

Figure 17 presents the results obtained on a DR InP /InGaAsP /InP 
wafer intended for 1.3-llm devices. The wafer was lattice mismatched 
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with lla/a = 0.12 percent. The active layer is -0.5 JLm thick and may 
be used for either LEDS or lasers. In Fig. 17a, the SE image of the top 
epitaxial layer shows growth lamellae, hillocks, and surface scratches. 
The epilayers were grown on a {Ill} oriented substrate. Most of the 

J----I 
200 p.m 

(a) 
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(c) 

DIAGONAL 
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(b) 

Fig. 17-(a) Secondary electron image of a DR InP /InGaAsP wafer. Growth lamellae, 
hillocks, and surface scratches are observed. (b) Cathodoluminescence image of the 
region shown in (a). The dark areas are surface defects. (c) Transmission cathodolumi­
nescence image of the region shown in (a). The vertical and diagonal lines not seen in 
the CL image are misfit dislocations. 
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features of Fig. l7a are reproduced in Fig. l7b which shows a CL picture 
of the same region. The CL image was taken with an Sl photomultiplier 
which has a spectral response similar to that of an Si photodiode. Dark 
nonluminescing regions are clearly visible. Finally, in Fig. l7c, we show 
the TCL picture obtained with an Si detector. Additional features not 
observed in either SE or CL modes of the SEM are the large number of 
sharp diagonal and vertical dark lines which form an angle of --60 0 

between them. These lines are not within the electron beam range on 
the surface since they do not appear in the CL image. It is suggested 
that they are misfit dislocation at the InP buffer layer-InGaAsP active 
layer interface. Similar TCL imaging of lattice mismatched epilayers 
grown on {100} oriented substrates reveals two sets of orthogonal dark 
lines, providing additional support for this interpretation. Additionally, 
X-ray topographs of lattice mismatched {Ill} oriented wafers show 
images of misfit dislocations similar to those shown in Fig. I7c.40

•
59 

V. DEGRADATION 

Rapid degradation of optoelectronic devices has been due to defect 
growth. The overall device and especially the light-emitting region are 
often of extremely small dimension. Etching to reveal defects followed 
by visual examination is extremely difficult because of problems in 
sample handling and resolution. It is also difficult to perform defect 
analysis using the techniques of PL scan, infrared microscopy, and 
photo current scan for similar reasons. Although TEM analysis may be 
the only technique that can resolve defects, preparation of samples for 
TEM becomes an art. On the other hand, SEM techniques are both 
convenient and have adequate resolution and magnification in most 
cases. However, EBIC and CL analysis may be prohibited by the 
geometry of the device. The region of interest is often inaccessible to 
the electron beam and the sample must be demounted from the 
headers. 

Figure 18 shows three device structures where EBIC and CL evalua­
tion is difficult. Figure l8a shows either a planar LED or laser structure; 
the p-contact represents a dot for the LED and a stripe for the laser. 
Figure l8b shows an LED used for optoisolators. In the planar LED, the 
window layer is --50-l00!lm thick, thus, preventing the electron-beam 
excited carriers from reaching the active layer. In the laser structure, 
the device is usually mounted episide down for better heat-sinking. 
Even when the top n-metallization is partially removed to access the 
semiconductor, the thick substrate prevents the carriers from reaching 
the p-n junction. For the LED shown in Fig. I8b, the p-n junction is 
again located far from the excitation source. Thus, without demounting 
the devices, EBIC and CL provide little information about the p-n 
junction or active layer where the light is generated in electrolumi-
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Fig. 18-(a) Schematic of InP /InGaAsP LED or laser structure. (b) Schematic of a 
GaAIAs:Si LED structure. 

nescence. Once a device is demounted for analysis, it is impractical to 
rebond it for EBIC analysis. For the demounted devices, TCL is advan­
tageous over CL because of the greater sensitivity of the technique in 
imaging defects. Examples will be shown where TCL is used to evaluate 
device degradation. 

Formation of dark spots and dark lines oriented in the (100) and 
(110) directions is a degradation mode for LEDS and lasers fabricated 
from many semiconductors, e.g., GaP,60 GaAs/GaAIAs,8,31,54,55 
GaAsP,61,62 and InP /InGaAsp.19,4o,63,64 Dark line defects oriented along 
the (110) direction grow by glide of dislocations on the {Ill} slip 
planes,65-68 whereas the growth of (100) DLDS may involve both glide 
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and climb of dislocations.8
,69,7o Studies have shown that formation of 

(100) DLDS require minority carrier injection, whereas (110) DLDS can 
be induced with either minority carrier injection or stress.66 

Studies of stress-induced DLDS in GaAs/GaAlAs DH crystals provide 
a useful background. These studies showed that a threshold stress is 
required to form (110) DLDS.65

-
68 This threshold level decreases for 

increasing minority carrier injection.65
,66,68 For no injection, the thresh­

old stress is -8 X 109 dynes/cm2
•
66 This value rapidly decreases to 

-2 X 109 dynes/ cm2 under the lower excitation level of 3W / cm2 from 
a 6471 A Kr-ion laser beam, equivalent to a current density of J = 1 
A/cm2

•
66 A lower stress level of -6 X 108 dynes/cm2 is found for J = 

58 A/cm2
•
68 These stress values are comparable in magnitude to other 

typical sources of stress. Stresses from dielectric coatings can be as 
high as 1010 dynes/cm2

•
62 Stresses because of dicing damage are 2-

7 X 107 dynes/cm2
,61 and the internal stress on a mounted LED, assum­

ing a 100°C temperature difference between header and LED, can be 
-109 dynes/ cm2

• 71 Care in processing and handling is required if stress­
induced DLD formation is to be avoided. 

5. 1 InP / InGaAsP LED 

The degradation of InP /lnGaAsP LEDS by the formation of (110) 
DLDS has recently been reported by Temkin et al.19 It was demonstrated 
that this mode of degradation occurs for temperatures in excess of 
190°C even without current bias. Although DLDS may be observed in 
electroluminescence and EBIC scanning, TeL was used to show that the 
DLDS originated at defects within the InP buffer layer. Additionally, 
the DLDS were confined to the InP buffer layer and did not extend into 
the quarternary active layer during aging. 

The wafer consists of an Sn-doped InP buffer layer (n - 2 X 1018 

cm-3
, 2 to 4 /lm thick) followed by a InGaAsP active layer (not 

intentionally doped, 0.7 /lm thick) and an Zn-doped InP confining layer 
(p - 3 X 1018 cm-3

, 2 /lm thick). The p-n junction, formed by Zn 
outdiffusion from the confining layer, is placed at the interface between 
the buffer and quarternary layer. The lattice mismatch, .1a/a, between 
the InGaAsP active layer and InP was kept below 2 X 10-\ and the 
wafer, thus, has no misfit dislocations to begin with. After thinning the 
wafer to -100 /lm, metallizations were electron-beam evaporated using 
shadow masks. The Be/ Au p-contact, 50 /lm in diameter, was made 
directly to the p-confil1ing layer; the Au-Sn-Au n-contact was deposited 
during the same evaporation run.72 Finally, a 20-/lm-thick gold heat­
sink, separated from the semiconductor by a 2000-A-thick layer of 
Si02, was plated on the p-side of the wafer to assure low thermal 
impedance of the diode. The finished devices were mounted with 
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epoxy on heat-sink headers and wire bonded. A schematic of the device 
structure is shown in Fig. 18a. 

The electroluminescence (EL) images of an LED before and after the 
200°C aging (300 h and no bias) are shown in Fig. 19. Figure 19a shows 
a uniform and well-defined light spot imaged by an infrared-sensitive 
vidicon tube. No inclusions or processing-induced defects could be 
seen. Figure 19b shows the EL pattern of the LED degraded to 40 
percent of its initial light output. A large number of (110) DLDS could 
be seen throughout the entire contact area. Similar EL patterns have 
been seen in all of the 30 devices aged by 200°C storage (no bias) 
degradation. 

To find the position of DLD sources within the device structure, 
diodes which were carefully removed from their heat-sink headers 
were examined by TCL. After demounting the devices, the p-contact 
and the confining p-InP layer were removed using appropriate etch­
ants, and devices were evaluated by TCL. Two series of TCL scans were 
performed. In the first, the exposed opening in the n-metallization was 
scanned by the electron beam of the SEM and the signal detected by a 
Ge-PIN placed under the device. The resulting image, in which CL was 
generated in the InP substrate is shown in Fig. 20a. Inclusion-like 
defects with associated DLDS can be seen. This image is similar to an 
EBIC image of the device. In the second TCL scan, the chip was turned 
upside down with the quaternary (Q) active layer facing the electron 
beam and the detector placed directly below the n-InP. In this config­
uration, in which the CL signal originated in the Q-Iayer, inclusions 
and DLDS were not observed. After removal of the active layer with a 
selective stop-etch, the exposed surface of the n-InP buffer layer was 

(a) (b) 

Fig. 19-(a) The EL pattern of an LED before aging. (b) The EL pattern after storage 
aging at 200°C for 300 h with no bias. 
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(a) (b) 

Fig. 20-(a) Transmission cathodoluminescence image obtained on a degraded device. 
The n-InP surface is imaged in the opening in the metallization. (b) Transmission 
cathodoluminescence image of the n-InP buffer layer with the quarternary active layer 
removed by a selective etchant. 

imaged and the result is shown in Fig. 20b. Again, only the area above 
the opening in the n-metallization was imaged. The prominent DLDS 

observed previously are still visible (a mirror inversion is needed for 
comparison between Fig. 20a and 20b). However, a number of addi­
tional features can be seen. These consist of a much greater density of 
inclusion-like defects and a large density of shorter DLDS originating at 
those defects. This DLD pattern is similar to the images obtained by 
EL. Thus, the DLDS and their sources appear to be confined to the InP 
buffer layer and its interfaces with the InP substrate and the Q-active 
layer. Since these DLDS grow without current injection, they are 
believed to be stress induced. 

5.2 Planar GaAIAs LED 

For planar GaAlAs LEDS, the TCL technique is especially important 
since dislocations and DLDS cannot be observed in either the EBIC or 
CL mode of the SEM. Although good quality CL images of the LEDS were 
obtained on our apparatus, dislocations are still not observed probably 
because of a lack of instrument sensitivity. Balk et al. showed that a 
highly efficient CL apparatus is required to detect dislocations in GaAs: 
Se; 73 a similar apparatus may be required to detect dislocations in our 
device wafers. Also, because of the ,thickness of the window layer, the 
EBIC signal is not from primary e-h pairs generated by the electron 
beam, but from secondary e-h pairs generated within a minority carrier 
diffusion length of the p-n junction by recombination radiation from 
the primary electron-holes. Thus, the effect of dislocations on the EBIC 

signal is likely to be below the noise level. 
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Figure 21 is a TeL image of the back surface of an LED that degraded 
during the 100 h burn-in. The 50-Jlm-diameter area defines the contact 
or light-emitting region. A (100) DLD is observed in the contact region 
along with two (110) DLDS. These DLDS were observed in the EL image. 
However, the source of the two (110) DLDS, not seen in EL, is a 
dislocation lying at the intersection of the DLDS. This dislocation, 
appearing as the dark spot indicated by the arrow in Fig. 21, intersects 
the back surface outside the contact area but probably threads through 
the light-emission region below the surface. The source of the (100) 
DLD could not be distinguished in this image; this DLD was already 
well developed as shown by the larger width in comparison to the (110) 
DLDS. The high density of dark spots representing the intersection of 

Fig. 21-Dark line defects oriented along (100) and (110) directions in a planar DR 
LED induced by current injection during burn-in. The circular region defines the 50-pm­
diameter back surface contact. 
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Fig. 22-(a) Secondary electron image of the p-surface of a planar DR LED. The circle 
encloses the contact. (b) Transmission cathodoluminesence image showing (110) DLDS 
induced by current injection during long-term aging. The source of DLDS are the two 
scratches indicated by the arrows. 

dislocations with the surface in the vicinity of the contact and the 
identification of a dislocation as the source of the (110) DLDS in this 
sample suggest that a dislocation may also be the source of the (100) 
DLD. 

The majority of the DLDS observed in samples degraded during burn­
in are similar to those shown in Fig. 21. Also typical of degraded LEDS 

is the high density of dislocations. It is emphasized that no dislocations 
were observed in the contact area of undegraded LEDS subjected to the 
burn-in. 

Figure 22 shows the p-surface of a device that catastrophically 
degraded after -5000 h of operation at room temperature under 6 kAl 
cm2 bias. From the TCL image, Fig. 22b, the method of degradation can 
be reconstructed. Two scratches were initially present, i.e. the two 
lines away from the p-contact indicated by the arrows. During opera­
tion, a (110) DLD started from one of the scratches and propagated 
towards the contact. Upon reaching the contact area, enclosed by a 
circle in the SE image of Fig. 22a, the DLDS multiplied rapidly because 
of the high-current density. The catastrophic degradation at -5 X 

103 h agrees with the slow growth of (110) DLDS under the low injection 
conditions away from the p-contact. Thus, TCL examination identifies 
a previously unreported method by which LEDS degrade; defects away 
from the contact area may initiate DLDS that grow into the contact 
area and rapidly degrade the device. 
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GaAIAs:Si LED 

Graded-bandgap, homojunction GaAlAs:Si LEDS are presently used 
as high-efficiency light sources for optoisolators.17

,48 Bias tests of these 
devices, accelerated by applying a thermal stress, demonstrated high 
reliability; with 30 rnA forward current bias, a mean-time-to-failure of 
-105 h at 250°C and -108 h at 25°C was determined. The EL pattern 
of degraded diodes appears to differ from that of unaged devices only 
in relative brightness. Both degraded and undegraded LEDS exhibit 
uniform light emission; no dark lines or spots are observed. Recently, 
however, aging studies have shown that some LEDS degrade rapidly 
when aged at 200°C even without current bias; degradation to 10 
percent of initial efficiency occurred within 400 h. Examination of the 
EL image of many of the most heavily degraded devices showed the 
presence of (110) oriented DLDS. Thus, the drop in LED efficiency is 
attributed to nonradiative recombination at the DLDS. Since dark line 
formation has not been previously observed in graded bandgap Ga­
AIAs:Si LEDS, TeL was used to investigate the origin and growth 
behavior of the DLDS. 

To determine the source of the DLDS, the degraded LEDs were first 
visually inspected on the headers using the SEM and N omarski inter­
ference microscopy. Some damage was found, but it was considered 
neither unusual nor excessive. After demounting the LEDs from the 
headers, small pyramids of various sizes were found on the p-surface 
of some of the LEDS. 

Figure 23a is an SE image of an unaged LED with several pyramids. 

~ 
50 p,m 

r-----I 
50 p,m 

(a) (b) 

Fig. 23-(a) Secondary electron image of the p-surface of an unaged LED with 
pyramids. The sides of the pyramids are parallel to the (110) directions. 
(b) Transmission cathodoluminesence image of the region shown in (a). The dark area 
surrounding each pyramid is a dislocation network. The short dark lines are dislocations 
extending along the (110) directions. 
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Fig. 24-(a) Secondary electron image of the p-surface of a degraded LED with 
pyramids. (b) image of region shown in (a). Dark line defects oriented along (110) 
direction initiate at the pyramids. 

X-ray microanalysis on the SEM showed that these pyramids are 
composed mainly of silicon. Figure 23b is the TeL image of the region 
shown in Fig. 23a. The pyramids appear dark because of the low 
luminescence efficiency of these regions. In addition to the dark 
regions, dark lines extending from the pyramids along the (110) 
directions are observed. These dark regions and lines are part of a 
dislocation network and have no corresponding features in the SE 

image, Fig. 23a. These dislocation networks are probably a result of 
lattice mismatch between the GaAlAs epilayer and the Si pyramids. 

Figures 24a and 24b are, respectively, the SE and TeL images of the 
p-surface of typical degraded, bonded LEDS. Although Figs. 23 and 24 
correspond to two different LEDS, comparison of these figures show 
clearly that with aging, the dislocation networks originating at the 
pyramids enlarge along the (110) directions and form (110) DLDS. 

The above study was carried out exclusively on the p-surface because 
of the presence of pyramids. To determine whether the DLDS originate 
only on the p-surface, the top n-surface and {100} sides of the LEDS 

need to be examined. In unaged devices, the usual dislocations, stack­
ing faults, and processing damage were found on these surfaces. In 
degraded devices, irrespective of the degree of degradation, TeL images 
of the n-surface were similar to those of unaged LEDS, but (110) DLDS 

were found on the {100} side faces. By examining the {100} planes of 
partially and highly degraded LEDS, the DLDS were found to initiate at 
the p-surface and propagate towards the p-n junction; the DLDS did 
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not extend beyond the p-n junction into the n-region even in the most 
heavily degraded LEDS (11/110 < 0.01). 

Figures 25a and 25b show the TCL image of the {100} side of a 
partially (11/110 - 0.6) and heavily degraded (11/110 - 0.1) LED, respec­
tively. The LED in Fig. 25a did not show DLDS in the EL image, whereas 
several DLDS were apparent in the EL image of the LED in Fig. 25b. 
The explanation of the EL images is evident by comparing Figs. 25a 
and 25b. In both figures, the p-n junction appears as a dark line since 
the built-in electric field separates the e-h pairs generated by the 
electron beam and prevents recombination. The n-Iayer is brighter 
than the p-Iayer because of higher intrinsic luminescence efficiency 
rather than a result of degradation. In Fig. 25a, the DLDS initiate at the 
p-surface and extend up the sides. The DLDS intersect the {100} p­
surface at an angle of 45 degrees, suggesting that the DLDS lie on the 
{Ill} slip planes. Dark line defects do not appear in the EL image since 
they have not propagated to the p-n junction where the EL image is 
generated. In Fig. 25b, the DLDS propagate up to the p-n junction but 
do not penetrate into the n-Iayer. Thus, DLDS appear in the EL image, 
but not in a TCL or EBIC scan of the n-Iayer. Figure 25 also demonstrates 
the ineffectiveness of EBIC in obtaining similar images. Electron beam-

n-SURFACE 

p-n JUNCTION 

I 

I 100,urn I 
(a) 

p-SURFACE p-SURFACE 

I 

100,urn 

(b) 

Fig. 25-(a) Transmission cathodoluminesence image of (100) side of a degraded 
LED. Dark line defects oriented along (110) direction initiate at the p-surface and 
propagate along the (111) planes toward the p-n junction. (b) Transmission cathodo­
luminesence image of (100) side of a degraded LED. (110) DLDS terminate at the p-n 
junction. 
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induced current images the region approximately twice the minority 
carrier diffusion length on either the p or n region. However, as shown 
in Fig. 25, the DLDS form far from the p-n junction. Additionally, the 
EBIC signal varies dramatically at the p-n junction. The small pertur­
bations on the EBIC signal produced by the DLDS are hard to image on 
such a strongly varying background signal. 

The DLDS stop their growth upon reaching the p-n junction probably 
because of lower stress in the n-Iayer. Since the etch used to remove 
the saw damage during die separation removes more of the n-Iayer 
than the p-Iayer, the n-Iayer may have a lower surface damage-induced 
stress as found for GaP LEDS. A high internal electric field at the p-n 
junction is unlikely to hinder the propagation of the DLDS. Similar 
stress induced (110) DLDS in GaAs/GaAlAs wafers have been shown 
to propagate through the p-n junction.74 Further study, e.g., an exam­
ination of degraded LEDS using TEM or a reliability study of LEDS that 
have been etched more uniformly, is required to determine the exact 
cause of this effect. 

As a result of this TCL study, wafers with Si pyramids evident in a 
visual inspection are rejected prior to processing since the wafers 
produce unreliable LEDS. 

VI. SUMMARY 

We have demonstrated a new SEM imaging technique which we have 
called transmission cathodoluminescence (TCL). Defects within the e­
h excitation volume are imaged as in the familiar CL mode but with a 
much higher collection efficiency and, thus, with a much higher detec­
tion sensitivity. In addition, this technique can be used to image 
defects within the sample volume that changes the optical properties 
of the materials; these defects cannot be imaged with the CL mode. We 
have demonstrated the TCL technique on a variety of defects in a 
variety of semiconducting materials used in optical communications. 
Transmission cathodoluminesence can be used to screen out low­
quality substrates and device wafers to save processing time and cost, 
provide rapid evaluation of growth and processing procedures, and 
evaluate degraded devices where other defect revealing techniques are 
either unsuitable or very difficult. 
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The occurrence of an event at a random time T is signaled through 
white noise by an FM signal whose modulation h(t - T) is a causal 
pulse triggered at T. Nonlinear filtering is used to find exact expres­
sions for the chance that T > t, and the expectation of T, each 
conditioned on the observed noisy FM signal over (0, t). The former 
quantity can be used to minimize the probability of error in guess­
ing-from the observations over (0, t)-whether T has occurred by t. 

I. INTRODUCTION 

The theory of frequency modulation has always been beset by 
analytical difficulties, and nowhere have these been more in evidence 
than in the area of optimal demodulation of noisy FM signals. Recent 
advances in nonlinear filtering, however, make it possible to solve 
certain problems of detection and estimation quite explicitly. We 
report on such a class of problems here. 

The basic problem setup is this: an event of interest occurs at a 
random time T. Its occurrence is signaled by sending a pulse of shape 
h(.), starting at T; that is, we send 

{
o t < T 

s(t) = h(t - T) t ~ T' 

where h(·) is some causal, integrable pulse. The signal s(t) is trans­
mitted by FM; the waveform is 

cos[ 8 + wt + L S(U)dU] 

for a carrier frequency wand initial phase 8. In transmission this wave 
suffers the degradation of having white noise added to it; thus, we 
observe a signal Yt defined by 

2227 



dy, = COS[ 0 + wt + J.' s(u)du Jdt + db" 

with bt a Brownian motion independent of T. We would like to construct 
a nonlinear fIlter acting causally on Yt to estimate optimally at each 
time t whether T < t or not, and if so, by how much. This filter will be 
obtained by solving the nonlinear filtering problem of determining the 
conditional probability 

Po( t) = P { T > t I y s, 0 ::::; s ::::; t} 

and the conditional density (u = distance back from t to T) 

PI (t, u) = P {TEd(t - u) I Ys, 0 ::::; s::::; t}, 0 ::::; u ::::; t. 

Such a fIlter (Po, PI) represents a summary, without loss, of all the 
information in the "past" a{ys, 0 ::::; s ::::; t} that is relevant to whether 
T occurred by time t, and if so, how far back. In particular, the fIlter 
(Po, PI) yields least-squares estimates of T, by integration over u, 
according to the formula 

Joo uf(u)du , 

E{ T I y" 0 :5 s:5 t} = po(t) '1 _ F (t) + I. (t - U)Pl(t, u)du, 

where F is the a priori distribution of T, and f = F' its density. The 
fIrst term predicts where T will be, on the average, when it has not yet 
occurred by t; the second "postdicts" T when it has already happened 
by time t. Indeed, the fIrst term is E {TIT>t I Ys, 0::::; s::::; t} and the second 
is E { T ITst I y s, 0 ::::; s ::::; t}. 

II. NOTATIONS 

Let Xt be the process ITst so that 

_ {O if the event has not occurred by time t. 
Xt - 1 if the event occurred by time t. 

Then with X t = ff, xsds, the signal s(t) can be written as 

s(t) = J.' h(t - s)dx, = {~(X,) : ~ : 
and the FM signal as 

cos[O + wt + H(Xt)] , 

where H = fo h(s)ds. 

III. FILTERING EQUATIONS 

Our approach is Bayesian: foreknowledge of distr {T} is used to 
calculate the conditional probabilities po and Pl. We assume for sim-
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plicity, and with only slight loss of generality, that T has a known a 
priori distribution F with a differentiable density f. The "rate" at 
which T is occurring during (t, t + h), given that it has not yet 
happened, is just 

f(t) 
A(t) = 1 _ F (t)' > O. 

We assume at fIrst that the phase 0 is known at the receiver. Then, the 
fIltering or Zakai equations for unnormalized versions po and PI of Po 
and PI, respectively, are just 

dpo = A(t)Podt + cos(O + wt)podYt, 

api 
dPI = - + cos[O + wt + H(u) ]PldYt, 

au 

with initial conditions Po(O) = 1, 

lim It PI(t, u)du = 0 
t!O 0 

and boundary condition PI(t, 0) = Po(t)A(t). 
It can be seen that since the process Xt is transient in character these 

equations are coupled in one direction only: PI depends on po via the 
boundary condition, but po in no way depends on Pl. Thus, it will be 
possible to solve for po fIrst, and then for Pl. We fIrst transform the 
problem into one without stochastic differentials. This is done by the 
now familiar device l of looking for a solution of the form 

po(t) = exp[Ytcos(O + wt) ]qo(t) 

pI(t, u) = exp{Ytcos[O + wt + H(U)]}ql(t, u), O:s t:s u, 

where qo and ql are differentiable functions, though not necessarily 
C I

• This form for po and PI indicates that the rough or martingale 
dependence of these functions on Y( .) is confIned to the exponent as 
shown, while their dependence on y(.) via qo and qi is of a much 
smoother integrated form, as will be seen. 

Applying Ito's formula to the postulated form, with quadratic vari­
ation d (Y) t = dt since the observation process is a translation of the 
Wiener process, we fInd these nonstochastic PDEs for qo and ql: 

40 = qo ( -A(t) + wy,sin(O + wt) - ~ cos2(O + wt»). qo(O) = 1 

aqi = _ aqi + qi (Yt[W + h(u)]sin[O + wt + H(u)] 
at au 

- ~ cos'[O + wt + H(U)]). 0 os U os t. 
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The boundary condition is 

ql(t,O) = qO(t)}..(t) . 

The first equation is an ODE solvable as 

qo(t) = exp( - L A(s)ds + L [wy.sin(1I + ws) - ~ cos2(11 + WS)JdS) 

= [1 - F (t) Jexp(L [wy,sin(1I + ws) - ~ cos'( B + ws) JdS) . 

The second is a first-order PDE solvable by characteristics as 

ql(t, u) = A(t - u)exp(L {wy,sin[B + ws + H(s - t + u)J 

1 -"2 cos2[O + ws + H(s - t + u)] 

+ yJt(s - t + u)sin[1I + ws + H(s - t + U)]}dS). 

where A ( .) is an arbitrary function. To obtain A we let u!O, and we 
use h(s - t + u) = 0 and H(s - t + u) = 0 for s :5 t - u to find 

ql (t, 0) = A (t )exp(L [y,wsin(B + ws) - ~ cos'( B + ws) Jds ). 

= qo(t)}..(t), 

by the boundary condition. Thus, A(t) = f(t), and we obtain 

ql(t, u) = f(t - u)exp(L-U [wy,sin(1I + ws) - ~ cos'(11 + ws)Jds 

+ {u {[w + h(s - t + u)]y,sin[B + ws + H(s - t + u)J 

- ~ cos'([B+ ws + H(s - t + U)]}dS). 

We remark that this is the unconditional density f (t - u) that T 

occur at t - u, multiplied by a positive factor depending on the pulse 
shape h and the observation {Ys, 0 :5 s :5 t}. The cos2 integral can be 
evaluated explicitly, leading to some simplification, and to approximate 
formulas for large carrier frequencies. 2 

The normalization 

po(t) + L Pl(t, u)du = 1 
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is achieved by dividing each of po and PI by 

po(t) + J.' PI (t, u )du , 

where 

Po(t) = [1 - F (t) ]exp ( y,c08(8 + wt) + J.' [wy,8in(8 + ws) 

- ~ C08
2(8 + WS)]dS) 

PI(t, U) = f(t - u)exp [ y,c08[8 + wt + H(u)l 

+ jt-u [wYssin(fJ + ws) _ ~ cos2(fJ + ws)]ds 
o 2 

+ fu [[W + h(s - t + u)]y,8in[8 + ws + H(s - t + u)] 

- ~ C08
2[8 + ws + H(s - t + u)] )dS J. 

If, as is likely, the phase fJ is not known at the receiver, then it must 
be integrated out in both po and PI prior to normalization, a process 
that mars the relatively neat formulas obtained for po and PI for fJ 
known. With fJ uniform over (-'77", '77") and independent of T, familiar 
Bessel function approximations again arise.2 

IV. HAS T OCCURRED YET? THE OPTIMAL GUESS 

In the kind of system under study here, a task of primary interest is 
to guess at t whether T has happened yet. Such a guess is represented 
mathematically by a random process Vt, taking the value 1 for a 
decision that T has not occurred, and a value 0 for a decision that it 
has, and adapted to the past observations p{Ys, 0 ~ s ~ t}. The 
probability of error is just 

P{T ~ t & Vt = I} + P{T > t & Vt = OJ, 

which can be written as 

= EIT>t - 2EIT>tVt + EVt 

= E(IT>t - Vt)2, 

the mean square error in approximating IT>t by Vt. Thus, the chance of 
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error is the least if Vt is chosen to minimize this mean square error. 
Noting that po(t) = E{IT>ti Ys, 0 :s S :S t}, we can write this mean 
square error as 

E{po(t) - 2po(t)vt + Vt} 

a"nd conclude that a minimizing Vt is 

V(l) = 
1 ifpo(t) > ~ 

o if Po(t) :S ~. 

It follows that by watching Po( .) we can make a best guess as to 
whether T has occurred yet or not, best in the sense of minimizing the 
chance of being wrong. 

V. THE CONDITIONAL EXPECTATION OF T 

As we observe the signal Yt, we may be interested in predicting T on 
the basis of the information seen so far. More precisely, since it is 
possible that at t> 0 T has already occurred, we want to simultaneously 
predict and "postdict" T by calculating the two terms in 

T = E {T I Ys, 0 :S s :S t} 

= E{TIT>tlys, O:s s:S t} + E{TIT~tlYs, O:s s:S t}. 

The second term is clearly given in terms of PI by 

f (t - U )Pl (t, u )du, (u = distance back to T from t) . 

We claim that the first is just 

100 

udF(u) 

po (t ) 1 _ F (t ) . 

For with a{ys, 0 :S s :S t} = Yb for short, we have 

E{TIT>tlYb} = E{TIT>rlYbvT > t} IYb} 

= E{E{TIYbvT > t}IT>tiYb} 

= E{E{TIT > t}IT>tiYb} 

= Po(t)E{TIT > t} 

since the additional Ys information in Yb U T > t is irrelevant to T when 
it is known that T > t. That is, since Xt = IT>t is a Markov process, all 
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the information a{xs, Ys, O:s s:s t} is irrelevant to {xu, u> t} when it 
is known that Xt = 1, i.e., T > t. 

REFERENCES 

1. B. L. Rozovsky, "Stochastic Partial Differential Equations Arising in Nonlinear 
Filterin~ Problems," Uspekhi Matern. Nauk, 27 (1972), pp. 213-4. 

2. V. E. Benes, "Least Squares Estimator for Frequency-Shift Position Modulation in 
White Noise," B.S.T.J., 59, No.7 (September 1970), pp. 1289-96. 

NOISE DEMODULATION 2233 





Copyright © 1981 American Telephone and Telegraph Company 
THE BELL SYSTEM TECHNICAL JOURNAL 

Vol. 60, No.9, November 1981 
Printed in U. S. A. 

Fault-Simulation Methods-Extensions and 
Comparison 

By Y. H. LEVENDEL and P. R. MENON 

(Manuscript received December 16, 1980) 

In this paper, we compare four different methods of fault simulation 
in terms of their handling of arbitrary numbers of logic values, 
modeling levels, and detailed timing. The methods considered are 
parallel, deductive, multilist, and concurrent simulation methods. 
Since some of the methods, in their current forms, are unable to 
handle all the problems under consideration, we have proposed 
extensions to the methods wherever necessary before making the 
comparisons. While all the methods considered are capable of solving 
the problems with the same degree of accuracy, the concurrent sim­
ulation method appears to be the simplest and most flexible. 

I. INTRODUCTION 

Different techniques for the efficient simulation of faults in digital 
circuits have been published. Among these, the best known are parallel 
simulation,I-3 deductive simulation,4 and concurrent simulation.5 A few 
papers analyzing some aspects of these methods have also been pub­
lished.6-9 

This paper and two otherslO,ll comprise a series attempting a com­
prehensive analysis of fault simulation methods. It is hoped that they 
will provide a basis for the selection of fault-simulation methods to 
satisfy specific requirements. 

In this paper, we consider three aspects of circuit modeling and their 
effects on the fault-simulation method used. First, we consider the 
number of logic values needed to accurately model logic devices and 
its impact on the simulation method. Next, the effectiveness of the 
different methods for simulating at different levels (e.g., gate level, 
functional level, subsystem level, etc.) is considered. Finally, we discuss 
the modeling of timing effects, such as rise and fall times and high­
frequency rejection. 

Our study covers four methods of fault simulation: parallel, deduc­
tive, multilist, and concurrent. In their current forms, some of the 
methods are not capable of handling all the problems we consider. 
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Therefore, we have attempted to extend the existing methods, wher­
ever necessary, before making the comparisons between methods. 
Before proceeding to the analysis of the methods, we present a brief 
description of each method. 

Historically, parallel simulation was the first method that simulated 
a number of faults simultaneously.1 This method, which is perhaps the 
most widely used, takes advantage of word-oriented operations in the 
host computer and packs together several faulty circuit values into one 
or more computer words. Although this method is quite etlicient, 
multiple passes are required for simulating large numbers of faults. 

Deductive simulation attempts to eliminate the need for multiple 
passes by computing normal signal values in the circuit and deducing 
the faulty values by manipulating lists of faults.4 Associated with each 
signal is a fault list, which is a set of faults, anyone of which will cause 
the signal value to be different from the normal value. The effects of 
faults are propagated through the circuit by an algebra of sets. 

The multilist method associates two or more lists of faults with each 
signa1.1o,12 Conceptually, the number of lists associated with a signal is 
equal to the number of logic values simulated. Thus, for two logic 
values, there will be a O-list and a I-list associated with each signal, 
the former being the set of faults in whose presence (individually) the 
signal will have the value 0, and the latter those that result in a value 
of 1. Set algebra is necessary for manipulating these lists also. However, 
unlike the deductive method, the equations for computing the output 
lists of a device from its input lists are dependent only on the function 
performed by the device and not on the signal values. 

In concurrent simulation, any fault that causes the inputs, outputs, 
or internal state of a device to be different from their normal values is 
represented conceptually by a copy of the device. During simulation, 
if the inputs, outputs, and state of a faulty copy become identical to 
those of the fault-free copy, the faulty copy is deleted. Thus, faulty 
copies are created and deleted during simulation. The evaluation of 
faulty copies is essentially the same as fault-free copies, and no set 
algebra is involved. Concurrent simulation can also handle a large 
number of faults simultaneously. 

It is interesting to note that all the above methods, except parallel 
simulation, use some form of data compression for storing faulty signal 
values. On the other hand, parallel simulation attempts to compute 
simultaneously the fault-free signal value and a number of faulty signal 
values associated with each lead in the circuit. 

II. NUMBER OF LOGIC VALUES 

Three-valued logic systems have been widely used for analyzing 
essentially binary systems.13,14 Three logic values are also used in logic 
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simulation, where ° and 1 represent the two discrete values being 
modeled and a third value, u, denotes that a particular value is 
unknown. 

Recently, tri-state busing has become a widespread technique used 
in many LSI designs. Difficulties in modeling effects associated with 
CMOS technology have been reported. I5 One effect is the memory 
associated with a disabled bus. That is, the disabled bus remembers 
the previous logic value on the bus. A solution consists of adding 
special circuitry to regular gates, making possible the use of a simulator 
with only three logic values. I5 An alternate solution is the addition of 
three more logic values, namely Zo, ZI, and z, for representing the states 
of disabled buses, with previous value equal to 0, 1, and unknown, 
respectively.I6 Transistor-transistor logic (TTL) tri-state technology 
requires the addition of only one logic value, Z.I6 

Bus contention, another typical, potentially destructive tri-state 
effect, cannot be modeled by added circuitry. A solution consists of 
adding one more logic value representing a conflict state, a, as shown 
in the following example. 

Consider a driver inverter and a bus configuration in TTL tri-state 
technology (Fig. 1). When line e is enabled, the gate operates as an 
inverter, when e is disabled the output of the gate is in a high­
impedance state. When used in a bus configuration, two enabled 
inverters create a conflict (bus contention), if they are in opposite 
states. The set of logic values {O, 1, u, a, z} is sufficient to model these 
effects, since tri-state devices in TTL technology do not have the 
memory property mentioned above. 

Table I shows how the bus configuration of Fig. 1 can be simulated 
using the above set of five logic values. Since the bus will be connected 
to the output of drivers, which can produce four out of the five logic 
values, only four logic values are used for modeling the bus. 

et 

at 
bt e3 

b 
e2 

(a) 
a2 

(b) 

Fig. l-(a) TTL Driver-inverter. (b) Bus configuration. 

FAULT SIMULATION 2237 



Table I-(a) Tristate inverter output 
(b) State of tristate bus 

0 1 u a z 

0 z 1 u u u 

1 z 0 u u u 

aj u z u u u u 

a z u u u u 

z z u u u u 

(a) 

0 1 u z 

0 0 a u 0 

1 a 1 u 1 

u u u u u 

z 0 1 u z 

(b) 

If an ordinary gate could be connected directly to a bus, the model 
should allow five logic values for the gate inputs, but requires only 
three logic values for its output. Table II shows the behavior of such 
an AND gate with inputs x and y, and output t. 

The use of larger sets of logic values, though necessary to correctly 
model modern technology, has a serious impact on the method of 
simulation used. The following sections deal with this problem. 

2. 1 Parallel simulation 

When using a switching algebra (i.e., two logic values) parallel 
simulation can be implemented by associating one computer word 
with each line in the circuit. One bit of this word represents the signal 
value on a line in the fault-free circuit and the remaining bits represent 
values on the same line in the presence of different single faults. 

Table /I-AND gate with five input 
logic values 

x 

0 1 u a z 

0 0 0 0 0 0 

1 0 1 u u u 

y u 0 u u u u 

a 0 u u u u 

z 0 u u u u 

2238 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1981 



Table III-Coding for three logic 
values 

ajo a/ aj 

0 0 unknown 
0 1 1 
1 0 0 
1 1 unused 

When a three-valued system is used, each of the circuits simulated 
in parallel must be coded using two binary digits. A commonly used 
method consists of associating two words with each line a, namely the 
O-word, aD, and the I-word, a l

•
17 The coding used is shown in Table III, 

where the subscript i refers to the ith bit of each word. 
Examples of its use are shown in Fig. 2. Here, and elsewhere in this 

paper, lower-case roman letters are used to denote leads and Greek 
letters represent words. For the gates of Fig. 2, we have 

{
l = aO + f30 

l = a l.f31 

{ ~O = al 

~l = aO , 

where· and + represent the bitwise AND and OR operations on 
complete words. 

This method can be extended for any number of logic values. For 
instance, consider the AND gate of Fig. 3, using the set of logic values 
{O, 1, U, a, z}. The binary coding scheme requires three computer 
words for each line, and three codes (out of eight) are not used. For 

{ 

0 {yo 
a~1~Y1 

{f30~-b f3' 
AND 

NOT 

Fig. 2-Use of coding to represent signal values on gates. 
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Fig. 3-AND gate representation for five logic values. 

any choice of code, it is possible to calculate the gate output from 
switching expressions of the following form: 

l = {(an, aI, a2, /p, pI, f32) 

yl = g(ao, a\ a2, f30, pI, f32) 

l = h(ao, aI, a2, po, f3I, f32). 

The original set of logic values and operations do not constitute a 
Boolean algebra. The coding scheme establishes a mapping of non­
Boolean functions into switching operations that can be applied on full 
computer words, thus, allowing parallel processing. 

By using a coding of n - 1 variables to represent n logic values, it is 
possible to obtain simpler equations for computing the outputs of 
gates. For example, consider the gate of Fig. 3 and a coding using four 
words an, aI, aa, and aZ to represent five logic values. The code is such 
that a1 = 1, j = 0, 1, a, or z, iff ai = j. All the variables will be zero, if 
and only if ai = u. With this coding, the following equations are 
obtained for the gate of Fig. 3: 

l = aO + po 

i = a l .f31 

ya = ° 
yZ = 0. 

This type of coding can be used for any number of logic values. 

2.2 Multilist simulation 

It has been shown that for a three-valued logic system, three lists 
XO, XI, and Xu can be associated with each line X.1O,12 Each list, Xi, 
(i = 0, 1, u) represents the faults which cause line x to have the value 
i. For each line x, all the lists Xi are disjoint and any list is the 
complement of the union of the other two (i.e., the union of the three 
lists is the set of all faults being simulated). 

For the gates of Fig. 2, we have 
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where -, U, and n, are set complement, union, and intersection, 
respectively. 

When five logic values are used, we need five lists; for instance, A 0 , 

A I, AU, A a, and A Z are associated with line a. 
For the AND gate of Fig. 3, we have 

co = AO U BO 

CI = Al n BI 

ca = { } 

Cz = { } 

Cu = (CO U CI U CZ U ca) = A ° U BO U A I n BI . 

For the inverter of Fig. 1, we have 

BO = EI n Al 

BI = EI n AO 

BZ = EO 

BU = EU U Ea U EZ U (E I n (Ao U AI)) 

Ba = { }, 

and for the bus configuration of Fig. 1 

A~ = (B~ n B~) U (B~ n B~) U (B~ n Bi) 

A~ = (B~ n Bi) U (B~ n B~) U (B~ n Bi) 

A~ = B~ U B~ 

A~ = Bf n B~ 

A~ = (B~ n BD U (B~ n B?). 

This method can be generalized to any gate type and any number of 
logic values as follows: Let us assume that we wish to simulate a 
function {(Xl, X2, ••• , xn ), where each input and the output may 
assume anyone of k values, denoted by 1, 2, ... , k, and that the 

FAULT SIMULATION 2241 



function is defined by a table which specifies the values of f for all 
combinations of values of Xi. 

(i) We associate a variable xi with each variable Xi, such that 
xi = 1 if and only if Xi = j, 1 :S j :S k. Similarly, we associate k variables 
fj with f· 

(ii) For each i, 1 :S i :S k, we obtain an expression 

fi = L Pj, 

where P j are products of literals xi, representing all combinations of 
values for which f = i. For example, if the table has an entry 

Xl = 1, X2 = 0, X3 = Z, f = 1, 

the expression for fl will contain the term 

xlx~ra. 

(iii) Replace all lower-case letters in the equation for fi by the 
corresponding upper-case letters, representing lists, and retain the 
superscripts and subscripts. Replace products by intersection and sums 
by union. 

2.3 Deductive simulation 

Deductive simulation is well defined for two logic values, and is also 
applicable to three logic values with some loss of information.4 Specif­
ically, if the signal value in the normal circuit is known, (i.e., 0 or 1), 
but the value in the presence of a fault a is unknown (denoted by u), 
the fault a is included in the fault list as a star fault;4.IB that is, it is 
unknown whether the particular signal value in the presence of the 
fault a will be different from the fault-free value. It was shown in Refs. 
10 and 12 that there are cases where the circuit value in the normal 
circuit may be unknown, but the value in the presence of a fault may 
be known. Since the deductive method cannot represent this case, the 
results obtained may be less accurate than with other methods. 1O

•
I2 

A modification of the deductive method that leads to accurate three­
valued fault simulation was presented in Ref. 10. It uses the coding of 
Table III for representing each signal value by a pair of binary 
variables. A pair of equations can then be derived, as in Section 2.1, 
for computing the coded outputs for each gate type. These equations 
can be viewed as defining a transformation of the original circuit with 
three signal values into two circuits that will have only binary signals. 
These two circuits can be simulated using the two-valued deductive 
method. The fault-free and faulty signal values on any lead in the 
original circuit can be determined from the signal values and fault lists 
associated with the corresponding pair of leads in the transformed 
circuits. 
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>----b 

Fig. 4-Tristate bus driver. 

The same approach can be used for performing deductive fault 
simulation with any number of logic values. If k logic values are to be 
simulated, pog2kl binary variables will be used to represent them, 
where rxl denotes the smallest integer greater than or equal to x. The 
equations for the coded outputs of different gate types can be derived 
from their truth tables, and used in deductive simulation. 

As as example, consider the bus driver of Fig. 4 to be simulated with 
four logic values, namely, 0, 1, z (high impedance) and u (unknown). 
The behavior of the device is specified in Table IV. 

Using the coding of Table V, we shall represent the signals a, e, and 
b of the bus driver by ao and aI, eo and el, and bo and b l • The output 
equations bo and bl can be derived from Tables IV and V. 

bo = eo -el + ao -eo -el 

bl = eO-el + al-eO-el 

For any combination of input values and fault lists, the output values 
and fault lists can be computed as in Ref. 19. 

Denoting the fault list associated with each variable by the corre­
sponding upper-case letter, let the input values and fault lists for the 
circuit of Fig. 4 be as follows: 

a 

ao = 0; Ao = {I, 3} 

al = 1; Al = {3} 

eo = 0; Eo = {2, 4} 

el = 1; EI = {4,5} 

Table IV -Behavior of bus 
driver 

e 

0 1 z u 

0 z 0 u u 
1 z 1 u u 

z z z u u 

u z u u u 
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Table V-Coding for tristate devices 

Xo Xl X 

0 0 U 

0 1 1 

1 0 0 

1 1 z 

Let us aSSU111e that all the faults being considered are external to the 
device, and we wish to propagate the effects of the faults through the 
device. The input conditions are: a = 1, e = 1. Since the fault 1 is 
contained only in the fault list Ao, it will cause ao to become 1, and 
therefore a to become z. On the other hand, fault 3 is contained both 
in Ao and AI, and will cause both ao and al to be inverted; the value of 
a in the presence of fault 3 will be O. Similarly, fault 2 will result in 
e = z, fault 4 in e = 0, and fault 5 in e = u. 

For the above set of values, the output values and fault lists can be 
computed using the equations for bo and bi and the method presented 
in Ref. 19 as follows: 

bo = 0 

bi = 1 

Bo = (Ao n Eo n E I) U (Eo n E I) = {I, 3, 4} 

BI = (AI U Eo U E I) n (Eo n E I) = {2, 3, 5} . 

Denoting the value of b in the presence of fault a by b(a), we can 
obtain the following faulty values from the values bo and bi and fault 
lists Bo and B I. 

b(l) = z; b(2) = u; b(3) = 0; b(4) = z; b(5) = u. 

These can be verified by computing the output for each faulty com­
bination of inputs using Table IV. 

The modified deductive method discussed above does not lose any 
information about the normal and faulty circuits and is as accurate as 
any of the other methods. It requires only rlog2n 1 lists compared to the 
n lists needed for multilist simulation. However, fault list computations 
depend on signal values and may be more complex than in the multilist 
method. 

2.4 Concurrent simulation 

There is no limitation on the number of logic values in this simula­
tion method since faulty and fault-free circuits are treated independ­
ently. As long as the primitive elements of the circuit are well defined, 
the evaluation of faulty circuits presents no difficulty. 
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2.5 Summary of results 

The results of Section II are represented in Table VI. 
Deductive simulation with three logic values (indicated by * in 

Table VI) requires the introduction of the concept of star faults. 
Deductive fault simulation for more than three logic values (indicated 
by t in Table VI) could be defined by using a transformed circuit as 
proposed in Section 2.3. However, the complexity of such a procedure 
does not seem to justify its use. 

From the point of view of simulating more than three logic values, 
concurrent simulation represents the simplest, most flexible simulation 
method. 

III. MODELING LEVELS 

Three levels of modeling and their effects on the simulation method 
used will be considered: gates, higher-level primitives, and user-defined 
functions. 

3. 1 Gate-level simulation 

All the fault-simulation methods presented here were initially de­
veloped for simulating circuits modeled at the gate level. Therefore, 
none of the methods presents any problem, provided only two (or 
three) logic values are to be simulated. The differences due to the 
number of logic values needed have already been discussed in Section 
II, and the effects of detailed timing analysis are discussed in Section 
IV. 

3.2 High-level primitives 

It is often convenient to model devices such as flip-flops, multiplex­
ors, counters, and shift registers as high-level primitives rather than as 
interconnections of gates. For purposes of simulation, such devices 
may be described by tables, Boolean equations, or algorithms. The 

Table VI-Summary of Results: logic values 
Parallel Multilist Deductive Concurrent 

Switching One word per Two lists Well defined Well defined 
algebra line per line 

Three logic Two words Three lists Well defined but Well defined 
values per line per line pessimistic * 

Five logic Three words Five lists Undefinedt Well defined 
values per line per line 

n logic rtogzn 1 words n lists per Undefinedt Well defined 
values per line line 

* Deductive sImulation WIth three logic values. 
i Deductive fault simulation for more than three logic values. 
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type of representation that is most convenient to use will usually 
depend on the simulation method. 

3.2. 1 Parallel simulation 

Several solutions are possible. The input values for individual faults 
can be determined from the input word(s), and the outputs of the high­
level primitive can be evaluated for each case. The output values must 
then be packed so that the parallel simulation method may be used 
elsewhere. While this approach may be satisfactory for predominantly 
gate-level circuits which also contain a few high-level primitives, the 
overhead associated with converting to single-fault simulation and 
back to parallel simulation may not be acceptable. 

When only two logic values are involved, the primitive can be 
represented by Boolean (switching) expressions. The operators in 
these expressions can be treated exactly like gates in parallel simulation 
of gate-level circuits. When more than two logic values are simulated, 
the description of the primitive may be in the form of tables. Using a 
coding of the type described in Section II, switching algebraic expres­
sions for the coded output words (i.e., the O-word, I-word, etc.) can be 
obtained in terms of the coded words associated with the inputs and 
state variables. These equations can then be used to compute the 
coded output words. 

3.2.2 Multilist simulation 

The function realized by a high-level primitive can be represented 
by tables. From these tables, equations for the output lists in terms of 
lists associated with inputs and state variables can be obtained as 
discussed in Section 2.2 and used for simulation. 

3.2.3 Deductive simulation 

As in the case of parallel simulation, one approach is to simulate 
each high-level primitive for one fault at a time and use the results to 
construct output fault lists for use outside the primitive. Alternatively, 
outputs and the next state values of state variables may be represented 
by Boolean equations, which are used for fault-list computations in 
the same manner as gates. When more than two logic values are to be 
simulated, a binary coding can be used as discussed in Section 2.3, and 
equations for each coded bit can be used for fault-list computations. 

Another possibility is to use tables that specify the fault-list com­
putations for every combination of input values.4 These tables can be 
constructed from the tables specifying the primitive, as shown by the 
example of Fig. 5. 

The behavior of the function is represented in Table VII, where PI, 
qI are the initial states of the flip-flops and P2, q2 are the next states. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

PI 

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

r---"'---P 

Fig. 5-NAND SR latch. 

Table VII-Behavior of SR latch 
qi r s P2 q2 

1 0 0 1 1 
1 0 1 1 0 
1 1 0 0 1 
1 1 1 0 1 
0 0 0 1 1 
0 0 1 1 0 
0 1 0 0 1 
0 1 1 1 0 
1 0 0 1 1 
1 0 1 1 0 
1 1 0 0 1 
1 1 1 u u 

The table does not include 00 as an initial state because it cannot be 
produced directly. 

The fault-list propagation is summarized in Table VIII and does not 
include local faults. PI, QI, R, S, P2, and Q2 are the fault lists associated 
with PI, ql, r, S, P2, and q2. The star faults in the table are to be added 
to both the fault lists, P2 and Q2. We shall demonstrate the procedure 
used for deriving Table VIII, by showing how line 1 of the table was 
obtained. 

Consider line 1 of Table VII. To get a change in P2, we need a change 
into lines 3, 4, 7, or 11 and for a change in q2, we need a change into 
lines 2, 6, 8, or 10, which produces: 

P2 = I\ QIRS U i\ QIRS U PI QIRS U PI QIRS U PI QI (<P) 

= RSU PIR 

Q2 = PIQIRS U PIQIRS U PIQIRS U PIQIRS U PIQI(<P) 

= RS U QIS, 

where juxtaposition represents intersection. Since a change to line 12 
is needed to cause P2 and q2 to become unknown, the star faults are 
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Table VIII-fault-list equations for SR latch 

2 
3 

4 
5 
6 
7 
8 
9 

10 
11 
12 

given by 

P 2 

RSUP1R 
RSUP1R 
RUQ1S 
RUQ1S 
RSURP1 
RSUP1R 
RUQ1S 
RSUP1R 
RSUQIR 
RSUQ1R 
RUQ1S 

{} 

Q2 Star Faults 

RSUQ1S P1Q1RS 
SUP1R pJ~IRS 
RSUQ1S plXRS 
RSUQ1S P1QIRS 
RSUQIS P1Q1RS 
SUP1R P1QIRS 
RSURQI P1Q1RS 
SUPR P1QIRS -

P1Q1RS RSUSPI 
SUQ1R P1QIRS 
RSUQ1S P1QIRIS 

{} P1Q1RS 

P1Q1RS. 

We have used P1Ql, which corresponds to the initial state 00 in the 
faulty circuit, as a don't-care state (<1» to simplify the expressions. 

3.2.4 Concurrent simulation 

In concurrent simulation, the same method is used to evaluate fault­
free and faulty circuit signal values. Therefore, no transformations of 
representation are necessary, and any representation that leads to 
efficient simulation may be chosen. 

3.3 User-defined functions 

Our discussion of Section 3.2 also applies to user-defined functions. 
The main difference is that the tables or equations used for represent­
ing the functions must be generated from descriptions in a high-level 
language such as the function definition language in LAMP.20 

A typical construct in such a language is the cause-effect statement. 
Such statements can be nested to many levels. The techniques dis­
cussed in Section 3.2 can be used for simulating user-defined functions 
using the parallel, multilist, or deductive method by first replacing 
cause-effect statements by equivalent equations. For example, the 
statement 

if x then z = a else z = b 

can be replaced by 

z = a·x + b·x + a· b. 

The redundant term a· b has been introduced to produce the correct 
result z = 1 for the case a = b = 1 and x = U. 21 Otherwise, the 
pessimistic result z = u will be produced for this case. 

Concurrent simulation does not require the transformation of cause-
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effect statements into equations. For each fault and each combination 
of inputs and state, only those computations enabled by the conditions 
need be performed. The operations in a function definition need not 
be restricted to logical operations. Therefore, it is not necessary to 
generate Boolean equations corresponding to arithmetic operations, as 
would be necessary in the other methods considered. Thus, it appears 
that the concurrent method would allow simulation of functions de­
fined at a higher level than is possible with the other methods. 

3.4 Summary of results 

The results of this section are summarized in Table IX. The concur­
rent method is clearly superior in its ability to simulate different levels 
of models. 

IV. TIMING 

In this section, we study different effects related to timing, and their 
impact on the four simulation methods under consideration. We shall 
consider the effects of different rise and fall times associated with 
signal changes, suppression of short pulses to model inertial delays, 
and the simulation of faults which affect the magnitude of delays 
associated with devices. We shall restrict our discussion to logic 
simulation with two and three logic values. 

4. 1 Rise and fall times 

The delays associated with 0 to 1 and 1 to 0 transitions of a signal, 
called here the rise and fall times, are not necessarily equal. 22,23 All the 
methods of fault simulation under discussion simulate a number of 
signals simultaneously, some of which may be rising and some falling. 
To simulate this effect accurately, a mechanism is necessary for 
allowing rising and falling signals to change at different times. 

Let to be a time before any change occurs on the line under consid­
eration. Due to differences in the rise and fall times, signal changes 
may occur on the line at times tl and t2, where to < tl ::: t2. Thus, at 
time t2, all signal changes associated with the particular event would 
have occurred. The effect of different rise and fall times can be 

Table IX-Summary of results: modeling levels 
Parallel Multilist Deductive Concurrent 

pate level 1 1 1 1 

Higher level 2 2 2 1 
primitives 

User defined 2 2 2 1 
functions 

Note: 1 = No transformations required. 
2 = Transformation into equations required. 
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simulated accurately by computing the values of the signals at time tl 
based on the values at to and t2, namely, the initial and final values for 
the particular set of transitions. 

In the following sections, we shall consider four simulation methods 
and examine the results produced by their different models at three 
points in time, namely, before t1(to), between tl and t2(t1), and after 
t2(t2). 

4. 1. 1 Parallel simulation 

Let ~o, ~1, and ~2 be the words associated with a line x at times to, tl, 
and t2, in two-valued parallel simulation. In three-valued simulation, 
two words denoted by superscripts ° and 1 will be associated with the 
line for each of the above times, and the coding of Table III will be 
used. 
Case 1: Rise time < fall time. We have 

~1 = ~o + ~2 
for two-valued simulation, and 

~~ = ~A + ~~ 
~y = ~g.~~ 

for three-valued simulation where + and. represent bitwise OR and 
AND performed on full words. 
Case 2: Fall time < rise time. We have 

~1 = ~0·~2 

for two-valued simulation, and 

~~ = ~A·~~ 

~y = ~g + ~~ 
for three-valued simulation. 

The preceding formulas can be verified by checking all nine possible 
transitions between the set {O, 1, u} and itself. 

4. 1.2 Three-list method 

Let Xh, xt and X~ be the i-lists at times to, t 1, and t2, defined above, 
for i = 0, 1, u. Using the same arguments as in Section 4.1.1, we obtain 
the lists for time tl as given below. 
Case 1: Rise time < fall time. We have 

X~ =XA UX~ 

xY=xYnx~. 
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Case 2: Fall time < rise time. We have 

xl = Xa n X~ 
x? =xg uxg. 

In both cases, X~ = (X? u Xl). 

4.1.3 Deductive simulation 

Deductive simulation with different rise and fall times has been 
discussed by Kjelkerud and Thessen.24 Here we present an alternate 
method. 

Let the times to, t l , and t2 be as defineJ earlier and let Xi and Xi 
represent the signal values and fault lists at those times, i = 0, 1, 2. If 
the rise time is less than the fall time, all 0 to 1 transitions will occur 
at tl. Therefore, we have 

Xl = Xo + X2. 

Similarly, if fall time < rise time, 1 to 0 transitions will occur at t1, and 
Xl = 1 if and only if it remains at 1 throughout the transitions. 
Therefore, for this case 

Xl = XO·X2. 

The fault lists Xl at time tl for different signal changes in the fault-free 
circuit and different relative values of rise and fall times can be 
determined from these equations. They are summarized in Table X. 

4.1.4 Concurrent simulation 

In fact, concurrent simulation is a trivial case, because fault-free and 
and faulty circuits are simulated independently. Rising and falling 
edges will still occur in distinct event waves, but the treatment of these 
events is individual. 

4.2 High-frequency rejection 

High-frequency rejection consists of eliminating short pulses for 
modeling the effect of inertial delays. We consider events occurring at 

Table X-fault-list equations for handling different rise and fall times 
Fault-Free Circuit Rise Time < Fall Time Fall Time < Rise Time 

Rising edge Xl-=' 1 Xl =0_ 
Xo = 0; X2 = 1 Xl =XOnX2 Xl =Xo nX2 

Falling edge Xl = 1_ XI-=' 0 
Xo = 1; X2 = 0 Xl =XOnX2 Xl =Xo nX2 

Constant one Xl = 1 Xl = 1 
Xo = 1; X2 = 1 Xl =XOnX2 Xl =Xo UX2 

Constant zero Xl =0 Xl = 0 
Xo = 0; X2 = 0 Xl =XOUX2 Xl =XOnx2 
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times to, t I, and t2, where to < tl :5 t2 and the logic values at these times. 
If t2 - tl is less than the magnitude of the inertial delay, then the 
change at tl must be rejected to suppress short pulses and the value 
between tl and t2, Xl, will be replaced by a corrected logic value, Xln. If 
Xo, Xl, and X2 are the computed signal values at to, tI, and t2 respectively, 
and if t2 - tl is less than the inertial delay, the corrected signal value 
at time tl is given by: 

The method for performing high-frequency rejection can be derived 
from this equation. 

In case there are more than two events within the range of the 
inertial delay, the treatment elaborated above must be repeated for 
each pair of events within that range. For example, consider three 
events occurring at times tl, t2, and t3. The following triples will be 
considered: (to, tl, t2), (to, t I, t3), (tl, t2, t3), which represent three pairs 
of events. 

4.2.1 Parallel simulation 

For two-valued parallel simulation, the word ~I has to be replaced 
by 

~In = ~O~I + ~I~2 + ~O~2 
and for three-valued parallel simulation, ~~ and ~t are replaced by 

~}n = ~a~} + ~} ~~ + ~a~~ 
~~n = ~g~~ + ~~~g + ~g~g . 

The coding defined in Table III was used to obtain the above equations 
for three-valued parallel simulation. 

4.2.2 Three-list methods 

Using the equation for Xln given above, we obtain the following fault-
list equations: 

X~n = (xg n X~) u (X~ n xg) u (xg n X~) 

X}n = (Xa n XD u (xt n X~) u (Xa n Xn 
X¥n = (X~ U XD. 

4.2.3 Deductive simulation 

The deductive fault list X ln can be obtained from the equation for 
the new signal value Xln, the values of Xo, Xl, and X2, and the associated 
fault lists. The fault list X ln can be computed in the same manner as 
fault propagation through functional blocks. I9 In fact, high-frequency 
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rejection may be thought of as being performed by a filter whose 
equation is given above. 

The fault-list computations for the eight possible patterns of xo, Xl, 

and X2 are summarized in Table XI. 
As an example, consider the case Xo = 0, Xl = 1, X2 = 1 (line 4 in 

Table XI). We have 

The fault lists associated with the terms a = XOXI, b = XIX2, and c = 
XOX2 for the specified values are: 

A = Xo n Xl; B = Xl U X 2; C = Xo n X 2 • 

Therefore, 

X ln = A n B n C = (Xo U Xl) n (Xl U X 2) n (Xo U X 2) 

= (Xo n Xl) U (Xo n X 2) U (Xl n X 2) • 

4.2.4 Concurrent simulation 

In this case, each faulty signal value is computed separately. There­
fore, high-frequency rejection can be performed on each signal individ­
ually, using the equation for Xln given in the preceding section. 

4.2.5 Suppression of short-duration detections 

We have considered the suppression of short pulses produced inde­
pendently by each fault-free or faulty signal value. However, we did 
not consider the case of a short pulse of detection, when neither the 
faulty nor the fault-free signal incurs a pulse. This is illustrated by the 
case where Xo = 1, Xl = 1, X2 = 0, for the fault-free signal and Xo = 1, 
Xl = 0, X2 = 0, for the faulty signal. This causes a short detection 
between tl and t2. For deductive simulation, this short detection may 
be eliminated by using the formula 

X ln = (Xo n Xl) U (Xo n X 2) U (Xl n X 2 ) 

independently of the fault-free signal pattern and after the high-

Table XI-Fault-list equations for high-frequency rejection 
Xo· Xl X2 Xln X ln 

0 0 0 0 (XO n Xl) U (Xl n K2) U (XO n K2) 
0 0 1 0 (XO n Kd U (KI n X 2) U (XO n X 2) 
0 1 0 0 (Ko n Xl) U (Xl n X 2) U (Ko n X 2) 
0 1 1 1 (Ko n Xd U (Xl n X 2) U (Ko n X 2) 
1 0 0 0 (Xo n Kd U (KI n X 2) U (Xo n X 2) 
1 0 1 1 (XonXd U (Xl nK2) U (XO nK2) 
1 1 0 1 (Xo n Xl) U (Xl n X 2) U (XO n X 2) 
1 1 1 1 (Xo n Xl) U (Xl n X 2 ) U (XO n X 2 ) 
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frequency rejection has been performed. The term Xi is the set of 
faults detected at time ti. 

The same method may be used for all the other simulation algo­
rithms described earlier. 

4.3 Delay faults 

A fault that affects the transport delay associated with a signal is 
called a delay fault. Consider a fault that causes a delay to change 
from d to d'. When the signal at the site of such a fault changes, the 
signal value corresponding to the particular faulty circuit must be 
delayed by d' instead of d. 

4.3. 1 Parallel simulation 

Two aspects of delay faults must be considered: injection of delay 
faults and the propagation of the effects of delay faults. Let us assume 
that a gate which is the site of a delay fault has been evaluated at time 
t, and the jth bit of the word represents the circuit with the delay 
fault. Let the normal and faulty delays be d and d', respectively, and 
let d < d'. Let x = (Xl, X2, ••• , Xn) and x' = (xi, X2, ••• , x~) be the 
vectors representing the old and new values, respectively. If for any 
i ~ j, xi ~ Xi, a vector (xi, X2, ••• , Xi-I, xj, Xi+I,"', x~) will be 
scheduled to be applied to the gate output at time t + d. If x i ~ x j, the 
vector x' will be scheduled to be applied to the gate output at time 
t + d'. Similarly, if d' < d and xi ~ Xj, the vector (Xl, X2, ••• , Xj-I, xi, 
Xj+h ••• , Xn) will be scheduled for time t + d'. If xi ~ Xi for any i ~ j, 
then the vector x' will be scheduled to be applied at time t + d. The 
vectors for updating at the different times can be obtained from the 
old and new vectors by appropriate masks and logical operations. 

From the above discussion it should be clear that the effect of delay 
faults is to cause the signal values on the same lead in the presence of 
delay faults to change at different times. When one or more values in 
a vector change, the gates to which the signal fans out in the fault-free 
and all faulty circuits are scheduled for evaluation in parallel. There­
fore, no special treatment is necessary for propagating delay faults. 
Since any signal change at the inputs of a device, faulty or fault-free, 
will cause an evaluation of the device (faulty and fault-free), delay 
faults will tend to increase the number of evaluations required. 

4.3.2 Three-list method 

The equations required for simulating delay faults using the three­
list and deductive methods can be derived by treating the delay fault 
as an internal fault in a functional block. These equations can then be 
used for simulating delay faults without explicitly modeling them as 
faults in functions. 
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Let a be a delay fault which causes the delay associated with a signal 
to change from d to d'. Let fa be a fault variable,19 which has the 
fault-free value of 0, but the fault a causes it to become 1. We shall 
represent the input and the output of the function used for modeling 
the delay fault by x and z, respectively. We assume that the evaluation 
is being done at time t = 0, and the value of the input x, tl units of time 
earlier is represented by x(-tl ). Two different cases must be consid­
ered: 
Case 1: d < d'. The value of z at time d is given by 

if fa then z = x(d - d') 

else z = x, 

which can be transformed into the equation 

Case 2: d' < d. The value of z at time d' can be represented by a 
function as in Case 1, and transformed into the following equation: 

The equations for the three-list method can be obtained from these 
equations using the method discussed in Section 2.2. 

Case 1: d < d' 

Zl(d) = [{a} n Xl(d - d')] U [Xl n raJ] 

ZO(d) = [{a} n XO] u [XO n XO(d - d')] U [XO(d - d') n {a}] 

ZU(d) = [Zl(d) U ZO(d)]. 

Case 2: d' < d 

Zl(d') = [{a} n Xl] U [Xl(d' - d) n tar] 

ZO(d') = [{a} nXO] U [XO n XO(d' - d)] U [XO(d' - d) n {a}] 

ZU(d') = [Zl(d') U ZO(d')]. 

4.3.3 Deductive simulation 

The functional equations derived in Section 4.3.2 can be used for 
deriving deductive fault lists for delay faults. The fault-list equations 
will depend on signal values as shown in Table XII. 

4.3.4 Concurrent simulation 

Since each fault is handled separately, the simulation of delay faults 
does not need any special processing. 
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Table XII-Fault-list equations for delay faults 

x x(d - d') z(d) Z(d) 

0 0 0 [X(d - d') n {a}] U [ xn faT] 

0 0 [X(d- d')n {a}]U [xn faT] 

0 1 [ xn faT] U [X(d - d') n {a}] U [X nX(d - d')] 

1 1 [X(d - d') n {a}] U [X n X(d' - d)] U [ xn faT] 
Case 1: d < d' 

X x(d'- d) z(d') Z(d') 

0 0 0 [Xn {a}]U [X(d'-d)n faT] 

0 1 [X n X(d' - d)] U [X n {a}] U [ X(d' - d)n faT] 

0 0 [X n {a}] U [X(d' - d) n H] 
[X(d'- d) n faT] U [Xn {a}] U [XnX(d'- d)] 

Case 2: d' < d 

4.4 Summary of results 

Changes in the fault-free and faulty values may occur at different 
times for the same line due to different rise and fall times and to delay 
faults. In the case of parallel simulation, a change in a single faulty or 
fault-free value on a line leads to computations involving the whole 
word (or pair of words). In the three-list and deductive methods, the 
addition or deletion of a single fault will require recomputation of 
complete lists. On the other hand, concurrent simulation treats each 
event, faulty or fault-free, independent of all other events and, there­
fore, should require less computation. High-frequency rejection is also 
simpler in concurrent simulation than in the other methods. 

V. CONCLUSION 

We have compared parallel, mUltilist, deductive, and concurrent 
simulation methods with regard to their ability to simulate more than 
two logic values, different levels of simulation, and accurate timing 
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analysis. All the methods, except deductive, can handle any number of 
logic values without significant changes in the method. An extension 
of the deductive method to an arbitrary number of logic values is 
presented. Concurrent simulation appears to be the most convenient 
method of simulating an arbitrary number of logic values. 

All the methods, except concurrent, require the transformation of 
functional descriptions of high-level devices into Boolean equations. 
No such transformation is required for concurrent simulation. In fact, 
it is not even necessary to restrict operations in functional descriptions 
to Boolean operations if concurrent simulation is used. 

All the methods are capable of handling different rise and fall times, 
performing high-frequency rejection and simulating delay faults. Since 
concurrent simulation handles each event separately, these functions 
can be performed more easily and efficiently than the other methods. 

In addition to the aspects discussed here, two factors that must be 
considered in selecting a simulation method are storage requirements 
and speed. A detailed analysis of the speed and the storage require­
ments of these methods is made in Ref. 11 based upon statistical data 
gathered from deductive simulation. 
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Although a sequential circuit M reduces to a combinational net­
work CM after all feedback paths have been cut, an application of 
Bossen and Hong's checkpoint labeling procedure to CM does not 
necessarily yield a minimal solution. The set of checkpoints so ob­
tained will include all feedback lines. In this paper, it is shown that 
these feedback lines are not necessary checkpoints under a "delay 
equivalence" relation. In addition to this, we also show that not every 
fanout branch is a necessary checkpoint. Any "singular fanout 
branches" can be removed from consideration. The results of our 
analysis lead to a minimal checkpoint labeling procedure for sequen­
tial logic networks. 

I. INTRODUCTION 

Because there are 3W 
- 1 possible multiple stuck faults in a logic 

network containing w distinct locations where signals may fail (each 
location may assume one of the three possible states: normal, stuck­
at-O, or stuck-at-l), test generation and simulation procedures often 
resort to fault collapsing techniques to reduce the number of faults 
which need to be considered. To date reported results in the literature 
deal only with combinational logic. This prompted our interests in the 
research to be discussed in this paper. 

Bossen and Hong introduced a fault collapsing technique for com­
binational logic networks called checkpoint labeling procedure. l 

Checkpoints, as defined by them, are a number of specified points in 
the network such that any multiple fault in the network is equivalent 
to some multiple fault among these specified checkpoints. l The check­
points defined in Ref. 1 are a minimal set of points having the property 

• M. A. Breuer is with the Departments of Electrical Engineering and Computer 
Science, University of Southern California, Los Angeles, California. 
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just stated. A natural question is, What are the checkpoints in a 
sequential circuit? It is well known that by cutting all the feedback 
lines, a sequential network can be mapped into a combinational 
network. A reasonable approach would be to apply Bossen and Hong's 
labeling procedure to the resulting combinational network. The check­
points obtained would then include all the feedback lines. In this paper, 
we show that in general all these feedback lines need not be check­
points under a relation called "delay-equivalence" to be defined later. 
We will see that the number of checkpoints can be greatly reduced for 
a highly sequential logic network if our results are utilized. This, in 
turn, greatly reduces computational complexities for multiple fault 
analysis in sequential networks. A possible application of our results 
can be found in a paper by Chang, Su, and Breuer.2 

II. FAULT COLLAPSING IN SEQUENTIAL NETWORKS 

The checkpoints in a circuit are specially designated signal lines. 
Checkpoints are defined so that for an arbitrary stuck-at-fault a there 
exists at least one equivalent fault defined on the checkpoints. Hence, 
if there are u « w checkpoints, we need only consider 3U 

- 1 multiple 
faults. Bossen and Hong have developed a labeling procedure for 
specifying the minimal set of checkpoints in a combinational circuit. 
Their results seem to be an extension of the work of Shertz and 
Poage.3,4 

For convenience, Bossen and Hong's procedure is as follows: 
(i) All the primary inputs that do not fan out are checkpoints. 

(ii) All the fanout branches are checkpoints. 
(iii) NOT gates are considered as lines. 
Although a sequential circuit M reduces to a combinational network 

eM after all feedback paths have been cut, Bossen and Hong's labeling 
procedure does not necessarily yield a minimum number of check­
points for such circuits. 

Consider a synchronous sequential circuit M represented by Huff­
man's model as shown on Fig. 1, where eM is the combinational portion 
of M, and D is the set of delay elements. We assume that faults in eM 
are restricted to stuck-at type and faults in delay elements (D (If's) 
result in stuck outputs. Gates and flip-flops of M are connected by 
edges. An edge of M is either a line or a branch. Namely, it is either a 
primary input, a primary output, a fanout stem, or a fanout branch. 
Also we shall assume the following: 

Assumption 1: The output value of a gate is a function of each of its 
inputs. 

Assumption 2: The number of edges in M is finite. 
Assumption 3: There are no "inaccessible" edges in M. An edge of 
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Fig. I-Huffman's model of a sequential circuit M. 

M is said to be inaccessible if it is not a primary input and, moreover, 
if it is not driven by any gates or memory elements of M. 

Almost all practical sequential circuits satisfy the above assump­
tions. Figure 2 shows a fictitious integrated circuit chip. Edge 5 is 
inaccessible. 

Restricting our attention to stuck-at-faults, we define a single fault 
as exactly one edge stuck-at-l (s-a-l), or stuck-at-O (s-a-O), and a 
multiple fault as a collection (one or more) of single faults, each 
associated with a different edge. Also, we shall not consider intermit­
tent faults. 

By applying Bossen and Hong's procedure to the combinational 
network eM, the set of checkpoints so obtained will include all feedback 
lines denoted by the vector Y. However, we shall show that this subset 
of checkpoints is not necessary under a delay-equivalence relation. 
Later we shall consider asynchronous sequential circuits. 

III. SEQUENTIAL NETWORK WITH D FLIP-FLOPS 

Definition 1 

Two faults u and v in M are said to be delay-equivalent (d-equiva­
lent) of order k, if M with u is equivalent to M with v after an 
application of an input sequence of length at least k. 

If the specific value of k is not of interest to us, we shall simply say 

2 

Fig. 2-A fictitious integrated circuit chip. 
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that u and v are d-equivalent. To demonstrate this concept, let us refer 
to the sequential circuit shown in Fig. 3. The fault a s-a-O is d­
equivalent of order 1 to the multiple fault b s-a-O and c s-a-O. 
Lemma 1: Any multiple fault in a delay flip-flop is d-equivalent of 
order 1 to a stuck input. 
Proof Let y and Y denote, respectively, the output and input of a 
delay flf. Then, y(q + 1) = Y(q) for all q. Thus, a stuck output is d­
equivalent of order 1 to a stuck input. Also, a stuck input and output 
is d-equivalent of order 1 to a stuck input only, and is d-equivalent of 
order 0 to a stuck output only. 

Because of this lemma, we shall consider a delay flf as a I-input 
gate under the d-equivalence relation. 

Definition 2 

(i) A sequence of edges of M, denoted by [SI' S2, ••• , Si, ••• , Sn], 

where Si ~ Sj for all i ~ j, is said to be a forward path, if for each 
i < n either (a) Si is a fanout stem and Si+l is a fanout branch of Si, or 
(b) there exists a gate of M, say g, such that Si and Si+l are, respectively, 
an input and the output of g. 

If SI = lX and Sn = {3, the path [SI, S2, ••• , Sn] is said to be a forward 
path from lX to {3. If {3 is a primary output, the path is said to be a 
terminal forward path of lX. 

(ii) A sequence of edges of M, denoted by [SI, S2, ••• , Si, ••• , Sn], 

where Si ~ Sj for all i ~ j, is said to be a backward path, if for each 
i < n either (a) Si is a fanout branch and its stem is Si+l, or (b) there 
exists a gate of M, say h, such that Si and Si+l are, respectively, the 
output and an input of h. 

If SI = lX and Sn = {3, the path is said to be a backward path from lX 

to {3. If f3 is a primary input, then the sequence [SI, S2, ••• , Si, ••• , Sn] 

is said to be a terminal backward path of lX. 

COMBINATIONAL CIRCUIT 
r---------------~ 
I C I 

x---t--, a I 
r----+---oz 

I d 

: b I L _______________ ~ 
y 

Fig. 3-A simple sequential circuit. 
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A backward path from a to {3, denoted by p, is said to be a backward 
path of a, if there exists no edge r in M such that a backward path 
from a to r contains every element ofp. The pathp is said to terminate 
at {3. 

Clearly, if {3 is a primary input of M, then a backward path from a 
to P is also a terminal backward path of a. 

The path [Sl' S2, ••• , Sn] is said to pass through each Si. Conversely, 
each Si is said to be contained in the path. Branch Si is also said to be 
an element of the path [S1, S2, ••• , Sn]. 

As an example, consider M1 on Fig. 4. The sequences [12, 18, 6, 8, 9, 
11, 20] and [12, 17, 19, 5, 8, 9, 11, 20] are forward paths of edge 12. 
However, the sequence [12, 18, 6, 8, 10, 12, 15, 16, 19, 5, 8, 9, 11, 20] is 
not a forward path of 12 because edges 12 and 8 appear twice in the 
sequence. All backward paths of edge 20 are shown in the graph of Fig. 
5. Note that this graph is a tree with edge 20 as the root, and the 
leaves are either primary inputs or fanout branches. 

Definition 3 

If every edge of M possesses at least one terminal forward path, then 
M is said to be a regular sequential circuit. Otherwise, M is said to be 
irregular. 

We will focus our attention on regular sequential circuits. 

Definition 4 

A sensitized path from an edge a = Xi to an output {3 in M is a 
terminal forward path from a to {3, along with constant signal values 
assigned to some of the other edges such that changing the logic value 
of Xi will change the logic value of {3. 

3 

5 

Fig. 4-Sequential circuit MI. 
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Fig. 5-Backward, paths of edge 20 of MI. Underline indicates either a primary input 
or nonsingular fanout branch. Starred edges are members of K(20). 

In the circuit shown in Fig. 4, we can sensitize the edge 1 to the 
output 20 by setting edge 9 to s-a-1 and edge 13 to s-a-O. 
Lemma 2: Let g be a gate in M, a regular sequential circuit, and Xl, 

X2, ••• ,Xn be the inputs to g. For each i, there always exists a multiple 
fault in M which will sensitize Xi to an output. 
Proof: Since M is regular there exists at least one terminal forward 
path from Xi to an output {3. Using the concept of Boolean difference,5 
the condition for sensitizing the output of g to the input Xi is given by 
the equation 

where 

go = g(XI, ••• , Xi-I, 0, Xi+l, ••• , Xn), 

and 

gl = g(XI, ••• , Xi-I, 1, Xi+l, ••• , Xn). 

N ow select any minterm of gOgl or gOgl. If this minterm specifies Xi = 

ai, where ai is either 0 or 1, then let the xi input to g be stuck at ai. Now 
assume that for the terminal forward path from Xi to /3, the output of 
g is an input to gate h. Repeating the process just described, h can be 
sensitized to g. This chaining process is continued until {3 is reached. 

Definition 5 

Let a and /3 be two edges of M. Edge a is said to dominate edge {3, 
if both a s-a-O and a s-a-1 will cause M to become independent of the 
signal on {3 regardless of whether or not other edges are normal. 
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To illustrate this, let us consider Fig. 2. Edge 6 dominates edges 1 
and 3. Edge 7 dominates all other edges. However, edge 2 does not 
dominate edge 1, because when edge 3 s-a-l and edge 4 s-a-O, edge 7 is 
a function of edge 1 independent of the state of edge 2. 
Theorem 1: Edge a dominates edge f3, if and only if all terminal 
forward paths of {3 contain a. 
Proof: Suppose all forward paths of {3 pass through a. A stuck a will 
block any signal on {3. Thus, M becomes independent of f3 if a is stuck. 
Therefore, a dominates f3. Suppose there exists one terminal forward 
path of {3 that does not contain a. Then, by Lemma 2, one can always 
find a multiple fault on M, which will sensitize the signal on {3 to at 
least one of the primary outputs of M. Thus, M is dependent on f3 and 
a does not dominate f3. This proves the only if part. 
Theorem 2: Dominance relation induces a partial ordering. 
Proof: Every forward path of a passes through a. Thus, a dominates 
a. Let al dominate a2 and a2 dominate a3. By Theorem l,all forward 
paths of a3 and a2 pass through a2 and aI, respectively. Thus, all 
forward paths of a3 also pass through al. This implies that al also 
dominates a3. Suppose a dominates {3 and {3 dominates a. By Theorem 
1, all forward paths of {3 pass through a and all forward paths of a pass 
through {3. This means that if a =;f {3, none of a and f3 has a forward 
path. Therefore, a dominates f3 and f3 dominates a implies a = {3. 
Namely, dominance relation is reflexive, transitive, and antisymmetric. 
We conclude that it induces a partial ordering. 

In a combinational network, a fanout branch never dominates other 
fanout branches of its stem. However, in a sequential circuit a fanout 
branch may dominate other fanout branches of its stem. Consider, for 
example, the sequential circuit M I , which is shown on Fig. 4. Branches 
9 and 10 are fanout branches of stem 8. Since every forward path of 10 
passes through 9, branch 9 dominates branch 10. 

Definition 6 

A fanout branch that dominates other fanout branches of its stem 
is said to be singular; otherwise, it is said to be nonsingular. 
Theorem 3: (i) A stem possesses at most one singular branch. 
(ii) Every singular branch dominates all other fanout branches of 
its stem. 
Proof: Let a stem which possesses singular branches be denoted by {3 
and its fanout branches be denoted by a!, a2, ••. , an, where al is 
singular. By definition, al must dominate at least one ai (=;fal). If al, 

where j =;f 1 or i, is also singular, then ai will have at least one forward 
path that does not pass through al because every forward path of ai 

contains the fanout stem f3. Thus, ai will no longer be dominated by 
lYl. This contradiction proves (i). Suppose some ak is not dominated by 
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al. Then, ak possesses at least one forward path that does not pass 
through al. It follows that ai, for all i ¥= 1, also possesses at least one 
forward path that does not pass through al. Part (ii) of the theorem 
follows as a result of Theorem 1. 

Definition 7 

The kernel set of edge a of M, denoted by K(a), is a set of edges of 
M such that 

(i) every backward path of a contains exactly one member of K(a), 
(ii) members of K(a) are either primary inputs that do not fanout 

or nonsingular fanout branches, and 
(iii) every forward path from each member of K(a) to a does not 

contain any other nonsingular fanout branches. 
Let us consider Ml again (see Fig. 4). All backward paths of edge 20 

are shown on Fig. 5. Each underlined edge is either a primary input or 
nonsingular fanout branch. Every starred edge is an element of 
the kernel set of edge 20 [i.e., K(20)]. From Fig. 5 we have K(20) = 
{I, 4, 13, 14, 15, 17, 18}. The following kernel sets can be easily verified: 
K(I) = {I}; K(12) = {7, 10}; and K(8) = {4, 14, 15,17, 18}. 
Lemma 3: Let a and 13 be any pair of edges of M. 

(i) A stuck a is d-equivalent to some multiple fault among its 
kernel set K(a). 

(ii) If K(a) and K(f3) are disjoint, then any multiple fault among a 
and 13 is d-equivalent to some multiple fault among K(a) U K(f3). 
Proof: Part (i) follows jointly from the fact that any multiple faults of 
a logic gate are equivalent to multiple faults among the input lines 
only,I and the definition of K(a) which requires that every backward 
path of a contains exactly one member of K(a). Part (ii) follows part 
(i) of the lemma. 
Lemma 4: If a does not dominate 13, then either (i) there exists no 
forward path from 13 to a, or (ii) every forward path from 13 to a 
contains at least one nonsingular branch. 
Proof: If statement (i) is true, then a does not dominate 13. 

Suppose there exists a forward path from 13 to a, denoted by p = 
[Sl, ••• , Sn], that does not contain any nonsingular branch. Then Si is 
either a fanout free stem or a singular branch. Let Si be singular. Then, 
Si~l is a fanout stem. By Theorem 3, all other fanout branches of Si-l 

are dominated by Si. Therefore, all forward paths of Si-l pass through 
Si. Thus, all forward paths of 13 also pass through a. This implies that 
a dominates 13. Suppose every Si is a stem without fanout, then p is a 
fanout free path. But by Theorem 1, this also implies that a dominate 
13. The contradiction proves the lemma. 
Theorem 4: If a does not dominate 13 and 13 does not dominate a, then 
their kernel sets are disjoint. 
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Proof: Let (J E K(f3). Then, (J falls into exactly one of the following 
categories. 

(i) (J lies in a backward path of {3 which does not contain any edge 
in common with any backward path of a. 

(ii) (J is contained in a forward path from a to 13. 
(iii) (J is contained in a backward path of 13, say p, that does not 

contain a but p, and a backward path of a, say q, contains common 
branches. 

Clearly, if (J belongs to category (i), (J E K(a). If (J belongs to category 
(ii), by Lemma 4 and category (iii) of the definition of K(a), (J E K(a). 
So, consider only category (iii). Let p = [Sl' S2, ... , Sn], and q = 
[tI' t2, ... , tm ]. Category (iii) implies that there exists u and v such 
that Su = tv and Si ~ tj for all i < u, j < v. Namely, Su (or tv) is a fanout 
stem. If Su-l and tv- l are nonsingular, by definition (J lies in a forward 
path from Su-l to 13; that is, (J E K(a). If Su-l is singular, by Theorem 3 
tv- l is not. Thus, branch tv- l is dominated by SU-I and so is a. If Su-l is 
dominated by 13 then so is a. This contradicts the assumption. There­
fore, Su-l is not dominated by {3. By Lemma 4, there exists k =s u - 1 
such that Sk is a nonsingular branch. This implies that (J E K(a). 
Therefore, K(f3) and K(a) are disjoint. 
Theorem 5: In a regular sequential circuit, every singular branch is 
not a necessary checkpoint, but all nonsingular fanout branches are 
necessary checkpoints. 
Proof; Let 13 be a fanout stem with fanout branches aI, ... , an, where 
al is singular. By Theorem 3, every ai ~ aI, is dominated by al. Thus, 
a stuck al edge is d-equivalent to a stuck 13 edge. As to a stuck ai edge, 
for any i ~ 1, it is not d-equivalent to either a stuck {3 edge, or stuck 
al edge, or stuck aj edge for j ~ i. Therefore, all nonsingular fanout 
branches of 13 are necessary checkpoints. 
Theorem 6: For any irregular sequential circuit M there exists a 
regular sequential circuit M* such that M and M* are equivalent, 
and furthermore, M* preserves fault behavior of M under stuck-type 
fault assumption. 
Proof: Being irregular, M possesses two sets of edges, denoted by Q 
and Q*, where each member Q does not have any terminal forward 
paths, and each member of Q* possesses at least one terminal forward 
path. It follows that no primary output of M is a function of the signals 
on any member ofQ under fault-free or any stuck-type fault conditions. 
Therefore, removing all members of Q will not alter the normal or 
abnormal functional behavior of M. The resulting circuit consists of 
only edges in Q* and is regular. 

To illustrate this theorem, consider sequential circuit M2 on Fig. 6a. 
One can easily verify that Q = {4, 5, 8, 11, 13, 14, 16} and Q* = 

{I, 2, 3, 6, 7, 8, 9, 10, 12, 15, 17}. After removing Q from M2 and 
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Fig. 6-Use of Theorem 6. (a) Sequential circuit. (b) Circuit M3• 

relabeling, one obtains the sequential circuit M 3, shown on Fig. 6b, 
which is actually a combinational circuit. 
Theorem 7: In a sequential circuit M, either (i) the kernel set for any 
edge in M exists, or (ii) M is irregular. 
Proof: Suppose a is an edge of M. Let a backward path of a be denoted 
by p = [SI, S2, ••• , Sn], where SI = a. Then, p belongs to one of the 
following categories. 

(i) p is a terminal backward path; namely, Sn is a primary input of 
M. 

(ii) There exists T < n such that Sn and Sr-l are fanout branches of 
T. (See Fig. 7a.) 

(iii) There exists a gate g such that a is an input of g and Sn is the 
output of g. (See Fig. 7b.) 

(iv) Sn is inaccessible. 
Category (iv) never occurs because of Assumption 3. 
Suppose p falls into either category (i) or (ii). Then every backward 

path of a contains at least one nonsingular fanout branch or a primary 
input. This implies that K(a) does exist if case (iii) does not apply. 

Now consider case (iii). Suppose there exists no Si, 1::; i ::; n, that is, 
a fanout branch. This means that every element of p does not have a 
terminal forward path. Thus, M is irregular. 

Suppose there exists some Si, 1 ::; i ::; n, that is a fanout branch. If Si 
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is singular, then Si+l is the stem of Si. Moreover, Si+l is dominated by Si. 

If all other fanout branches of p are also singular, then by the 
transitivity of dominance, Si would be dominated by Si+l. This would 
imply that neither Si nor Si+l has a forward path. Thus, we conclude 
that some Sj must be a nonsingular fanout branch and, hence, the 
theorem follows. 

From the foregoing analysis, we now derive a checkpoint labeling 
procedure for a sequential circuit M. 

Step 1. If M is irregular, convert Minto M* as in the proof of 
Theorem 6. 

Step 2. All primary inputs that do not fanout are checkpoints. 
Step 3. All nonsingular fanout branches are checkpoints. 

(a) 

g 

(b) 

6 
I 
I 
I 

Fig. 7-Proof of Theorem 7. (a) Category (ii); (b) Category (iii). 
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Step 4. NOT gates are considered as lines and delay fff's are con­
sidered as I-input gates. 
Theorem 8: The above procedure yields the necessary and sufficient 
checkpoints to represent all the multiple faults in M which are 
detectable. 
Proof: Clearly, faults among the edges of n of Theorem 6 are unde­
tectable and can be ignored. Let E be a multiple fault defined over a set 
of edges of M*, denoted by A = {ai}. Let B = {{3j} be constructed 
from A by removing all elements of A which are dominated by some 
other elements of A. Then B is the largest subset of A such that no 
member of B is dominated by any member of B. Because any signal 
on a dominated edge will be blocked by the edges which dominate it, 
E is equivalent to a multiple fault among B. Furthermore, since Pi E B 
does not dominate pj E B for all i "# j, K({3i) and K({3j) are disjoint. By 
Lemma 3, a multiple fault among B is equivalent to a multiple fault 
among the following collection of edges of M*:r = UPiEB K({3i). Since 
r is a subset of the collection of checkpoints W given by the above 
procedure, E is equivalent to a multiple fault among W. This proves 
the sufficiency. The necessity follows from Theorems 5 and 6. 

In comparison with the set of checkpoints obtained by applying 
Bossen and Hong's procedure to the combinational network eM of Fig. 
1, we see that we have removed from consideration the following edges: 
(i) all feedback lines represented by the vector Y; and (ii) all singular 
fanout branches. 

Therefore, our work greatly simplifies fault analysis of cyclic logic 
networks. 

It is important to point out that Definition 6 and Theorem 1 can be 
used to identify the singular edges. 

IV. ASYNCHRONOUS SEQUENTIAL CIRCUITS 

Having found a minimal checkpoint labeling procedure for synchro­
nous sequential circuits with delay flip-flops as memory elements, we 
now consider asynchronous sequential circuit. The structure of an 
asynchronous sequential circuit can be represented as shown in Fig. 8. 

x ============~)I 

y 

LUMPED L..:=====~ 
PROPAGATION-----­

DELAYS 

F========:) z 

Y 

Fig. 8-Asynchronous sequential circuit. 
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It can be seen that the model is almost identical to the one shown in 
Fig. 1. The only difference is that the clocked delay flip-flops of Fig. 1 
are now lumped propagation delays of the feedback lines. Because of 
this, one might conjecture that the checkpoint labeling procedure is 
applicable without modification to asynchronous sequential circuits. 
This conjecture is indeed true. 

Consider Step 3 of the labeling procedure. It states that a delay flip­
flop is considered as a I-input gate. Under stuck-type fault assumption, 
this is equivalent to saying that a delay flip-flop is considered as an 
edge in the procedure. Therefore, we ascertain that the foregoing 
analysis carries over to an asynchronous case under the permanent 
stuck-at fault assumption. 

V. SUMMARY AND DISCUSSION 

In our analysis, we have developed a minimal checkpoint labeling 
procedure for squential circuits. This procedure is applicable to both 
synchronous sequential circuits with delay flip-flops as memory ele­
ments and asynchronous sequential circuits. Since most of the clocked 
flip-flops in use today, such as JK flf, latch flf, etc., are actually made 
of asynchronous sequential circuits, the procedure is applicable to any 
synchronous sequential circuits whose memory elements are either 
delay flip-flops or the aforementioned clocked flip-flops. 
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