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Abstract

This paper extends the CMOS standard cells characterizanethodology for
defect based testing. The proposed methodolilpws to find the types of faults
which may occur in a real IC, to determine their probabilities, and to find the
input test vectors which detect these faults. For shorts at the inputs two types of
cell simulation conditions — “Wired-AND” and “Wired-OR” — are used. Examples

of industrial standard cells characterization indicate that a single |dgiclt
probability table is not sufficient. Separate tables for “Wired-AND” and “Wired-
OR” conditions at the inputs are needed for full characterization and hierarchical
test generation.

1. Introduction

It is well known from the literature [e.g. 1-5] thafassical testgeneration methods
cannot handle the actual behavior of faulty digital circuits implemente€M®S ICs.
These methods allow to generate test vectors using logic-driven gate-level models to
represent the circuit design and abstract fault models (e.g. the stuck-at fault model) to
describe manufacturing defects causing IC failure. Assalt the circuit layoutphysical
defects characteristics and the actual circuit behavior are ignored.

To overcome these limitations, in [5, 6] circuit and layout-driven geserationmethods
were proposed. In these works the whole circuits having hundreds of gateanabreed as
single blocks. Such an approach is computationally expensive and thus highly impractical
as a method of generation of tests for real VLSI designs. An alterreggjy®achhasbeen
proposed recentlyf7, 9, 10]. In these works functionality of gates from a standard cell
library is analyzed for all possible physical defects using transistor-level simuldtiis.
characterization process may be computationakpensive, but it should be dorenly
once for every standard library cell. This information can be used for defect orfanted
simulation and teggeneration at highelevels of abstraction [9-11]. It can bshown that
classical stuck-at fault based simulation and the test coverage calculation basedinting
defects without considering defect probabilities may lead to considerable overestimation of
results [8].

In this paper we extend the previous works in the following way:

(@) We define more precisely the simulation conditions “O¥ired-AND” and

“Wired-OR” shorts at inputs of logic gates.

(b) We use an alternative method of characterization of probabilitiephykical

defects based on a commercial CAD tool (Dracula).

(c) As a result of (a) and (b), we present examplesy@f results of estimation of

probabilities of logic faults in several digital gates. These results include
multiple shorts.

1 Currently with Measurement Microsystems A-Z Inc., Trois-Rivieres, Quebec, CANADA.
2 Currently with Institute of Electron Technology, Warsaw, POLAND.
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The paper is organized as follows. In Section 2 the method of estimatialefett
occurrence probabilities is introduced. ldentification of faulty functions tstl vectors
generation procedure is described in Section 3. Section 4 presents examples of
characterized standard cells.

2. Estimation of defect occurrence probabilities

In the following we consider one kind of physical defectsONOS gates -shorts
between conducting regions. This is one of the most important sources of faGk4O8
digital circuits. However,the methodology can be extended to other types pifiysical
defects as well (e.g. breaks). A short is a piece of exdmmucting material that connects a
pair of separate conducting regions in the integrated circuit. This affects the connectivity of
the circuit -two separate electrical nodes become shorted. It is intuitively obwioals
probabilities of shorts depend on the layout of the circuit. Conducting regions that are
adjacent to one another are more susceptible to shorts than regions that are separated by a
large distance. We assume that every defect, which results in a short, apprbgimated
by a circle. To estimate the probabilities of shorts between pairs of nodes we use the
concept of critical area for shorts [12, 13]. The critical area for shorts is such a region in the
circuit that if the center of a defect of a given radius located anywhere inside the critical
area, a short between two adjaceahducting regions occurs. Fig.illustrates theconcept
of critical area for shorts.

Physical defect
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Figure 1. Concept of the critical area for shorts.

Probability that two electrical nodesill be shorted by a physical defect is given by the
following formula derived from Poisson based yield model:
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where:i is the type of conducting layeN, is the number of conducting layersis theradius
of the defect (a randomaariable),Acr(r) is the critical aredunction, D; is the density of
physical defects of typei”. f;(r) is the size distributiorfunction for defects of type i”
given by [14, 15]:
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The size distributiorfunction hastwo parametersX,; (which is modeled to be very small
compared to the minimum feature size of a given manufacturing process) and paggmeter
In our calculations of the probability of shorts three the most important conducting layers —
Polysilicon, Metall and Metal@veretaken into account. Parametdy wasassumed to be
20% of the minimal distance between shapes on a goweructing layer, p=3 and
D, = 10 defects/cfn

In this work we extracted the critical area using the comme@AdD tool (Dracula) by
means of a series of geometrical operations on the cell layout. The operations that are
possible in Dracula are normally used for design rule checking, but they can alsede
for other geometrical transformations of the layout, and in particular for extraction of the
critical area defined as in Fig. 1.

Formula (1) allows to calculate the probability of shorts between moretwtaalectrical
nodes aswell. In this casecritical areaAcr, should be extracted fononequipotential
conducting paths representing given nodes altogether.

3. Faulty functions identification and test vectors generation

The first step in identification of logic faults and their probabilities is to calciHgteor
all pairs of conducting regions representing electrical nodes. If for a giverPpail0, this
pair of nodes cannot be shorted and is not taken into account. For the pairs that can be
shorted the logic faults are determined. In simgAses this can béone by inspection of
the circuit, for example it is obvious that a short between an output nod¥,gmesults in
“Stuck-at-1" fault at thisnode. In more complexases it may be necessary to simulate
operation of the faulty circuit at the transistor level.

Analyzed gates and circuits were simulated electrically to find the test set fosleanth
A testbench circuit (see Fig. 2) was implemented in HSPICE. Level 47 (BSIM3 V&<€idn
MOS transistor model was used in simulations.

I 1
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Figure 2.  Testbench circuit schematic diagram.

For each short the responses to all the input vectors were found. If at least one net of the
shorted pairwas aninput, the simulatiorwas carried outtwice using“Wired-AND” and
“Wired-OR” models. Thesdawo models were implemented by using input bufferaith
MOS transistors of different channel geometries. The construction of the buffers is shown
in Fig. 3. The channel width values of the transistors used in the buffers are given below:

e “Wired-AND” shorts: PMOS W = 10 um, NMOS W = 10 um;
¢ “Wired-OR” shorts: PMOS W =40 pm, NMOS W =5 um.
The channel length was On in all the transistors.
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In some cases (e.g. when one of the shorted nets was the output) the output voltage of the
tested circuitwassignificantly different from the expected one, i.e. either 0.0 orvbl.
To avoid ambiguity in classifying such responses as logic one or logic zaan-averting
buffer (of the same construction as the input ones) regenerating the vidtexjewas
connected to the output. For each input vectorbihiéer's output voltage was compared
with the correct value of the logic function implemented by the tested circuit. If these two
values did not match, the input vector was counted as a test vector.

—IF  —F
[ —e — >
S

Y

1

Figure 3.  Buffer schematic diagram.

A short itself was implemented in the SPICE netlist as a resistor of IDOmmich is the
average value of sheet resistance of metals used in the 0.8 um CMOS process. As the
resistances of contacts awmths in this technology are esseral orders ofmagnitude higher,
the value of the resistor simulating a short is not critical. We tried several resistance values in
the range from 0.02 to 20@. The gate behavior at the logic level did wepend orthis
resistance. The waveforms obtained from the simulation allow to determine thelagtoal
function performed by the faulty circuit.

The procedure presented above is the most time consuming part ciatecterization.

If the number of possible shorts is large and operation of the faellyis not obvious for

most of them, it is necessary p@rform many circuit simulations. This is tine@ensuming

and difficult to automate. Hence, the complexity of the characterization proegsnds
mainly on the number of physically possible shorts in the charactedettdand the
complexity of the cell function. In practice it may take from several hours to several days to
characterize a single celowever,this process iperformed only once foevery library

cell. In this way thefunctional faults that result from shorts are identified aieir
probabilities are determined.

4. Examples of standard cells characterization

The methods described in Section 2 andee usedor characterization of gatdsom
an industrial standard cell library in 0.8 um CMGQ8chnology. Fig. 4shows the
distribution of the probabilities of various types of functional faults for a complaxpdti
AN3 gate performing theot((A and B) or C or Dfunction. Logic and schematdiagrams
of AN3 gate are shown in Fig. 5.

In Table 1, the mappindpetween functionafaults, input vectors of the gate adéfects
(for “Wired-AND” shorts) is given. For eachector, all the defects detected by this vector
are marked by 1.
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Figure 4. Distribution of probabilities of faults for AN3 gate.
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Figure 5. Logic diagram (left) and schematic diagram (right) of AN3 complex gate.

Based on data from Table 1 the effectiveness of test vawtmsalculated (se€able 2).
This effectiveness is defined as the total probabilityoofurrence of a group dll faults
detected by a given test vector [7]. In Table 2 one can see that the Vécter 0010 has
the highest effectiveness.
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Table 1. Probabilities of defects (“Wired-AND” shorts) in the complex gate AN3
and the fault table.

i | Fault d Erroneousdifunction Probability P; Inz%ggcéo; tf
f absolute | relative || 0] 1] 2] 3] 4[5][6] 7] 8] 9]10]11] 12] 13]14]15
1 |AB |[not detected 3.2938¢-07 | 0.13550 none
2 |AC "not(A*C+D) 1.0199e-07 0.04196 1 1 1
3 |AD ||n0t(A*D+C) 5.8123e-08 0.02391 1 1 1
4 |An1 "not(B+C+D) 5.0892e-08 0.02094 1
5 |[ANQ _ |not(not(A)*C+D) | 3.1540e-08 | 001297 || 1 1 1
6 |Agnd ||not(C+D) 3.4523e-08 | 0.01420 1
7 |Avdd |[not(B+C+D) 18743608 | 0.00771 T
8 |B/IC "not(B*C+D) 3.0736e-07 0.12644 1 1 1
9 |BD ||n0t(B*D+C) 1.2855e-07 0.05288 1 1 1
10 |B/n1 "not(A+C+D) 5.5331e-08 0.02276 1
1 [BIQ___ ||pot(not(B)+*C+D) | 65150608 | 0.02680 || 1 1 1
12 |B/gnd ||not(C+D) 2.7366e-08 | 0.01126 1
13 |B/vdd ||not(A+C+D) 2.1387e-08 | 0.00880 1
14 |C/D ||n0t(A*B+C*D) 4.4240e-07 0.18199 111 111 111
15 |C/n1 "SAO forQ 4.0733e-08 0.01676 || 1 1 1
16 [C/Q___ |[not(A"B+not(C)+D) | 1.0515e-07 | 004326 || 1 1 1 1 1 1
17 |C/gnd ||not(A*B+D) 2.5810e-08 | 0.01062 1 1 1
18 |C/vdd "SAO for Q 1.4943e-08 | 0.00615 || 1 1 1
19 |D/n1 "SAO for Q 2.1978e-08 | 0.00904 || 1 1 1
20 |D/Q ||n0t(A*B+C+not(D)) 1.8618e-07 007659 || 1] 1 111 111
21 |D/gnd ||n0t(A*B+C) 2.1360e-08 0.00879 1 1 1
22 |Divdd "SAO forQ 1.0609e-08 0.00436 || 1 1 1
23 [n1/Q "not(A*B) 4.2614e-08 | 0.01753 11111 1111 1111
24 |n1/gnd "SAO for Q 7.2557e-09 | 0.00298 || 1 1 1
25 [n1ivdd  [[not detected 14613e-07 | 0.06011 none
2 |Q/gnd "SAO for Q 1.2459e-07 0.05125 || 1 1 1
27 |Q/vdd |ISA1 forQ 7.0250e-09 0.00289 11111 11111 1111111111111
28 [gndivdd |[not detected 3.7640e-09 | 0.00155 none
Table 2. Effectiveness of test vectors for the gate AN3.
Test vector <ABCD> Shorts detected Effectiveness
V/(1)=0010 A/C, B/C, C/D, C/Q, C/gnd, n1/Q, Q/vdd 1.0324e-06
V(2)=1010 B/C, C/D, C/Q, C/gnd, n1/Q, Q/vdd 9.3036e-07
V(3)=0001 A/D, B/D, C/D, D/Q, D/gnd, n1/Q, Q/vdd 8.8626e-07
\/(4)=1001 B/D, C/D, D/Q, D/gnd, n1/Q, Q/vdd 8.2813e-07
V(5)=1100 gs/)adA/D, A/Q, Agnd, B/C, B/D, B/Q, Bignd, 76163e-07
V(6)=0101 A/D, C/D, D/Q, D/gnd, n1/Q, Q/vdd 7.5771e-07
V(7)=0110 AIC, CID, C/Q, Clgnd, n1/Q, Q/vdd 7.24996-07
B/n1, B/Q, Bivdd, C/n1, C/Q, C/vdd, D/n1, D/Q,
V(8)=1000 Do n?/gn i Q Q| 65331607
_ An1, AQ, Aivdd, C/in1, C/Q, C/vdd, D/n1, D/Q,
V(9)=0100 Divdd, n1/gnd, Qignd 6.1262e-07
V(10)=0000 AQ, B/Q, C/n1, C/Q, C/vdd, D/n1, D/Q, Divdd, 6.0813e-07
n1/gnd, Q/gnd
V(11)=0011 n1/Q, Q/vdd 4.9639e-08
V(12)=0111 n1/Q, Q/vdd 4.9639e-08
V(13)=1011 n1/Q, Q/vdd 4.9639e-08
V(14)=1101 Qivdd 7.0250e-09
V(15)=1110 Qivdd 7.0250e-09
V(16)=1111 Qivdd 7.02506-09

Taking into account that in many cases one fault can be detected by severatttast
the concept of usefulness tdst vectorsvas intoduced in [7]. Itallows to determine the
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optimum sequence dest vectors. Having calculated the effectiveness for every test vector
we can determine this sequence in the following way. We select the véttidhe hghest
effectiveness as the first one, and we subtract the probabilitiexanfrrence ofall faults
detected by the first vector from the effectiveness of the remaining vectatss lway we

obtain the effectiveness of the remaining vectors for the remaining (i.e. not detected by the
first vector) faults. We call it usefulness of the test vectors. Now we select agd¢bad

vector the one with the highest usefulness, and again we subtract from the usefulness of the
remaining vectors the probabilities of the faults detected by the second vectoep®ét

this procedure selecting the thindector and subsequent ones until no moredetected

faults remain. The results of the usefulnessnputation for AN3 cell are presented in
Table 3 and Fig. 6. The fault coverage for 5 test vectors equals 80.28%.

Table 3. Usefulness of test vectors for the gate AN3 (“Wired-AND” shorts).

Test vector <ABCD> Shorts detected Usefulness -
absolute relative
V(1)=0010 By BCr /D CIQ Cland, nlIQ 0304006 | 042468
- B/n1, B/Q, Bivdd, C/n1, Civdd, Din1, g
V(2)=1000 D/Q Dkl ofond. G 54816607 | 022550
V(3)=1100 AID, AIQ, Algnd, B/D, Bignd 28010607 | 011523
V(4)=0100 Anf, Avdd 6.96356-08 | 002865
o (;q(g)f%?%() ;) | Do 21360608 | 000879
045 1
0.40 -
0.35 |
0.30
0.25 -

Vector Usefulness

0.20 -

0.15 -

0.10 -

i

0.00 T T T / e

V(1)=0010 V(2)=1000 V(3)=1100 V(4)=0100 V(5)=0001
(or 0101 or 1001)

Figure 6. Usefulness of test vectors for the gate ANS3.

The similar simulations foAN3 cell but with “Wired-OR” shats werecarried out as
well. Obtained fault table, like Table 1, is different. We did not include it because of the lack
of space. But the most important results — usefulnestesifvectors — are presented in
Table 4. As one can note the sequencetest vectorswas changed andsets of detected
defects are different. In this case the fault coverage equals 75.63%.

Table 4. Usefulness of test vectors for the gate AN3 (“Wired-OR” shorts).

Test vector <ABCD> Shorts detected Usefulness -
absolute relative
A/B, A/n1, A/Q, Aivdd, B/C, B/D, Cin1,
V(1)=0100 C/Q, Civdd, D/n1, D/Q, D/vdd, ni/gnd,| 1.3779e-06 0.56683
Q/gnd
V(2)=1000 A/C, A/ID, B/n1, B/Q, B/vdd 3.0198e-07 0.12423
V(3)=0010 C/gnd, n1/Q, Q/vdd 7.5449e-08 0.03104
V(4)=1100 A/gnd, B/gnd 6.1889%-08 0.02546
V(5)=0001 _
(or 0101, or 1001) D/gnd 2.1360e-08 0.00879

In order to check the importance of defects causing shorts between more than two
electrical nodes a similar characterization procedurdNf? = NAND(A,B)gatewascarried
out. The results for “Wired-AND” shorts iINA2 gate are presented in Table 5.
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Table 5. Probabilities of “Wired-AND"” shorts in the gate NA2 and the fault table.

i Fault d; Erroneous function < Probability P; Inpuix‘%cior b

absolute relative ol 1] 2] 3

1 |AB not detected 3.4405e-07 0.27840 none

2 |AQ A 1.4407e-07 0.11658 111 1

3 |Ajgnd SA1 for Q 1.7382e-08 0.01407 1

4 |Add not B 4.5933e-08 0.03717 1

5 [BQ B 8.1981e-08 0.06634 1 1 1

6 [B/gnd SA1 forQ 4.5555¢e-08 0.03686 1

7 |Bivdd not A 1.1434e-07 0.09252 1

8 [Qignd SAO0 for Q 6.6776e-08 0.05403 11111

9 |Q/vdd SA1 forQ 1.0407e-07 0.08421 1

10 |gnd/ivdd not detected 5.5575e-09 0.00450 none

11 |ABIQ A*B 5.9993e-08 0.04855 11111 1

12 |A/B/gnd SAO for Q 1.6993e-08 0.01375 11111

13 |A/B/ivdd SA1 for Q 2.7522e-08 0.02227 1

14 |A/Q/gnd SAO for Q 1.3286e-08 0.01075 11111

15 |A/Q/vdd SA1 forQ 2.6166e-08 0.02117 1

16 |A/gnd/ivdd not detected 5.3552e-09 0.00433 none

17 |B/Q/gnd SAO0 for Q 1.7587e-08 0.01423 11111

18 |B/Q/vdd SA1 forQ 3.2060e-08 0.02594 1

19 |B/gnd/ivdd not detected 5.5220e-09 0.00447 none

20 |Q/gnd/ivdd not detected 1.7270e-08 0.01397 none

21 |A/B/Q/gnd SAO for Q 1.2897e-08 0.01044 11111

22 |A/B/Q/vdd SA1 forQ 1.6905e-08 0.01368 1

23 |A/B/gnd/ivdd not detected 5.3194e-09 0.00430 none

24 |A/Q/gnd/vdd not detected 4.6267e-09 0.00374 none

25 [B/Q/gnd/ivdd [[not detected 4.5913e-09 0.00372 none

In Table 5 one can observe that triple and quadruple shorts havelowshimportance
than double shorts from probability of occurrence pointviein. For data completeness
results of the usefulness computation Ko&2 cell are presented in Table 6 and Fig. 7.

Table 6. Usefulness of test vectors for the gate NAZ2 (“Wired-AND” shorts).

Test vector <AB> Shorts detected Usefulness -
absolute relative
_ A/Q, Aignd, B/Q, B/gnd, Qidd, A/B/Q, A/Bivdd,
V=11 AGHad, Blavdd, ABONA 5:8570e-07 044967
V(2)=10 B/ivdd, Q/gnd, A/B/gnd, A/Q/gnd, B/Q/gnd, A/B/Q/gnd 2.4188e-07 0.19593
V(3)=01 Aivdd 4.5933e-08 0.03717
V(4)=00 not used 0 0

0.50 -,
0.45
0.40
0.35 ]
0.30
0.25 |
0.20
0.15 |
0.10

0.05 |
0.00

V1)=11  V(2)=10  V(3)=01  V(4)=00

Vector Usefulness

Figure 7.  Usefulness of test vectors for NAZ cell ("“Wired-AND” shorts).
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5. Conclusions

In this work we demonstrated that a commerci@AD tool can be used for
characterization of probabilities of physical defects in digital cells. Therefore, the
methodology proposed in [7, 9, 10] is generally available and does not necessarily require a
special purpose software tool. We also analyzed more precisely the cell behavioriiédking
account by means of appropriate input buffén® possible conditions when shorts at
inputs occur: the “Wired-AND” condition and the “WirgdR” condition. Depending on
chosen simulation condition the sequencetasit vectors andgets ofdetected defects are
different. This indicates that a cell must be characterizedwuylogic fault probability
tables and in hierarchical testing one or the other must be used dependingcondfi®ns
at the inputs.
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