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ABSTRACT 

E-beam testing for VLSI circuits has already been a well-established 
technique. The observability of circuits is increased because internal circuit 
nodes can be used as test points. The flexibility of making use of these internal 
circuit nodes requires the development of new ATPG algorithm. Previous 
reported algorithm does not guarantee full fault-coverage and assumes all 
internal circuit nodes are test points. The new algorithm described in this thesis 
will generate a full fault-coverage test set for a fan-out free combination circuit. 
The main characteristic of the algorithm is that it generates test vectors as well 
as probe points. As a result, the probe points are different for each test vector, 
and the number of probe points is the minimum for the test set generated 
Results obtained show that an average of 30% test vector reduction is achieved 
compared with the conventional testing method which uses only output pins as 
test points. 
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1. INTRODUCTION 

1.1 Background 

This work is concerned with test methods for combination logic networks. 
Test methods can be classified into the external test method and the internal test 
method An external test is defined as a test where the device-under-test(DUT) 
can only be accessed through its primary input and output pins. Test vectors are 
fed into the DUT through its primary inputs(PIs) and the result is observed 
through its primary outputs(POs). This is the normal situation with 
conventional automatic testing equipments(ATEs). An internal test is defined as 
a test vsdiere the DUT can be accessed through its Pis, POs and internal test 
points. The internal test points are contacted through a bed of nails or a 
movable probe. This is the normal situation with conventional mechanical 
probing, CrossCheck design technology[1, 2] and e-beam testing[3, 4，5]. 

The external test method relies on the terminal characteristics of the device. 
However, the internal test method has considered both terminal characteristics 
and internal characteristics of the DUT. With internal test methods, the circuit 
becomes less complex and the device is more easy to test. 

crosscheck design technology and e-beam testing are common internal test 
methods. Both test methods improve the observability of the DUT by providing 
the ability to access internal nodes. The CrossCheck design technology has an 
embedded test structure which can access internal test points of VLSI circuits 
by memory-array like addressing scheme. An e-beam tester can measure the 
logical value of internal signal lines running in the top-level metal of the 
circuit. Internal test methods can simplify the testing of VLSI circuits, so many 
current research are concentrated on this subject. 
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The conventional test generation and fault simulation algorithms are based 
on the external test method Commercial software tools for automatic test 
pattern generation and fault simulation do not fully support internal test 
method For testing VLSI circuits, the following problems arise: the number of 
test vectors is large, and the computation time is long. 

As the complexity of VLSI technology increases, an e-beam test system 
becomes an indispensable instrument for probing internal behavior of VLSI 
circuits[6, 7]. However, it is also necessary for a test generation algorithm to 
account for such a new test situation. It is assumed that all internal signal lines 
of the circuit can be observed in dealing with the test generation problem. Of 
course, not all the internal nodes are required as test points. Hence, an e-beam 
test generation algorithm and a test points selection algorithm are needed in e-
beam test systems. 
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1.2 Problems in Testing VLSI Circuits 

The major problem in testing VLSI circuits is the high test cost. The test 
cost is high because the test-cost-per-gate and tester cost are increasing. This 
problem is more serious in testing Application Specific Integrated 
Circuits(ASICs) since the design cycle is short. 

1.2.1 Test-cost-per-gate: 

Test-cost-per-gate increases because both the test time and the test 
generation cost increase faster than the gate count. 

The gate count per chip in VLSI circuits is increasing, but the increase in 
the number of input and output pins is limited by the constraint of bonding pad 
and the perimeter of the chip. The inadeque number of input and output pins 
leads to more test vectors and longer testing time. As a result, test-cost-per-gate 
for VLSI circuits increases. 

With limited number of test input and ouput pins, the complexity of test 
pattern generation goes up rapidly for large circuits. The test pattern generation 
time is longer. Computers are getting faster and cheaper and this contributes an 
improvement in the test pattern generation cost. However, the high test-cost-
per-gate is still a serious problem in testing VLSI circuits. 

1.2.2 Tester Complexity: 

The number of input and output pins is large in VLSI circuits. Large number 
of test pins and high flexiblity of the programmable pin electronics are basic 
requirements of the tester. Moreover, since the number of test vectors is large, 
the tester should have the capability to handle a large database efficiently. The 
tester technology becomes more and more difficult to catch up with the VLSI 
technology. As a result, the VLSI tester becomes expensive. 
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1.3 Tester Based on Terminals Characteristics 
-Automatic Testing Equipmeiit(ATE) 

The conventional automatic testing eqmpment(Figure 1) is an external test 
method Test vectors are fed to the DUT through its primary inputs. A fault unit 
can be determined by comparing the output responses of the DUT and a golden 
unit. The traditional testability design has been based on improving the 
controllability and observability of a circuit By incorporating the testability 
design(e.g. Level Sensitive Scan Design), test vectors are fed serially to the IC 
through an input pin and the results are received at an output pin. 

The performance of ATE had historically lagged behind that of newly 
developed devices. With the VLSI circuits, the tester should provide a 
sufficient number of I/O pins and testing speed The tester development also 
depends on the pin-electronics and test fixture since these two technologies will 
affect the accuracy, flexibility and speed of the tester[8]. For high gate density 
integrated circuits, the traditional ATE system will not be a good tester in the 
future. 

ATE belongs to testers based on terminals characteristics. The testers based 
on terminals and internal characteristics are discussed in the following sections. 
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1.4 Tester Based on Terminal and Internal Characteristics 

VLSI devices have high circuit complexity. It is difficult to locate faults 
simply by measuring terminal characteristics. Some forms of internal testing are 
necessary. 

Traditionally，the mechanical probing method has been employed to locate 
faults of ICs. With the development of the scanning electron microscope, e-
beam probing method becomes increasingly important These two methods 
allow individual components to be exercised. Voltages and waveforms can be 
measured on individual metal tracks. Let us have a brief discussion on these 
two methods. 

1.4.1 Mechanical Probing Method 

Mechanical probing is a traditional diagnostic technique to locate faults of 
IC during the development phase of IC. However, it has some drawbacks. 

The small feature size of circuits must be compatible with the size of a 
micro-probe. With the advances of VLSI technology, the feature size is about 1 
|Lim for bulk production. The diameter of a mechanical microprobe is about 3-5 
)Lun. It becomes rather difficult to make reliable contact as VLSI circuit size 
shrinks. Micro-probing of internal tracks will become impractical. 

The circuits become more susceptible to capacitive loading as the line 
geometries shrink. The speed of circuits is continuously increasing. It will 
require a very large measurement bandwidth to measure electrical performance 
of a gate. The introduction of stray capacitance on signal lines will introduce 
error to the measured signal. 

Because of the small size of circuit elements and the capacitive loading 
effect, mechanical probing method is in practise not suitable to measure 
internal signals of high density integrated circuits. 
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1.4.2 E-beam Probing Method 

In the failure analysis of integrated circuits, the conventional mechanical 
probing can be replaced by the electron-beam probing. In a scanning electron 
microscope(SEM), the position of an electron beam can be easily controlled by 
varying the voltage of the deflection coils. E-beam testing has higher spatial 
and spectral resolutions than mechanical probing. It is a non-destructive 
contactless technique which does not introduce capacitive loading to the 
device. Hence, it is a good candidate for the testing VLSI circuits. SEM is a 
mature quantitative measuring equipment and will be discussed in chapter 2. 

1.5 Movitation of this Research 

The advances in processing techniques have pushed device dimensions into 
the sub-micron region. Correspondingly, the design complexity of integrated 
circuits also reaches the ultra-large scale. With such a complexity, the testing 
cost of an IC is escalating. It is now not surprised to have a design which is 
impossible to be satisfactorily tested because of the excessive testing cost. 

With e-beam testing，one has almost total freedom to observe any internal 
circuit nodes. This has already been used to its best advantage in failure 
diagnosis[9]. The same technique can also be applied in production testing. 

Recent research and development in e-beam testing is either hardware 
oriented or software oriented The main hardware problem is how to construct 
an efficient VLSI e-beam testing system. The software problem is how to make 
use ofthe internal test points in the e-beam test pattern generation. 

Conventional automatic test pattern generation techniques are designed for 
ATE testing. It is based on the assumption that responses are observed through 
a fixed number of output pins. For e-beam testing, many internal test points are 
available, and their number and locations per test vector are arbitrary. Current 
research in e-beam test pattern generation algorithm is based on the 
modification of conventional Larger Scale Integration(LSI) test pattern 
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generation algorithm. E-beam testing will require a new ATPG algorithm to 
take into account the fact that test outputs are no longer restricted to the output 
pins. The correlation between each test vector and the corresponding probe 
points is a new research area in the automatic test pattern generation for e-beam 
test systems. 

Most test generation algorithms need a fault simulator to verify and evaluate 
the test vectors generated. However, there isn't any commerical fault simulator 
which can be employed to accomodate arbitrary observation points for each test 
vector. In order to tackle this problem and improve the efficiency of the test 
generation, a new and better method to generate test is required Unlike 
conventional test generation algorithm, critical path tracing[10] generates test 
vectors together with faults detected This algorithm generates critical paths 
from primary outputs toward primary inputs. Lines on the critical paths have 
critical values which determine the detected faults. Hence, the algorithm can 
generate test vectors without a fault simulator. This advandage makes it a 
suitable basis for a new test generation algorithm specific for e-beam testing. 

In order to take the advantage of the possibility of aribitrary probe points in 
e-beam testing, a new strategy to select probe points is required. With the 
critical path tracing algorithm and the probe points selection algorithm, 
multiple critical paths can be created and the fault coverage for each test vector 
is increased. As a result, the number of test vectors is decreased. 

In this research, a e-beam test generation algorithm was developed to 
generate test vectors with corresponding test points. The algorithm makes 
sensible selection of test points for each test vector instead of all internal nodes. 
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1.6 Outline of the Remaining Chapters 

In the next chapter, we begin with a brief introduction to the configuration 
of an e-beam tester. With voltage contrast mode operation and beam vector 
rastering method，an e-beam tester can be used to observe internal test points of 
integrated circuits. 

Chapter 3 describes the basic principles for the e-beam test generation 
algorithm. It begins with an introduction to the single-stuck-at fault model and 
the standard netlist format ISCAS85. Algorithms to find levels and 
reconvergent fanouts of digital circuits for preprocessing steps of test 
generation are discussed. 

We reviews conventional test generation methods in chapter 4. The 
conventional e-beam test generation algorithm，the Kinch's algorithm, is 
discussed 

In chapter 5, we proposed that e-beam testing should be applied in the wafer 
stage of IC production. Assumptions and rules for the e-beam test pattern 
generation algorithm are introduced Critical paths generation algorithm and 
probe points selection algorithm are presented with examples. An evaluation 
routine to reduce redundant potential probe points is introduced. The generation 
of critical paths at a fanout site is also considered. 

Examples of the application of the algorithm on simple circuits are reported 
in chapter 7. 

Conclusions and suggestions for further research are discussed in Chapter 8. 
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2. E-BEAM TESTER 

2.1 State-of-art of E-Beam Tester 

Electron-beam testing offers a viable alternative to ATE. Electron-beam 
testing relies on the voltage contrast phenomenon which occurs when an 
electron beam is incident on metal tracks with different potentials(Figure 2). A 
track with higher potential will deflect more secondary electrons from the 
detector thus the image obtained will appear less bright. In other words, tracks 
with different potentials will have different brightness. Therefore, one can 
resolve the voltage of a circuit node inside an IC. 

E-BEAM 

DETECTOR 

SECONDARY 
ELECTRONS 

站 ei&ALTftACK 

LOCAL FIELD DUE TO TRACK 
POTENTIAL 

Figure 2 Voltage Contrast Phenomenon 
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E-beam tester(EBT) is similar in construction to a conventional scanning 
electron microscope(SEM) as indicated in figure 3. A SEM is employed to 
observe the structure of semiconductor devices in the electronic industry. An 
EBT is used in the very-large-scale IC testing. The differences lie in the design 
of the electron-optical column and of the automatic computer control. In an 
EBT, LaB6 cathode allows the electron optics to be optimized for 0.5-1.5 keV 
and 2 nA beam current working conditions. Automatic positioning of the probe 
point is a common feature in an EBT. For high speed ICs，fast beam blanking 
systems are available with 5 ps pulse width to attain GHz frequency 
measurement[ll]. 

In this chapter, we will focus on hardware components of an EBT. 

Source 

Blanking / \ 

System ： 人 丄 ： J 

Lens ( j ^ 

疆̂疆譯鄉灘鄉奴《 
Voltage 丨 

“ 「 胃 — — [ J 
L Y y y 

— w 
\ / 

i W w 
i | f W Metal Layer 

MII of an IC 

Figure 3 The Principle of an EBT System 

‘ J 

Page A-2 



2.2 An Electron-optical Column of a SEM 

A SEM consists of two major parts: an electronics interface and the 
electron-optical column. An electronics interface allows the digital control of 
the e-beam probe, e.g. its focusing, intensities，location and beam current. The 
interface will be discussed in section 2.5. Inside the electron-optical column, an 
electron beam is generated and focused to a small spot. The beam is scanned 
across the specimen to generate an image on the viewing screen. 

The electron-optical column consists of an electron source, an accelerating 
anode, a beam blanker, electron lenses, a scanning system, an objective 
aperture, a specimen chamber, a detector and a vacuum system[12]. 

Since electrons travel only very short distances in air, the column should be 
kept at vacuum. The vacuum is produced by an oil diffusion pump backed by a 
turbomolecular pump and an ion pump. The oil diffusion pump uses a stream of 
hot oil vapor to strike gas molecules in the vacuum and expels the gas 
molecules from the system. 

At the electron source, electrons are emitted from a LaB^ cathode. The 
anode accelerates the electrons to a low energy about 1 keV. A beam blanker is 
used to stop the electron beam when moving between two inspection locations. 
Electron lenses are used to focus the electron beam to a small spot. An image is 
formed on the screen when the beam is scanning across the specimen. The 
scanning mechanism and the use of beam blanker wl l be discussed in the next 
section. The function of objective aperture is to limit the angular width of the 
electron beam in order to reduce the lens aberration effects and to improve the 
depth-of-field in the image. The specimen chamber contains an adjustable 
specimen stage and an electron detector. The detector is sensitive to the number 
of secondary electrons(SEs) collected 
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2.3 Beam Rastering Methods 

To display an image on the screen, the electron beam on the screen of CRT 
should move in synchronism with the electron beam scanned across the 
specimen surface inside the electron column. When the detector in the vicinity 
of the specimen receives more secondary electrons, the beam in the CRT 
appears to be more bright When the beam reaches the end of a line, it is 
blanked, and it is moved to the beginning of the next line. This is repeated line 
by line. Consequently, an image is displayed on the screen of CRT. This is the 
conventional beam rastering method for SEM imaging. 

If the scanning and blanking mechanism is controlled by a computer, a 
vector scanning method can be employed for e-beam testing. In this technique, 
the beam location is determined by voltages applied on the deflection coils. The 
detector gives the voltage of this location. During the movement of the beam 
from one location to another, it is blanked. In e-beam testing, only a small 
number of internal signal lines needs to inspect. The vector scanning method is 
employed because there is no need to scan across the whole image. 

Hence, the electron beam acts as a movable probe which is fully controlled 
by a computer through a PC-SEM interface. For the PC-SEM interface, please 
refer to section 2.5. For ICs testing, the voltage contrast mode operation of 
SEMs is used and is introduced in the next section. 
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2.4 Voltage Contrast Phenomenon 

In voltage contrast mode, a SEM can produce a voltage contrast image. The 
voltage contrast image shows us the voltage distribution inside the internal lines 
of an IC. It is traditionally used for visual fault diagnosis of ICs. In figure 4, a 
voltage contrast image shows the central track is connected to 5V, a track on its 
adjacent right is grounded and other tracks appeared in the image are not 
connected. 

• 
Figure 4 A Voltage Contrast Image 
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In voltage-contrast testing, a ray of low keV primary electrons beam is 
generated from the electron gun and focused on the specimen surface. The 
beam is rastering scanned across the specimen. Primary electrons lose their 
energy during bombardment These electrons, that gain sufficient energy to 
against the work function, will escape from the specimen surface and enter the 
secondary electron detector. These secondary electrons are relatively low in 
energy, so their trajectories are easily influenced by electric fields. More 
secondary electrons are collected in region of low potential than that of higher 
potential. It is because some of the emitted secondary electrons are attracted 
back to the surface(Figure 5). The result is a voltage contrast image: the region 
of positive potential appears black and the region of zero potential appears 
bright. 

SE SE 

high voltage low voltage 

Specimen Surface Voltage 

“ No. of SE 

DARK i BRIGHT 

乂 

high voltage low voltage 

Figure 5 Voltage Contrast Phenomenon 
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This secondary electron energy forms the basis of quantitative voltage 
contrast Figure 6 shows the variation of energy distribution with specimen 
voltage. The secondary electrons always have the same energy distribution with 
respect to the sample. With negative specimen voltage, the distribution shifts to 
higher energy and the secondary electrons possess higher kinetic energy. As a 
result, more secondary electrons are collected by the detector. The shift of 
secondary electron energy distribution by different specimen voltages acts as a 
basis for voltage contrast analysis. 

N(E) 
i i 

Specimen Voltage 

+ 5V OV • 5V 

— » 

Electron Energy(eV) 

Figure 6 SE Energy Spectrum Versus Specimen Voltage 
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Voltage contrast signal is very sensitive to electron beam energy, specimen 
tilt angle, local field effect, detector configuration,…etc. Hence accurate 
measurement of voltages is difficult. In our application, precise measurement of 
the potential at a particular point of the specimen is not required Before taking 
any measurement, a calibration is performed to distinguish high potentials from 
low potentials. 

Hence, the internal signal lines of a VLSI circuit is observed by collecting 
secondary electrons which are generated by the bombardment of primary 
electrons at nodes of interest. This non-contact, non-loading probing makes it 
possible to observe the internal condition of a working IC. [13, 14] 

If the probing is control led by a computer, an e-beam tester is formed In 
the next section, a computerized control SEM is introduced 
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2.5 Configuration of an E-Beam Test System 

In the past, SEM images are viewed in the CRT. Analog image processing 
of intensities is now often replaced by digital operations of a computer. An e-
beam test system is a computer controlled scanning electron microscope. 

The test vectors are generated from a computer. These vectors are applied to 
the specimen through a cannon plug. An electron beam simulates a probe with 
very high impedance and low capacitance. The computer controls the electron 
beam to probe internal signal lines instead of scanning across the whole device. 
The internal signal lines are measured when the IC is in working condition[15， 

16]. 

Figure 7 shows the overall block diagram of an e-beam tester. It consists of 
a computer, a PC-SEM interface[17，18]，and a SEM. The PC-SEM 
interface(Figure 8) provides a communication link between SEM and PC to 
enable SEM control and data capture. 

k r " I 
i ^ 〔 Observed Results 

I B k ^ ^ ^ ^ m SEM I 
i i y � 1 
I i Probe Points J 

Q. m c m 

1 I 1 • 
一 5 圓 I _ 

• 1 I 
I 3 _ 
i ‘ k 
• N k 

Test Vectors J D U T 

Figure 7 Configuration of an E-Beam Tester 
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In the PC-SEM interface, a beam blanker signal blanks the beam during the 
beam positioning. The beam position is determined through a digital-to-
analog(D/A) converter. The electrical signal from the SE detector undergoes 
gain control and analog-to-digital(A/D) conversion. A digitized gray-level 
signal of the probe location is then further processed by the computer. 

^ ^ PE Source 

I I Beam Blanker 

pp 

x,y-deflection coils 

D/A 

PC-to-SEM 
Control 
Interface 

SE Detector 
Signal 

„....f I -» Processing 
I I (Gain + AID) 

j 
: / i / 
！ .•‘ i / • {' 

i :_ 

Device Under Test 

Figure 8 A PC-SEM Control Interface 
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2.6 Advantages of an E-beam Tester 

In testing integrated circuits, an e-beam tester has the following advantages: 

1. It is a non-destructive and non-capacitive loading testing method 

2. An integrated circuit can be tested under normal working 
conditions. Short primary electron pulses are generated by a 
blanking system synchronized to the test signal within the 
integrated circuit The e-beam is directed to the point of interest 
and secondary electrons emitted are collected The voltage 
measurement module determines the logic value of the line. 

3. The testing process is computerized With a PC-SEM interface, 
the position of the electron beam is determined by test points of 
the current test vector. The voltages of the points of inspection 
are further processed by the computer. 

4. The testing cost is reduced The observability of the circuit and 
hence the fault coverage of each test vector is also increased 
Consequently, there is a decrease in the number of test vectors. 
As a result, the cost of test pattern generation and the testing time 
are decreased 

The e-beam tester is a mature qualitative voltage measurement equipment It 
has been widely used in the fault diagnosis of ICs. It's hardware is improving in 
order to become a production tester. At the same time, a test pattern generation 
software, which fully support e-beam testing, is urgently required. 
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3. BASIC PRINCIPLES 

3.1 Single-Stuck-At Fault Model 

For computational simplicity, a fault model is often used to represent 
physical defects in digital circuits. Intermittent and transient faults are very 
difficult to model. Only permanent faults are considered here. A convenient 
approach is to assume that only one type of fault is present at a time. Single-
stuck-at model is the most popular model for fault simulation and test 
generation. 

In many technologies, a short between ground or power and a signal line 
can make the line remaining at a fixed logical value. This line will stuck at 
either a logic 0 or 1 value no matter what input vector is applied in testing. The 
line is said to have a stuck-at fault. The stuck-at model is the most popular fault 
model used in gate level simulation, test pattern generation and fault 
simulation. This basic type of stuck-at fault can be tested simply by directly 
observing the logical value of the signal line. 

Single-stuck-at fault model assumes only one line to be faulty at a time. 
Single-stuck-at faults are permanent. A line 1 stuck-at a value v(0 or 1) can be 
perceived as cutting the line I and applying a constant signal v to the output of 
the line 1. Line 1 is said to be stuck-at-v. In other words, the line I has a suck-at-
V fault which is denoted by ly. 

The single-stuck-at fault of a line, previously discussed, is caused by a 
short between a fixed voltage and the signal line. It is a basic stuck-at fault 
model which is widely used in conventional ATE softwares. For e-beam 
testing, direct access of internal signal lines is possible. The stuck-at model is 
revised so as to include the stuck-at fault effect due to the defects of circuit 
components. 
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Physical defects of circuit component can make an input line appear to 
permanently remain at a particular value. These defects can only be detected at 
the output of the logic gate. Basic stuck-at fault model is not sufficient to tackle 
this problem. The stuck-at faults should be extended to model the effect of 
defects inside transistors of a gate. 

For example, the CMOS NAND gate in Figure 9 has a discontinuity in the 
diffusion layer of one of the swtching transistors(marked in the schematic). 
This fault is equivalent to a stuck-at-1 fault at the corresponding input. 
However, the input concerned may not be physically stuck at a logic level. 
Therefore the stuck-at-1 fault cannot be detected by probing this input directly 
but has to be detected at the gate output. 

1 (Vdd) 

—IIJ I 

C 3 
L. I I . ' 

discontinuity Z X S-a-1 

4 

X 1 Y 

— 0 (Vss) 

Figure 9 An Extended Stuck-at Model of a CMOS NAND Gate 
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The following advantages of the single-stuck-at fault model are highlighted 

1. In single-stuck-at fault model, faults are often restricted to the 
input or output lines of gates. In a circuit containing n lines, it has 
2n distinct possible stuck-at faults. 

2. Single stuck-at faults are particularly suited for use with common 
fault simulation and test-generation procedures such as critical 
path tracing[19] and D-algorithm[20]. These methods attempt to 
compute the circuit conditions that enable the fault signal to be 
sensed at an observable primary output line. Several stuck-at 
faults can be detected along a sensititized path which in turn 
decreases the cost of test generation and the testing lime. 

3. Single-stuck-at fault model has a high effectiveness in the testing 
of digital circuits. Tests for stuck-at faults tend to thoroughly 
exercise all logic gates of a circuit. For example, an n-input AND 
gate has 2(n+l) distinct stuck-at faults associated with its input 
and output lines. A unique set of at least n + 1 test patterns are 
sufficient to detect all the stuck-at faults. Stuck-at faults based 
tests tend to apply almost all possible input patterns to the gates. 
With these test patterns exercising each gate, most physical 
faults are likely detected if an incorrect logic signal appears at the 
gate output. 

In our e-beam test pattern gen汉ation algorithm, the extended single-stuck-at 
fault model is used 
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3.2 Observability and Controllability 

The two measures, controllability and observability, are frequently 
employed to estimate the testability of an IC. The controllability is a measure 
of how easy the logic of an internal circuit node can be controlled from the 
input pins. The observability is a measure of how easy the internal circuit node 
can be observed at the output pins. 

An e-beam tester improves the observability of an IC by its ability to 
observe any internal circuit nodes without physical contact[21]. The 
observability problem is then solved because the number of probe points can be 
increased at will. As a result, the IC becomes more 'testable' and it implies that 
the number of test vectors is reduced. Under this highly observable 
environment, a new test generation algorithm is required 
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3.3 Netlist Format 

Many benchmark circuits are written in the ISCAS '85 netlist format. It is a 
standard netlist format which is used by many researchers as a basis for fault 
simulation and test generation. The netlist of our test circuits are also written in 
this netlist format. The circuit is described by lines of node. A node is defined 
as follows: 

address name type fanout fanin 
(addresses of fanin nodes if any) 

where 
• address is a unique number that differentiates this node line from all 

others in the circuit. 
• name is a string of characters used to provide more meaningful 

information about the node usage. 
• type is the function performed by the gate driving this node. 

For example, a brief description of a simple circuit scl(Figure 10) is stored 
in the file "scl.isc". The first line of this netlist tells the following information 
about a single node in the circuit: 

• the node address is 1 
• the node name is Igat 
• the node type is inpt 
• the number of fanout is 1 
• the number of fanin is 0 

For example, looking at the node with address 13 in the scl circuit, we see 
that it has a fanin of 2 and the two fanin nodes addresses are 9 and 10. 
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3.4 Level 

The level of a line is defined as follows: the level of a gate output is 
丄mox+l if the highest level among its input lines is Lmax- Line near primary 
input is of smaller level whereas line near primary output is of larger level. The 
level of primary input is zero. 

One of preprocessing steps before test generation is to define levels for all 
the lines in a circuit Usually, primary inputs are assigned a level of zero. Each 
time a gate is traversed, towards to a primary output, the level is incremented 
by one. An algorithm to obtain levels for all lines of a circuit is listed below. 

Step 1 Set levels of all Primary Inputs = 0; 

Step 2 Set current一level =0; 

Step 3 Consider each gate with level = current—level， 

If levels of all inputs to the gate is defined, 
then level of its output = maximiim{levels of all its inputs}； 

Step 4 If levels of all lines are defined， 

then go to Step 5， 

else current—level = current一level + 1 
and go to Step 3; 

Step 5 Levels of all lines are obtained 

For example, the level of the simple circuit scl(Figure 10) is listed below. 

level node line address 
0 1，2，3, 4，5, 6, 7, 8 

1 9, 10, 11，12 

2 13，14 

3 15 

Table 1 Level of lines of Circuit scl 
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3.5 Reconvergent Fanout 

In a circuit, a node may propagate the electrical signal to more than one 
node. In such a case, the node is said to have fanout A circuit without fanout 
node is said to be fanout-free. The simple circuit scl(Figure 10) is a fanout-free 
circuit A reconvergent fanout refers to different paths from the same fanout 
node reconverging to the same node. For example, in figure 11，nodes Y and Z 
are fanout nodes, and the node Y reconverges at gate G4. At node Y, line 5 is a 
fanout stem and its fanout branches are lines 5a and 5b. The fanout paths {5a, 
6} and {5b, 7} reconverge at gate G4. M.W. Roberts and P.K. Lala's 
algorithm[22] can be employed to find reconvergent fanouts. The outline of the 
algorithm is described in appendix A. 

6a IS. 8 

6b G 4 

3 ‘ ― ^ 
5b 7 

Figure 11 A Circuit with 2 Fanout Nodes and 1 Reconvergent Site 

Fanout in circuits is the most troublesome aspect that test generation and 
fault simulation algorithms have to deal with. Test generation and fault 
simulation become more complex for circuits with fanouts. [19, 23, 24] A 
fanout-free circuits can be described by a tree structure and decisions about 
fault propagation in such circuits can be made more easily. To deal with the 
problem, the circuit is partitioned into regions each of which has no internal 
fanout. The input line of a fanout node is the fanout stem and its output lines 
are fanout branches. 
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4. CONVENTIONAL TEST GENERATION 

4.1 Conventional Automatic Test Generation for ATEs 

The conventional testing strategy for ATEs is based on the comparison of 
the output responses of the DUT and the expected responses. Test vectors are 
fed to the Pis and output responses are observed through the POs. The 
observable points are restricted to POs only. The goal of test generation is to 
generate a test which propagates a fault to the POs. 

The majority of the existing test generation algorithms for combinational 
circuits uses gate-level single-stuck-at fault model. D-algorithm[25], 
PODEM[26], and FAN[27] are among the best known. These algorithms are 
based on computing an input test pattern that enables an error signal generated 
due to a single-stuck-at fault to propagate from the fault site to the primary 
outputs through some sensitized paths in a circuit. 

D-algorithm is one of the most popular algorithms used in automatic test 
generation systems. A five-value {0，1，X, D，D} calculus is employed D-
algorithm divides into forward implication, D-drive and backward justification 
steps. These steps are repeated for each fault. At each pass, the effect of a fault 
is sensitized to POs and the values of Pis will be a test vector. 

The PODEM algorithm is generally more effective than D-algorithm for 
circuits containing many exclusive-or gates. Contrary to D-algorithm that 
assigns values to internal signals, PODEM only assigns values to Pis. Since the 
backtracking in PODEM can only occur at Pis, the total number of 
backtrackings is much reduced. In the worse case, PODEM will exhaustively 
examine all possible input patterns. The FAN algorithm is a refinement of 
PODEM and performs special processing of fanout points. It has been shown to 
be more efficient than PODEM. 

These test generation algorithms usually start with a specified stuck-at fault 
at a site. The test vector generated can detect this line stuck-at fault. Other 
stuck-at faults may be detected and are determined by a fault simulator. Hence, 
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during test generation, a fault simulator is also needed to evaluate the test 
vector and to determine the faults detected by this test vector. 

Figure 12 is a flow diagram for conventional automatic test generations. At 
the start of test generation, a fault list which consists of all the stuck-at faults of 
a circuit is built A fault is selected from the fault list according to the strategies 
adopted by the algorithm. The test generation process generates a test vector for 
this fault. A fault simulator is used to determine the faults detected by this test 
vector. The detected faults are then removed from the fault list. The process is 
repeated until the fault list is empty. Each test vector has a corresponding fault 
dictionary which specify the faults detected 

^ start ) 

s 
Build a Fault List 

‘r 

All Faults 
Yes s . Detected 7 ^ 

No 

,, i 
End ) Select a Fault 

S 

Test Generation 

S 

Fault Simulation 

w 

Update Fault List 

Figure 12 A Conventional ATPG System for ATEs 
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4.2 Conventional E-Beam Test Generation 

Kinch et. al.[28, 29] are probably the first to publish on the subject of test 
generation algorithm for e-beam testing. Their algorithm assumes that the 
digital circuit under test may be modeled as a class of synchronous sequential 
circuit with interconnected states and Boolean elements. In other words，there 
is a clear separation between the combinational logic block and the sequential 
block (flip-flops). Since e-beam can probe any internal circuit nodes，states can 

be observed without the need of a scanning path. As a result, test generation 
concerns only with combinational logic. This assumption is also valid in our 
algorithm. 

Kinch's algorithm will generate a test set which excites each circuit node to 
both logic T and '0'. According to the stuck-fault model, any circuit node 
which permanently stays at a logic level implies a faulty circuit. The problem 
of e-beam test generation is thus seen as the problem of computing a set of test 
vectors such that every node in the fault-free circuit has a T value for at least 
one of the test vectors, and a '0' value for at least one other test vector. The 
algorithm hence derived will be simpler than the conventional test generation 
algorithm because even a randomly chosen test vector is a test for half of the 
stuck-at faults of a circuit. 

Kinch's algorithm suffers from two pitfalls. First, the test set generated may 
not cover all stuck-at faults, because some stuck-at faults at a gate input can 
only be detected at the corresponding gate output. 

Second, the e-beam has to probe all internal circuit nodes at each test 
cycle. This is unacceptable if one considers the scanning speed of the e-beam 
system. It will take excessive time for an e-beam to probe over thousands of 
nodes that one will normally find in a VLSI circuit. 

The e-beam test generation algorithm in the next chapter will guarantee 
100% fault coverage for a fanout-free circuit, and at the same time, is trying to 
limit the number of probe points. The algorithm can also be extended to process 
non-reconvergent fanout circuits. 
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5. E-BEAM TEST GENERATION ALGORITHM 

5.1 Wafer Stage E-beam Testing 

In e-beam testing, internal circuit nodes can also be used as test points. The 
layout data of the circuit is linked to the electron beam tester, and an 
appropriate probe point is automatically selected for each signal line[30]. 
However, there is a snag. E-beam testing does not work with the majority of 
packaged devices. Even if it does, a relatively long time is required in loading 
and unloading the DUT to the DUT holder because e-beam testing has to work 
in a vacuum. In addition, time is needed to align the DUT for probing. 

It is proposed that e-beam testing should be applied when the ICs are still in 
the wafer stage. In a normal fabrication process, individual IC die on a wafer is 
tested Faulty die will be discarded and will not be packaged Making use of e-
beam testing at the wafer stage has two advantages. First, testing can be faster 
than conventional testing because of the reduced number of test vectors. 
Second, time for probe point alignment is shorter because the alignment is 
performed on the whole wafer, only slight adjustment is required in stepping 
from one die to another. Once a die is thoroughly function tested, timing test 
can then be performed on the packaged die. Timing test is short because only 
delay critical paths are considered which involve only a small portion of the 
circuit. 

In conventional testing, only the primary outputs are used as test points. In 
e-beam testing, the test points can be assigned dynamically. Correspondingly, 
the observability and the fault coverage by each test vector are increased in e-
beam testing. For the simple circuit scl shown in figure 10，the number of 
faults detected by the test vector pin(l，2,3,4,5,6，7，8) = vector(l,0，l,l’0，l，0，0) is 

5 in conventional testing. In e-beam testing, the number of faults detected for 
the same test vector is 10. As a result, the number of test vectors can be 
significantly reduced with e-beam testing. The circuit scl requires 6 test vectors 
in conventional testing. In e-beam testing, the number of test vectors required is 
reduced to 4. There is about 30% reduction in the number of test vectors. 
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5.2 Critical Paths Generation 

Critical path tracing method was originally developed as an alternative to 
fault simulation[19, 24]. It was then further applied to handle sequential 
circuitspi, 32]. The concept of critical path was introduced by Wang[10] in his 
work on test generation algorithm. For test generation, the critical path tracing 
method is able to generate a test set in a single pass to cover all faults. This is 
distinctly different from conventional test generation algorithms which are 
designed to generate a test for a single fault. For fault simulation, the method 
has the advantages of directly identifying the faults detected by a test, without 
simulating the set of all possible faults, and of avoiding the computation of the 
effect of faults. As a result, critical path tracing is a more efficient alternative 
to fault simulation. 

A critical path is similar to a sensitized path defined by the concept of 
critical values. The critical value can be defined as follows. 

Definition: A line / has a critical value v in the test t if t detects the fault / 
s-a-v. A line with a critical value in t is said to be critical in /.[lO] The value of 
this line is denoted by Cv. 

Definition: A gate input i is sensitive if the complement value of i changes 
the value of the gate output. 

If a gate output is critical, then its sensitive inputs, if any, are also critical. 
Primary outputs are critical in any tests. Critical path generation algorithm 
method will determine paths of critical lines, called critical paths. By finding 
the critical paths in a test t, the faults detected by t are obtained This test 
generation method generates test vectors with faults detected Hence it does not 
need a fault simulator. If critical path tracing is employed, the fault simulation 
step ofthe test pattern generation system is not required 
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For example, the circuit shown in figure 13 has two critical paths, namely, 
path(l,7,10, 11) and path(6，9，ll). These lines are all critical with values as 
indicated. If a critical line changes its value, all the succeeding lines along the 
corresponding critical paths will change. Six lines have critical values and 
hence six stuck-at faults can be detected The test vector is primary input 
pin(l，2，3，4,5，6) = vector(l，0，l，l，0，l). It can detect a stuck-at-1 fault of the line 
7 and stuck-at-0 faults of the lines 1,6, 9, 10 and 11. 

d ^ ~ ~ V 1 _ _ � 

„ C1 ) — 

Figure 13 Example of Critical Paths 

Traditional critical path method consists of justification processes from 
primary outputs[10]. The algorithm is modified so that critical path can be 
created at a seed point. A critical path is obtained with successive justification 
and propagation processes starting from a seed point. 

An automatic e-beam test generation was developed. The test generation 
algorithm generates test vectors with corresponding probe points. With an 
evaluation routine, the number of probe points for each test vector is further 
reduced to reduce testing time. 
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5.3 Assumptions of Test and Probe Point Generation Algorithm 

The test and probe point generation problem is considered with the 
following assumptons. 

1. All internal signal lines of the circuit can be observed Actually, 
only signal lines in the top metal layer can be observed. The 
signal lines not in the top layer can be observed by signal 
propagation to the top metal layer through the critical paths. 

2. The number of probe points is varied from one test vector to 
another. 

3. The fault considered is the permanent stuck-at type. The stuck-at-
1 and stuck-at-0 faults of a line 1 are denoted by li and Iq. 

4. The stuck-at faults of an input line of a gate should be detected 
through the output line of the gate. 
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5.4 Rules of the Test and Probe Point Generation Algorithm 

The algorithms have the following rules. 

RULE 1: Seed line selection rule for each test vector generation 

The seed line must be the highest level line in the fault list. 
Hence, usually primary output, PO, is the seed line at the 
beginning of test generation. 

r u l e 2: Critical value Cv propagation rule towards primary outputs, POs 

To propagate a critical value Cv of an input line of a gate to its 
output line, the output critical value of the gate should be Cv®i. 
There are two possible cases in determining the value of other 
inputs: 

case 1: If this input critical value equals to controlling value c, then all 
other inputs will be assigned value c .[RULE 2a] 

case 2: If this input critical value equals to negated controlling value c, 
all other inputs will be assigned value Cv. [RULE 2b] 

note: the controlling value c is the logic value which will dominate 
other inputs. For example, if one of the inputs of an AND gate is 
0，the output will be 0 no matter what the other inputs are. The 
a n d gate is said to have 0 controlling value. Similarly, the 
controlling value of an OR gate is 1. 
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RULE 3: Critical value Cv justification rule towards primary inputs, Pis 

To justify a critical value Cv of an output line of a gate to its 
input, the input critical value will be Cv©i. There are two cases 
in determining which input to be assigned this critical value: 

case 1: If the input critical value CvSi equals to the controlling value c, 
only one input is assigned CvSi and all other inputs will be 
assigned value c. In this case, a critical value is preferred to be 
assign to an input line of the gate so that a fault in the fault list 
can be detected. [RULES a] 

case 2: If the input critical value CvSi equals to negated controlling 
value c，all the inputs will be assigned Cv©i.[RULE 3b] 

RULE 4: Potential probe points selection rule 

When a critical value Cv of an output line of a gate is justified， 

values are assigned to its inputs. If the value assigned to an input 
is non-critical(RULE 3 case 1)，this input line is a potential probe 
point. 

If a critical value is propagated to primary outputs from a seed 
line, these primary outputs are potential probe points. 

RULE 5: Probe points reduction rule 

After a test vector and corresponding potential probe points have 
been generated, some potential probe points are removed if they 
cannot detect a new stuck-at fault. 
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5.4 Probe Points Selection and Reduction 

There are three cases to insert probe points. 

1. If a primary output is the seed line, a probe point is added to it. 

2. If the seed line is an input line of a gate, a probe point is added to 
the output line of the gate. 

3. A probe point is assigned to a highest level non-critical value line 
beside critical paths during justification[RULE 3b]. 

Critical paths have been created with potential probe points and these probe 
points can be further reduced 

The most time consuming part in electron beam testing is moving between 
probe locations. Hence, the number of probe points should be reduced A test 
vector with its potential probe points has been generated. These potential probe 
points will be removed if it cannot detect any fault in the current fault list After 
the reduction step, a test vector and a set of reduced probe points are obtained 
The corresponding faults detected by this test vector will be revised 

E.g. 1: At the beginning of test generation for the circuit shown in figure 
14’ the primary output line 7 is the seed line. To detect 7i fault, 
line 7 is assigned CO and a critical path is generated towards Pis. 

CO ^ CO Seed 

- ^ — r ^ — — I 

CO ^ CO 
CZ^ 

) Key: * Seed Line 
V # Probe Point 

CO Critical Value 0 
C1 Critical Value 1 

Figure 14 Example of Seed Line Selection Rule 
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Kg. 2: In figure 15，the current fault list is { Iq, 5o }，so line 5 is the 
seed line and is assigned CI. Critical paths will be created 
starting from the seed 

A critical path is created from the line 5 to the primary output. 
Line 7 is assigned CI and line 6 is assigned 0. A potential probe 
point is added to the line 6 and another critical path will be 
generated towards Pis. Finally, two critical paths are generated 
with potential probe points line{6, 7} 

The faults {Iq, SQ} in the fault list are detected from the potential 
probe point line 7. None of fault in fault list is detected from line 
6. Hence, potential probe point line 6 is removed and only line 7 
is a probe point. 

C1 *C1 Seed Probe Point 

^ ~ ~ D ^ J #C1 j 7 

) 口 

1 ^ #0 I~乂 
n i > A® 

^CO ) Key. * Seed Line 
y f # Probe Point 

CO Critical Value 0 
\ CI Critical Value 1 

Additional 
Probe Point 

Figure 15 Example of Multiple Critical Paths Generation 
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5.6 Automatic E-Beam Test Generation Algorithm[33,34] 

Conventional test generation process is associated with two sub-processes. 
Firstly, a test vector is generated for a selected target fault Secondly, a fault 
simulator is employed to find all faults detected by the test vector. These 
detected faults are then discarded from the fault list. These processes are 
repeated until the fault list is empty. In this chapter, the concept of critical 
value is used so that faults detected are obtained with the test vector. Hence, a 
fault simulator isn't needed. A block diagram of an e-beam test and probe point 
generation system is shown in figure 16. 

〔 start ) 

Biild a Fault Ust 

Select a highest level 
undetected fiiit 
as a Seed Line 

Miiliple Critical Paths 
and Potentlai Probe 
Points are obtained 

Evaluation Routine 
to reduce Redundant 

Probe Points 

Obtain a Test Vector 
with Probe points 

and Faults detected. 

Update Fault Ust 

广 � Y " No 
f End M \^̂ Detected? ^ 

Figure 16 An E-Beam Test and Probe Point Generation System 
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The algorithm starts with a circuit description file and a fault list consisting 
of all stuck-at faults. A seed line is then chosen and critical paths are in turn 
determined by successive steps of propagation, justification and potential probe 
point addition. Redundant probe points are removed, then a test vector with 
probe points are generated This procedure is repeated until all stuck-at faults 
are detected The followings are a more detailed description of the procedure. 

Step 1: Read the circuit description file. 

Step 2: Build a fault list. 

Step 3: Select a seed line(RULE 1). 

Step 4: Apply propagation and justification rules: 

A critical path is generated forward towards the POs(RULE 2). 
A critical path is generated backward towards the PIs(RULE 3). 
Potential probe points are added and justification is carried out 
from these points(RULE 4). 
Then, a test vector with corresponding probe points are 
generated. 
The stuck-at faults detected by this test vector are also obtained 

Step 5: Remove redundant probe points.(RULE 5) 
Then, probe points and detected faults are revised 

Step 6: Remove detected faults from the fault list. 

Step 7: Repeat from step 3 if the fault list is not empty. 

Step 8: A set of test vectors with corresponding probe points and faults 
detected are generated. 
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5.7 Propagation and Justification at Fanout Node 

In step 3 of the algorithm, a seed line is selected and is assigned to have a 
critical value. A critical path is generated forward towards primary outputs and 
backward towards primary inputs according to the propagation and justification 
rules. A fanout node(Figure 17) may be reached during the critical path 
generation. In this chapter, we consider fanout nodes which are not 
reconvergent at a site. The effect of reconvergent fanouts will be discussed in 
chapter 7. 

When a critical value Cv reaches the fanout stem of a fanout node, its 
fanout branches will be assigned the same critical value(Figure 18). Then, these 
critical values will be propagated towards primary outputs. 

When a critical value Cv or a value v reaches a fanout branch of a fanout 
node, both its fanout stem and the other fanout branch are assigned a critical 
value Cv(Figure 19). A critical path is generated from the fanout stem towards 
primary inputs according to the justification rule. Another critical path is 
generated from the other fanout branch towards primary outputs according to 
the propagation rule. 
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fanout stem 

fanout node ^^^^ 
fanout branches 

J 

Figure 17 A Fanout Node 

Cv 

c . I Cv P — • 
Key: 

P Propagation 
J Justification 

Figure 18 Propagation Reaches a Fanout Stem 
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Cv 

Cv I 义 

丄 Cv 

P — • 

Key: 
P Propagation 
J Justification 

(a) A critical value Cv reaches a fanout branch 

V 

Cv I i 

丄 Cv 

P — • 

Key: 
P Propagation 
J Justification 

(b) A value v reaches a fanout branch 

Figure 19 Justification Reaches a Fanout Branch 
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6. EXAMPLES 

6,1 Example of Test and Probe Point Generation for Circuit sc2 

Simple circuit sc2, in figure 20, requires 7 test vectors in the conventional 
testing which uses only primary outputs as test points. In e-beam testing，the 
number of test vectors is reduced to 4. The followings show what happens at 
each algorithm step of execution. 

• :> ~ V 

CID. ~ \ 。 

J 
V IS 15 

Figure 20 A Simple Circuit scl 

Step 

Executed: Detailed Descriptions 
Step 1: Read in the circuit description file of the circuit sc2. 

Step 2: Fault List = {IQ, l b 2o, 2i, 3o，3i，4o，4i，5。，5i , 

6o, 6 i , 70，7i, 8o, 8 i , 9o，9i, IOq, 101, 
l l O , 111, 120，121，130，131，140，14i， 

150’ I S i }• 
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Step 3: Primary output line 15 with fault 15i is chosen as a seed line 
and CO is assigned 

Step 4: The critical path established by probe point at line 15 is 
15(C0)，14(C0)，12(C1)，11(C1)，8(C1)，6(C0)，5(C0). 
Probe point at line 13 is added and the corresponding critical path 
is lO(Cl), 4(C1)，3(C1). 
Probe point at line 9 is added and the corresponding critical path 
is 2(C0). 
The test vector is pin(l,2,3,4,5,6,7,8) = v(l，0，l，l，0，0,0，l) and the 
probe points are {15, 13, 9}. 

Step 5: No potential probe point is removed 

Key: * Seed line 
# Prob« Point 
CO Critical Value 0 

PP^ 1 \ 9 #0 CI Critical Value 1 
CO ) 

^ ^ 丨 
� 1 ^ #1 

q:> y 
•#co 

15 15 

CO 
— ~ i _ _ y ~ E - B e a m Test vector T1 

Potential Probe Point 
— 0 口 C I ‘ ― ^ < 9 , 1 3 . 1 5 } 
‘ ^ ) Reduced Probe Point 

~ L - ^ {9,13,15} 

Figure 21 Test Vector 1 for Simple Circuit sc2 
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Step 6: New faults detected are 
{ 15i, 14i, 120，UO，lOo，80，61，5i，4o, 3o，2i} 

Current fault list is 

{ lo，ll，2o，3，4i, 5o, 
60，70，71，81，90，9i, lOi , 

111, 121，130，131，140，15o }. 

Step 7: Since the current fault list is not empty, go to Step 3. 

Step 3: Primary output line 15 with fault 15q is chosen as a seed line 
and CI is assigned 

Step 4: The critical path established by probe point at line 15 is 
15(Cl),14(Cl)43(Cl),12(C0),9(Cl),8(C0)7(C0),2(Cl),l(Ciy 
Probe point at line 11 is added and the corresponding critical path 
is 6(C0),5(C0). 
Probe point line at line 10 is added and the corresponding critical 
path is 4(C0). 
The test vector is v( 1,1,1,0,0,0,0,0) and the probe points are 
{15,11,10}. 

Step 5: The potential probe point at line 11 is removed because 
faults{6i,5i} are already detected. 
Probe points become { 15, 10 }. 
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K«y: • Seed line 
# Probe Point 
CO Critical Value 0 

n r ^ CI ~ 9 CI CI Critical Vaiu« 1 

1 Z J CI 

c i H r - f ^ V ^ 
nD> y 

•#ci 
"\15 15 

p = L 7 — ^ 

^ j z j - Y ^ — CI 

>* E-Beam Test vector T2 
Potential Probe Point 

_ C O {10,11,15} 
CO ) 

(a) Potential Probe Points 

Key: * Seed line 
# Probe Point 
CO Critical Value 0 

CI ~ \ 9 CI CI Critical Value 1 
CI ) 

[zy~:— J 
•#ci 

N 15 15 

€i> y _ 、 
E-Beam Test vector 12 

y Reduced Probe Point 

(b) Reduced Probe Point 

Figure 22 Test Vector 2 for Simple Circuit sc2 
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Step 6: New faults detected are 
{ 150，140，13o, 12i , 90，8i, 7 i , 4 i , Iq , Iq } 
Current fault Ust is { l i , 3i, SQ, 6O, TQ, 9I, lOi, H i , 13i }. 

Step 7: Since the current fault List is not empty, go to Step 3. 

Step 3: Primary output line 13 with fault 131 is chosen as a seed line 
and CO is assigned 

Step 4: The critical path established by probe point at line 15 is 
15(C0)，13(C0)，10(C0),9(C0),3(C0)，1(C0). 
Probe point at line 14 is added and the corresponding critical path 
is ll(C0),6(Cl). 
Probe point at line 12 is added and the corresponding critical path 
is 7(C1). 
The test vector is v(0，l,0，l，0，l,l，0) and the probe points are 
{15,14,12}. 

Step 5: No potential probe point is removed 

Key: • Seed line 
# Probe Point 
CO Critical Value 0 

CO ~ C O CI Critical Value 1 

^ 丨 y-S^ 

i:i> J 
#co 

" N 15 15 

[7>— r 
‘ E-Beam Test vector T3 

Potential Probe Point 
— C I {12.14,15} 
‘ 0 ) Reduced Probe Point 
^ i - y {12,14,15} 

Figure 23 Test Vector 3 for Simple Circuit sc2 
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Step 6: New faults detected are { 13i，111, lOl，^h 7o，^O， î, l l } 
Current fault list is { SQ }. 

Step 7: Since the current fault list is not empty, go to Step 3. 

Step 3: Primary output line 5 with fault 5q is chosen as a seed line 
and CI is assigned 

Step 4: After propagating CI to POs，the critical path established by 
probe point line at 15 is 
15(C1)’14(C1)，13(C1)，11(C0)，10(C0)，5(C1)’4(C1)，3(C1). 
Probe point at line 12 is added and the corresponding critical path 
is 8(C1). 
Probe point at line 9 is added and the corresponding critical path 
is 2(C0). 
The test vector is v(l，0,l，l，l,0，0’l) and the potential probe points 
are { 15, 12,9 }. 

Step 5: The potential probe points at line 12 and line 9 are removed 
Probe point becomes { 15 }. 
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Key. • Seed line 
# Prob» Point 
CO Crmcal Va丨ue 0 

PT^ 1 \ 9 #0 CI Cfitica丨 VaUie 1 
‘ ‘ CO ) 

^ I - R V ^ CI 
cz>—•— J 

#C1 
\ 15 15 

》 E-Beam Test vector T4 
0 ^ ~ 豹 Reduced Probe Point 

—— <9，12,15> 

(a) Potential Probe Points 
Kay: • Sead line 

# Probe Point 
CO Critical Value 0 

PP^ 1 \ 9 0 CI Critical Value 1 
, _ ^ CI \ …CI CI 
‘ ^ CI ) 
C I > _ _ J 

#C1 
X 15 15 

p O — ^ 

CI 

^ ~ 
-- E-Beam Test vector T4 

0 t ~ . — Reduced Probe Point 

(b) Reduced Probe Point 

Figure 24 Test Vector 4 for Simple Circuit sc2 
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Step 6: New fault detected is { 5 � } • 

Current fault list is empty. 

Step 7: Since the current fault list is empty, go to Step 8. 

Step 8: The test set of four vectors and probe points are summaried in the 
table 2. 

Test V e c t o r 

T1 T2 T3 T4 

- line 1 1 CI CO 1 

line 2 CO CI 1 0 

line 3 CI 1 CO CI 

line 4 CI CO 1 CI 

line 5 CO 0 0 CI* 

line 6 CO 0 CI 0 

line 7 0 ^ ^ 0 

line 8 CI CO 0 1 

line 9 0 # CI CO 0 

line 10 CI 0 # CO CI 

line 11 CI 1 CO CO 

line 12 CI CO 1 # 丄 

line 13 1 # CI CO* CI 

line 14 CO CI 1 # CI 

line 15 C0#* Cl#* C0# Cl# 

no. of probe 3 2 3 1 

points 

no. of faults 1 1 10 9 8 

d e t e c t e d 

no. of new faults 11 10 8 1 

d e t e c t e d 

Remarks: * seed line CO critical value 0 
# probe point CI critical value 1 

Table 2 Test and Probe Point Generated for Circuit "cs2.isc" 
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6.2 Example of Test and Probe Point Generation for Circuit sfc4 

Simple circuit scf4 in figure 25 has a fanout node with a fanout stem at line 
8 and two fanout branches at lines 8a and 8b. It requires 6 test vectors in 
conventional testing. In e-beam testing, the number of test vectors required is 
reduced to 4. The followings show what happens at each algorithm step of 
execution. 

ai> V 
[ Z > J 

ai> V 
• E > J 

Figure 25 Simple Circuit sfc4 

Step 
Executed: Detailed Descriptions 

Step 1: Read in the circuit description file of the circuit sfc4. 

Step 2: Fault list = { IQ, l l , 2o, 2i，3o，3i，4o，4i，SQ, 5I’ 6。，61， 

7o, 7 i , 80，81, 8ao, 8a i , 8bo，8bi, 
lOo，lOi, l l o . 111, 12o, 12i}. 

Step 3 : Primary output line 12 with fault 121 is chosen as a seed line and 
CO is assigned. 
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Step 4: The critical path established by probe point at line 12 is 
12(C0), lO(CO), 5(C0), 6(C0). 
The fanout branch line 8b is assigned a non-critical value 1. A 
critical value Cl is assigned to fanout stem line 8 and fanout 
branch line 8b. 
Probe point at line 11 is added and the corresponding critical path 
i s l l (Cl ) , 8a(Cl), 4(C1), 3(C1). 
Probe point at line 7 is added and the corresponding critical path 
is 2(C0). 
The test vector 1 is pin(l,2,3,4,5,6) = v(l，0，l，l，0,0) and the probe 
points are {7,11,12}. 

Step 5: No potential probe point is removed 

Step 6: New faults detected by test vector 1 are 
{ 2i，30，40，5i, 6i, 80’ 8ao, lOi’ llo，12i }• 

Number of new faults detected is 10. 
Number of probe points is 3. 
Current fault list is 
UO，1I,2O，3I，4I，5O，6o，7O,7I， 

8i，8ai，8bo，8bi, IOQ, 111, HQ}-

Step 7: Since the current fault list is not empty, go to Step 3. 
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Key: * Seed Line 
# Probe Point 

PP^ 1 ~ 、 7 #0 CO Critical Value 0 
^ZT CO - ) C1 Critical Value 1 

~ \~Ni i #C1 11 
• Y Y ^ 

•：> C1 ~ X s c V " C1 

C Z > — ^ J 1 
乂 曲 _ _ J ~ " X 12 *#C0 12 

) X CZ] 
r ^ CO V ~ 、 i o CO seed 

CO ) ) 
^ ^ E-Beam Test Vector 1 

Potential Probe Point 
{10，11，12} 
Reduced Probe Point 
{10,11,12} 

Figure 26 Test Vector 1 for Simple Circuit sfc4 

Step 3: Primary output line 12 with fault 1 2 � i s chosen as a seed line and 
CI is assigned 

Step 4: Fanout branch line 8b is assigned to a critical value CI. To justify 
this critical value, both fanout stem line 8 and fanout branch line 
8a are assigned to CI. 
The critical path established by probe points lines 11 and 12 is 
12(C1), l l (Cl) , 8b(Cl), 8a(Cl), 8(C1), lO(Cl), 6(C1), 4(C1)， 

3(C1). 
Probe point at line 7 is added and the corresponding critical path 
is 1(C0). 
The test vector 2 is v(0，l,l，l，0’l) and the probe points are 
{7 ,11 ,12} . 

Step 5: The potential probe point line 11 is removed because faults 
{ Hq, 8ao } are already detected 
Probe points become { 7，12 }• 
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Key: * Seed Line 
# Probe Point 

r-T-^ CO -v r #0 CO Critical Value 0 
‘ ？ I ) 1 C1 Critical Value 1 

C O — J — — y 

q :> CI ~ N a CI CI 
• ! > ~ ^ ~ J CI 

8b ~ 1 2 *#C1 12 
j ~ - a 

0 y~、10 C1 SMd • 

E-Beam Test Vector 2 
Potential Probe Point 
{7.11.12} 

(a) Potential Probe Points 

Key: * Seed Line 
# Probe Point 

• CO ~ # 0 CO Critical Value 0 
~ T ) - ” CI Critical Value 1 

•!> J—— J 

\ y ^ 
QI> CI ~ N a C1 “ 1 

J CI r ^ , 优 1 

py^ 0 Y~\ioC1 SMd 

E-Beam Test Vector 2 
Reduced Probe Point 

- {7’ 12} 

(b) Reduced Probe Points 

Figure 27 Test Vector 2 for Simple Circuit sfc4 
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Step 6: New faults detected are {11,6。，Sb。，IOQ, 1 2 � } 

Number of new faults detected is 5. 
Number of probe points is 2. 
Current fault list is 
{lo, 2o, 31，41，50，70，7h ̂ h ^^h 8bl，111}. 

Step 7: Since the current fault list is not empty, go to Step 3. 

Step 3: • Primary output line 11 with fault 111 is chosen as a seed line and 
CO is assigned. 

Step 4: Fanout stem line 8 and fanout branch line 8b are assigned CO 
because fanout branch line 8a is assigned CO. 
The critical path established by probe points at lines 11 and 12 is 
12(C0), 11 (CO), 8b(C0), 8a(C0)，8(C0)，7(C0), 4(C0)，2(C0). 
Probe point at line 10 is added and the corresponding critical path 
is 5(C1). 
The test vector 3 is v(l,0,l，0，l,0) and the probe points are 
{10,11,12} 

Step 5: No potential probe point is removed 

Step 6: New faults detected by test vector 3 are 
{ l l i , 8 b i , 8 a i , 8 i , 7 i , 5 o , 4 i } . 
Number of new faults detected is 7. 
Number of probe points is 3. 

_ The current fault list is { IQ, 2O�3I , TQ }. 

Step 7: Since the current fault list is not empty, go to Step 3. 
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Key. * Seed Line 
# Probe Point 

PP^ 1 ~ - x 7 CO CO Critical Value 0 
^ CO J C1 Critical Value 1 

CS^ 1 ~ N s CO CO sMd 
cz>—2a— J CO 

—乂 8b � “ ~ \ 12 #C0 12 
C1_Y~Nmo#1 

^ z E-Beam Test Vector 3 
Potential Probe Point 
{10,11,12} 
Reduced Probe Point 
{10,11.12} 

Figure 28 Test Vector 3 for Simple Circuit sfc4 

Step 3: Line 7 with fault 7q is chosen to a seed line and CI is assigned 

Step 4: The critical path established by probe point at line 11 is 
l l (Cl) , 7(C1), 2(C1)，1(C1). 
Fanout branch 8a has a non-critical value 0. 
Fanout stem line 8 and fanout branch line 8b are assigned CO. 
Probe point at line 12 is added and the corresponding critical path 
is 12(C0), 8b(C0), 8(C0), 3(C0). 
Probe point at line 10 is added and the corresponding critical path 

_ 6(C1). 
The test vector is v(l，l，0，l,0，l) and the probe points are 
{ 1 0 , 1 1 , 1 2 } 

Step 5: The potential probe point line 10 is removed because fault { 60 } 
is already detected 
Probe points become {11’ 12} 
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Key: * Seed Line 
^― sMd # Probe Point 

PT-^ CI ~ - X 7 *C1 4 CO Critical Value 0 
CI J ^ CI Critical Vatuel 

~ � I~Nii #C1 11 
Z Z I J 

ta 7 y 
r r ^ C O _ ~ 、 a CO o 
CZ>—^—— J CO 

» ~ 1 2 #C0 12 

c T > ~ ® r ^ i o #1 

E-Beam Test Vector 4 
Potential Probe Point 
{10.11.12} 

(a) Potential Probe Points 

Key. * Seed Line 
, s e e d 林 Probe Point 

• CI -X 7 *C1 / CO Critical Value 0 
^ ^ “ ) ~ ^ ^ C1 Critical Value 1 

•：> CO ~ 0 

^ ― ： CO 似 口 

E-Beam Test Vector 4 
Reduced Probe Point 
{11.12} 

(b) Reduced Probe Points 

Figure 29 Test Vector 4 for Simple Circuit sfc4 
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Step 6: New faults detected are { IQ, 2q, 3i, TQ }. 

Number of new faults detected is 4. 
Number of probe points is 2. 
The current fault list is empty. 

Step 7: Since the current fault list is empty, go to Step 8. 

Step 8: The test set of four vectors and probe points are suinmarized in 
table 3. 

Test Vector 

vi v3 v4 

2inJ 1 2 1 I 

0 I 0 ！ 

2in3 ! 1 ！ ^ 

1 ！ 2 ！ 

2 i n 5 0 0 1 0 

0 I 0 ! 

No. of Probe Pts. 3 2 3 2 

No. of New Faults 10 5 1 4 

Detected 

Table 3 Test and Probe Point Generation for Circuit sfc4 
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7. CONCLUSIONS 

7.1 Summary of Results 

In e-beam testing, internal circuit nodes can be used as test points. It is 
proposed that ICs should be tested in the wafer stage. E-beam testing at wafer 
stage has the following advantages: 

1. E-beam testing is a non-destructive and non-capacitive loading method 

2. ICs can be tested when they are in working condition. 

3. Alignment time is small since only slight adjustment is required in 
stepping from one die to another. 

4. Testing is faster than the conventional testing because of the number of 
test vectors is reduced. 

This thesis offers a test and probe point generation algorithm for e-beam 
testing. It generates a set of test vectors with corresponding probe points and 
single-stuck-at faults detected With decisions at fanout nodes, it can generate 
a test set for circuits with non-reconvergent fanouts. 

The major results concerning the algorithm are discussed below: 

1. Stuck-at faults at an input line of a gate should be detected at the output 
line of the gate. 

2. The algorithm generates a test vector with the corresponding probe 
points. Dynamic probe points improve fault coverage of the test vector. 

3. The algorithm generates a test vector with faults detected No fault 
simulator is required Actually, no commercial fault simulator software 
for e-beam testing is available. 

Page A-2 



The circuit in figure 30 is one of the ISCAS85 benchmark circuits, cl7[35]. 
In conventional testing, the number of test vectors required is 6. In E-beam 
testing, the number of test vectors is 3. 

“ ^ — — P O 

^ F = D — 

o O - ^ 

- ^ b = D 

Figure 30 Circuit cl7 

Table 4 summaries the results obtained by the algorithm on several simple 
circuits. The results of test generation of circuits scl and sc3 are listed in 
Appendixes B and C. In conclusion, the reduction in the number of test vectors 
is about 30%. For complex circuits, the result is expected to be even better 
because more probe points will be available, that in turn implies more critical 
paths can be generated with each test vector. However, it is not common to find 
fan-out free circuits more complex than the simple circuits used in the analysis. 
Our next task will be to modify the algorithm to handle circuits with fanouts. 
This can only be accomplished if re-convergence in circuit paths can be 
resolved. 

example circuits scl sc2 sc3 sfc4 cl7 一 

ITo. of s-a-faults 30 46 26 38 

no. of test vectors in 6 7 9 6 6 
conventional testing 
no. of test vectors in e- 4 4 7 4 3 
beam testing 
average no. of probe points 2.5 2.3 1.6 2.5 2.0 
per test vector 
% reduction in no. of test 33% 42% 22% 33% 50% 
vectors 

Table 4 Results of Test Generation 
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7.2 Further Research 

For circuits with reconverging fanouts, test generation problem becomes 
difficult. First, a lot of retrials are performed in a region containing fanout 
stems and reconverging fanout sites. Second, analysis is required to prevent the 
self-masking problem. As a result, the time and complexity of the test 
generation are increased. 

Self-masking occurs when two fanout paths from a fanout node reconverge 
at a site with different inversion parities. Fault effect at the fanout stem 
propagates along the two fanout paths cancel out each other at the reconverge 
site. In figure 31，primary output line 9 with fault 9o is a seed line. The critical 
path established by probe points { 8, 9 } is 1(C1), 3(C1), 5(C1), 5a(Cl), 6(C0)， 

6a(C0), 6b(C0), 8(C1), 9(C1). However, in figure 32，line 5 is not critical 

because effects of fault line 5 stuck-at-0 propagate on two paths with different 
inversion parities and they cancel each other at the reconverge fanout site G4. 
This phenomenon is called self-masking. 

To avoid self-masking problem, the fault effect should arrive at the 
reconvergent site through the critical fanout path and values of lines along the 
non-critical fanout path should remain unchange. This can be done if an input 
line of a gate along the non-critical fanout path is assigned a controlling value. 
For example, in figure 31, stem line 5 is critical if line 7 does not change its 
value under the effect of fault SQ. A controlling value 1 is added to line 4 so 
that line 7 is kept at value 1 even fault SQ exits. 

Further task will be required to modify the algorithm to handle circuits with 
reconvergent fanouts. 
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—— 6a CO 

— C I CO z 

5a C1 6b CO G4 
2 0 r ^ ci Y r ^ CI 9 

” 3 " " ” C I " " “ 
5b 1 

4 1 

Figure 31 Stem Line 5 is Critical 

| > CI 3 
6a CO 

1 ci _ y CO z 

5a C I 6b CO G4 
2 Q 1 Y r ^ ci 9 

5b 1 

4 0 L — 

Figure 32 Stem Line 5 is Noii-Critical(Self-maskiiig Problem) 
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Appendix A: Algorithm to Find Reconvergent Fanouts 

An algorithm[22] to find the reconvergent fanouts in a circuit is listed as 
follows: 

Step 1: Read in the circuit description file. 
read circuit一file() 

Step 2: Build the reach no. count of each node, 
build_rcount() 
{ 一 

for all nodes do 

reach no. count of each node = no. of inputs to this node 
} 一 

} 

Step 3: Set the next node list NL to list of Pis, 
initial一NL() 

Step 4: Set the contents of current node list CL to NL, 
buUd_CL() 

Step 5: Clear the NL, 
null一NL() 

Step 6: For every node in the CL, determine the next node list NL, 
build_NL() 
{ 
for each node x in the CL { 

for each node y fed by x { 
reach no. count of y = reach no. count of y-1; 
ifreach_no. count of y = 0 

put node y into the next node list NL; 
} 

} 
} 
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Step 7: For every node in the CL, build the fol and rfol for each node, 
build fols( ) and 
reduce一rfol() 

Step 8: For each node in the CL, add to the fol if it is a fanout node, 
add_fol() 

Step 9 : If the next list NL is not empty, go back to step 4. 

Step 10: Save rfol to file, 
save_result() 

where 
the reach_no_count of a node is the number of inputs of that node. 
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Appendix B: Results of Test Generation for Circuit scl 

Results of e-beam test and probe point generation for circuit scl are given 
below: 

Key: * Seed Line 
# Probe Point 

1 ~ 9 #0 CO Critical Value 0 
: CO ) CI Critical Value 1 

• ! > CI NioCI m 

^ *#co 
N 15 15 

~ # 1 E-Beam Test Vector 1 
^ c i 1 ) CO PotentUd P r obe Po in t 

^ {9,11，13，15} 
) Reduced Probe Point 

CO 乂 {9.11,13,15} 
c r > ~ ^ ~ \ A CO 

• :> gQ \_J 

Figure B-1 Test Vector 1 for Circuit scl 

Key: * Seed Line 
祙 Probe Point 

_ _ c j _ i 9 C1 CO Critical Value 0 
^ ^ “ “ ) - ~ C1 Critical Value 1 

^ 1 r — I I CI 

*#C1 
X 15 15 

C1 ^ ~ X ” CI E-Beam Test Vector 2 
^ ~ Q ) ~ ~ CI Potential Probe Point 

) Reduced Probe Point 
A , ^ 1 2 ^ {10,15) 

Figure B-2 Test Vector 2 for Circuit scl 
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Key: * Seed Line 
# Probe Point 

rr-^ CO ~ X 9 CO CO Critical Value 0 

I X > CO ~ V CO *co 
QI^— 

. _ ^ #co 
N 15 15 

0 - V ~ C I E-Beam Test Vector 3 
^ C1 #1 Po t en t Probe Point 
^ U {14.15} 

j Reduced Probe Point 

^ C1 I ^ { 1 ” 5 > 

Figure B-3 Test Vector 3 for Circuit scl 

Key: * Seed Line 
# Probe Point 

1 \ 9 m CO Critical Value 0 
“ ' T n~~ ) - C 1 Critical Value 1 CO 13 

7 y 
[X> CI � 1 � C I 
C O — ^ __J 

_ ^ #co 
N 15 15 

11 

r r^ , CO \~"N *C0 
^ ) ~ ^ ^ ^ CO E-Beam Test Vector 4 

~ ~ Z _ y ~ N ^ " Potential Probe Point 
V {9 ,12 .13 .15} 

•=> CI LJ 

Figure B-4a Test Vector 4 for Circuit scl - Potential Probe Points 
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Key: * Seed Line 
# Probe Point 

pr^ 1 ~ " N s 0 CO Critical Value 0 

_ ^ #co 
\ 15 15 

_ c f l _ I ~ * c o 
CO ) C O E-Beam Test Vector 4 

^ ~ 乂 \ Reduced Probe Point 
^ ^ {15} 

Q Z > ~ 3 V X - J L J 
CI> 1 l_J 

Figure B-4b Test Vector 4 for Circuit scl - Reduced Probe Point 

test vector 
vl v2 v3 v4 

pinl 1 ~ — Q \ — — 
pin 2 ~ ~ 5 ~ ~ 1 1 5 _ 

1 1 2 \— 
Pin 4 1 0 1 \ — 
pins 0 1 0 2 _ 
I 'm 6 1 0 1 5 _ 
pin 7 0 0 1 5 _ 
pin 8 0 1 2 1—— 

probe pts 9.11.13,15 10,15 14,15 | 1 5 _ _ 

Table B-1 Results of Test and Probe Point Generation 
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Appendix C: Results of Test Generation for Circuit sc3 

Results of e-beam test and probe point generation for circuit sc3 are given 
below. 

lUy: * SMrf LIm f Preto Point 
r-r-̂  1 -N a 鏞 CO CtMmI VaiiM 0 
Iirr ctt ) CI CrMealValiMl 
I这 〉 鳙 

CI NmCI U CI 
i1 

~ ~ ~ — — I 乂 
- ts 

rT-^—g~CI 
f-i-̂  CI_J ) CI 

E-Beam Test Vector 1 Potsntia丨 Prob* Point {13.17. 22. 23} Rtducad ProtM Point ' Y^" 1 17, 22,23) 
L ^ ~ y CO 

nn>^~N* CO 
nT-> CO ) 

Figure C-1 Test Vector 1 for Circuit sc3 

K«y: . a—* Un* i Preb* Point CI X „ CI CO Crw-I V.IU. 0 V- CI CritlMlValiMl 

C I 

rr-̂ -̂CJ~ \ CI \ -<=5J 
E-Baam Test Vector 2 Potential Prote Point {U23} 

,� Raducad Probe Point 
r»-> CI r-y' CI <1<23> 

J 

Figure C-2 Test Vector 2 for Circuit sc3 
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•toy: * 8m4 Uim • PrelM Point _ N � • • CO CrMMl Valiw 0 1 ) CI CrItiMlValiMl 

rr-^ g1 CI ii 
xo 

E-Beam Test Victor 3 
Potential Probe Point 

„ {13. 13,19. 21, 23} 
C O — ^ ― T ^ CI 

rn~>_Ci—I 、、！�CI 

Figure C-3a Test Vector 3 for Circuit sc3 - Potential Probe Points 

K*y: * LIim • Prob* Point 
— 、 C O I „ M CO Crltlo.lV.lii.0 

^ ) _ _ _ _ _ CI CrMMl ValiMl 

J ‘ 
r ^ 3 H ~ � � , 1 I ‘ 

xo 

E-Beam Test Vector 3 
Rftduced Probe Point 
{13. 23} 

IT 
~ I D " 1 

Figure B-4a Test Vector 4 for Circuit scl - Potential Probe Points 
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K«y: • 9m* Urn 
• Prab* Point 

O Z > 1 ~ " N o C* C» CritiMlValiMO 
r-r-̂  ea ) CI CrttiMlValiMl 

Ct V CO u *co 
L J — 

CO 

E-B«im Tast Vector 4 
Potential Prob* Point 

„ C20. 21. 23} 
u l = > — C I 

no~CM � - CI 

Figure C-4a Test Vector 4 for Circuit sc3 - Potential Probe Points 

K*y: * Sm4 LIm 
i Prob* Point ,^ 1 •-�•，CO CO CrWMlVMliMO ~̂—~ CI CrttlMiValiMl 
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test vector 
v l I v2 I v3 I v4 

pinl 1 1 0 I 
pin 2 0 1 1 0 
pin 3 1 1 1 0 
pin 4 1 0 1 1 
pin 5 0 1 ~ 0 9. 
pin 6 1 0 1 1 
pin 7 0 — 1 0 0 
pin 8 1 _0 0 I 
pin 9 0 1 0 9. 
pin 10 1 — Q 1 - i — — 
pin 11 I 1 1 I 
pin 12 0 1 \ 1 

probe pts. 13,17,22,23 14,23 13,23 23—— 

test vector 
v5 v6 v7 

pin 1 1 1 一 \ 

pin 2 0 0 0 — — 

pin 3 1 1 1 

pin 4 1 ！ 1 

pin 5 0 Q 2 — — 
pin 6 1 5 1 
I 'm! _0 0 0 _ 
p ^ 1 1 I 
pin 9 — 0 0 2 _ _ 
pin 10 J 1 I 
pin 11 1 I 5 _ _ 
pin 12 1 1 ^ 

probe pts. 23 I 23 23—— 

Table C-1 Results of Test and Probe Point Generation for Circuit sc3 
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