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ABSTRACT

Thesis Title:
Switch-level Dynamic Fault Modeling for
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Modeling the dynamic behaviour of resistive shorts and opens at switch-level dictates the
characterization of enhanced delay attributable to these faults with reference to the input
combinations, fault sites, defect resistance and CMOS technology variation. Resistive physical
failures make the output voltage fluctuate between intermediate ranges by disturbing the
propagation time of the logic, without adversely changing the functional output. To determine
the impact of logic propagation delay (zp) on the output voltage (Four) of a gate, a switch-level
fault analysis on CMOS primitive gates is executed for CMOS technologies 350 nm, 180 nm,
and 90 nm in comparison with nanometre technologies 45 nm and 32 nm. To understand the
nature and effect of actual resistive faults in silicon, static faults in static primitive gates are
reviewed after altering the defect resistance. Delay and output voltage changes induced by these

variations are determined for CMOS 32 nm technology.
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CHAPTER 1

INTRODUCTION

1.1 Overview

A key goal in manufacturing test is to maximize the quality of parts delivered to customers
while reducing the cost of testing those parts. But arrival of deep-submicron (DSM) designs with
latest nanometre technologies demonstrated that defect sizes are not proportionately scaled to the
feature sizes. Overlooking testability issues arising out of these designs would result in degraded
performance, because the faults are located predominantly in routing. Detailed models which can
more explicitly model the behaviour of faulty DSM chips are required. Failure analysis
conducted by major silicon manufacturers reveals that a majority of the failures are timing
related, and delay is the prevalent culprit. As a result, manufacturers are demanding dynamic
defect models that are more sophisticated than the traditional static stuck-at fault model.
Transition and path-delay models satisfy this demand, aiding the identification of various

manufacturing defects, including in-line resistances as well as opens on single and pairs of

transistors. Modern VLSI (Very Large Scale Integration) chips clocking at higher frequencies



tend to have performance violations due to timing related fault mechanisms. A timing error
prevents a circuit from functioning at its desired clock rate, functionally slower or faster than
designed output delay. The delay of paths in a circuit becomes larger than expected resulting in
the output of a chip to be deviant from the expected behaviour, in spite of the chip being
functionally correct. The fault models associated with these timing-related defects are called

delay fault models.

Complex circuitries make it nearly impossible to guarantee the perfect functioning of each
and every manufactured part and more over they account for physical failures or spot defects
occurring in silicon [ 10 ]. High quality test generation requires an improved knowledge of defect
behaviour. Growing contact parasitic in deep sub-micron assemblies has been one of the main
reasons for the rise of dynamic logical faults. Recent studies [ 5 ] on dynamic faults confirm that
static and dynamic behaviour of the defective interconnects can be electrically classified, taking
into account the fault location as well as the defect resistance value. Many defective IC’s with
excessive propagation delay are missed by a 100 % SSF (Single Stuck-at Fault) coverage test set.
In reality, fault modeling needs to move from the discrete to the continuous area [ 20 ], [ 21 ],
and [ 22 ]. The low-K dielectric copper metal layers in DSM assemblies are now made using the
dual Damascene process. Resistive physical defects, including those caused by contamination or

voids in via, are among the more common defects observed in DSM technologies [ 4 ].

Dynamic effects of physical failures like shorts and opens are yet to be fully understood. As
their name suggests, ‘RESISTIVE’ faults are characterized by the resistance of their connection.

A short between any two circuit nodes should have zero-resistance value and a break in a line



has infinite resistance. Both these categories of faults, behave otherwise when the faulty
connection has substantial amount of resistance on it. Not all defects permanently alter circuit
behaviour the way the stuck-at fault model requires. Instead, some change the timing of the
circuit, causing incorrect operation only at certain frequencies. This time disturbance causes the
voltage associated with the logic to change as well. After certain stages, as the logic propagates
in a bigger circuit through various other circuit elements, the flaws in the gate output voltage are
fixed. This prevents the faulty voltage information from being retained at the circuit output along
with the faulty delay details. Estimating the voltage change at the gate output in which the
resistive faults has been introduced, and propagating the delay_ logic through a robust path

sensitization will solve the above mentioned problem to a certain extent.

1.2 Prior Work

It is assumed that a substantial fraction of short defects have non-zero resistance [ 32 ]. The
vast majority of the bridging fault models [ 38 ], [ 34 ],[311,[29 ], [ 28 ], and [ 15 ] which
describe shorts between logical nodes assume a short resistance of zero Ohm. Also the stuck-at
fault model, which can be seen as one describing short defects between a logical node and Vpp
(stuck-at-1) or ground (stuck-at-0), does not consider resistive connections. Many studies have
been published regarding the delay defect synthesis with respect to reducing transistor sizes.
Most deal with gate-level fault modeling [ 37 ] and others with fault diagnosis [ 7 ]. Generally,

the voltage degradation caused by resistive physical defects, is accounted for as intermediate



node voltage or voltage at the node where a faulty connection is present [ 14 ], [ 26 ]. However,
few studies have dealt with the propagation of the voltage change that occurs at the gate output
to the circuit output along with the induced delay. A comparative study involving different
submicron and deep submicron technologies (350 nm, 180nm, 90nm, 45nm and 32nm) is
executed. The delay calculations are provided in detail for the nanometre technology of 32 nm.
The delay behaviours in terms of time and voltage as opposed to reducing transistor dimensions
are investigated, considering a well-defined range of defect resistance and for fault sites, both
derived and discussed in [ 1 ]. The output voltage is estimated corresponding to the delay

calculated for a particular combination of parameters discussed above.

1.3 Summary of Contributions

The objective of the thesis report is to model the dynamic behaviour of resistive physical
failures in silicon and the effect of this behaviour on the timing of the logic propagation at the

outputs of an integrated circuit. The overall research contributions are summarised as follows:

e A complete dynamic fault list for primary gates ( NOR, NAND, AND, OR and
INVERTER)

e  Switch — level representation of primitive gates, by replacing transistors with a voltage
controlled resistance switch and replacing static physical faulty connections (shorts and

opens) with a resistor at each fault site.



o Estimate propagation delay at the output of a primitive gate for single physical failures,
based on the equivalent resistance of the whole circuit.

. Extract a general formula for calculating the propagation delay caused at the gate
output depending on factors like the input combinations applied to the gate, type of
fault, fault location and the defective resistance value.

e  Derive a mathematical relation between the propagation delay at the gate output and the
gate output voltage based on negative or positive delay effect on the gate.

e  Present a delay pattern based on the propagation delay and output voltage variation
recorded for transistor sizes featuring from submicron to deép submicron CMOS
technoldgies

e  Degraded timing effect of resistive fault on the gate output and eventually on the
primary circuit outputs is analyzed for the latest available CMOS technology spice

models for feature size of 32 nm.

1.4 Organization of Thesis

Remaining chapters are organized as follows: Chapter 2 provides an inside view of CMOS
physical failures and their fault modeling platform. Chapter 3 describes the switch-level fault
model for a MOSFET used in latter part of the thesis to derive the delay calculation and output
voltage calculation formulas. Chapter 4 discusses the transistor-level to gate-level mapping of

resistive faults for all the primitive gates. Chapter S presents the propagation delay and output



voltage derivation. Numerical calculations for delay and voltage in a faulty and fault-free NOR
gate, are presented in Chapter 6. Graphical representation of the delay pattern and effect of
propagation delay caused by resistive faults on the output voltage of a gate are provided in
Chapter 7. Concluding remarks and future prospects of this research study are discussed in

Chapter 8, followed by a list of cited references and publications.



CHAPTER 2

MODELING PHYSICAL DEFECTS

In order to calculate a quality measurement, a measurement criteria or model has to exist.
Fault is a model of the failure mode of the defect that relates the defect to the circuit behaviour.
A fault model can be defined as the translation of physical defects to a mathematical construct,
which can be operated upon algorithmically and understood by software simulation for providing
quality measurement. It bridges the gap between physical authenticity and mathematical
perception [ 18 ]. Before discussing the modeling process, the nature and type of physical defects

are considered.

2.1  Nature and Effect of Physical Defects

Defective behaviour in microchips is caused by errors in processes like design, fabrication

and manufacturing, or physical malfunctions. Design errors can be identified and corrected in



the design simulation process. Fabrication and manufacturing errors can be taken care of during
the manufacturing process. Physical defects occur during lifetime of a system due to component
attrition and probable environmental effects [ 36 ]. A physical fault present in a system may or
may not cause a system failure. Modeling physical failures can be distinguished between logical

faults, parametric faults and delay faults that affect the opérating speed of the system [ 40 ].

*  Logical fault: A fault type that causes the logic functions of a circuit element to be
changed to some other function

*  Parametric fault: A fault type that alters the magnitude of a circuit parameter, causing
a change in some factor such as resistance, capacitance, current, or voltage

e  Delay fault: A fault type that is related to circuit delays which usually affects the

timing of the circuit, causing hazards, critical races, or performance degradation

The duration of physical defects on a circuit or system may vary depending of the modeling
or nature of the fault. Based on their impact on the circuit, physical faults are classified as

permanent fault, temporary faults and intermittent faults.

e  Permanent fault: A lasting fault that is continuous and stable, whose nature does not
change before, during, and after testing (e.g. a broken wire, an incorrect bonding, a
design fault, etc.) and the presence of this fault affects the functional behaviour of the
system permanently

e  Temporary fault: A fault that is present temporarily, occurs anytime and affects the

system for finite, but unknown time intervals (caused by environmental conditions, e.g.,



cosmic rays, foreign particles, temperature, pressure, vibrations, power supply
ﬂuctuat{ons, electromagnetic interference, static electric discharge, etc.) and doesn’t
cause any permanent damage to the logic of the system

e  Intermittent fault: A fault that is caused by non-environmental conditions, such as
minor values of component parameters, wear-out or critical timings (hazards, races,

clock skews, etc.), loose or weak solder connections

Permanent faults are easily localized and have well-defined fault models (like stuck-at-0,
stuck-at-1, bridging, stuck-open, stuck-on etc.). Intermittent faults can use traditional fault
models with repetitive stress tests. But temporary faults do not have precise fault modeling

techniques for all fault characteristics.

2.2 Static and Dynamic Physical Defects

Most physical failures (up to 75%) in CMOS circuits stem from short and open faults while
the remainder can be declared unobservable or insignificant and hence remain undetected. In
other words, the fault effect cannot be propagated to an observable point. Physical defects in ;:an
normally be divided into two classes: inter-gate shorts or shorts between logic gates and intra-
gate shorts or shorts within a logic gate. In this research, the effects of resistive shorts and

resistive opens present within logic gates in CMOS circuits are studied.



2.2.1 Static Fault Library

This analysis is based on a static CMOS library applied to a primary gate circuit with two
groups of faults (short and open) [ 27 ]. The basic static fault library was reorganized pertaining
to the resistive defect requirements [ 1 ]. The synthesis procedure or logic design begins with the
specification for the desired terminal behaviour of a gate network. To synthesize a fault, a fault-
free gate in the circuit is replaced using the previously generated library based faulty gate. The

circuit behaviour is observed in the presence of this fault.

2.2.1.1 Shorts

Shorts are unintentional connections between otherwise non-connected circuit leads, and
have been identified as an important type of IC defect. Shorts can be caused during an IC’s

manufacture, or during normal life of a microchip.

Previous studies [ 35 ] confirmed that shorts within CMOS gates are not fully modeled by
gate level logic faults. The voltage levels and logic values of the shorted circuit leads depend on
the transistor strengths in the affected gates. Intermediate voltage levels at shorted nodes are
common consequences. In order to model shorts accurately and realistically, the resistance value

of shorts should be considered. It is found that circuit behaviour can change drastically for even

10



slight variations in the resistance value of a bridge connection. This makes a circuit very

vulnerable to circuit degradation over time.

2.2.1.2 Opens

Generally, a missing contact, thinner metal connection, higher number of via, poly breaks,
scaling of the devices and the increase in complexity of the fabrication processes lead to open
defects in CMOS technology. A high proportion of customer returns are due to open and
resistive open defects, and thus leading to the conclusion that the test coverage is poorer for open
defects than for bridges, which causes higher escape rate [ 24 ]. The probability of open defects
highly increases as we are moving from aluminium to copper in more advanced technology

(from CMOS 0.13pum and below).

2.2.2 Dynamic Fault Library

Resistive open and resistive bridging faults create additional positive or negative difference
in the system clock speéd. This makes the fault dynamic in nature, as it doesn’t produce a static
or fixed effect on the potential difference between any two circuit nodes where a fault has
occurred. Insteéd, a timing error is generated. For modeling dynamic behaviours of shorts and

opens, physical wire connection of a static defect in a circuit (shorts or opens) is replaced by a

11



resistor and a simple electrical analysis of the circuit is performed to obtain the timing variations
which occurred during propagation of a logic value from gate inputs to gate output. All primitive
| gates are subjected to all combinations of input vectors and exhaustive fault list is exercised on

every fault location. Detailed fault locations for all gates are emphasized in Chapter 4

2.3  Logical Fault Model

A logical fault provides a suitable representation for effect of physical failures on the
operation of a modeled system. A logical fault model makes the fault analysis problem a logical
problem, rather than a physical one. Different physical faults can be modeled by the same logical
faults and hence the complexity will be greatly reduced. Tests derived for logical faults can be
useful for analysing and understanding those physical faults whose effect on the circuit
behaviour is too complex and can not be justified [ 18 ]. The static behaviour of commonly
observed physical faults such as shorts and opens produces logical failures, with large delay
values. However, when a physical defect leads to excessive delays on signal paths instead of
altering the logic function of the circuit; it is no longer a static defect. Such unknown and
unpredictable defect behaviours make it very difficult to analyze a fault.Those physical defects

which have an inexplicable effect on the logic output of a system can be modeled as dynamically

behaving static (logical) faults.

12



2.4  Levels of Logical Fault Models

Modeling faults is based on modeling of the circuit. A logical fault can modeled in different

levels of circuit design hierarchy, which are referred as levels of abstraction [ 18 ],[ 36 ].

e Behavioural level (High level) circuit description is based on a HDL (Hardware
Description Language) approach. This level has fewer implementation details and is not
exactly correlated to manufacturing defects

o At the register-transfer level (RTL or logic level), stuck-at faults are the most accepted
fault models in digital testing. This level contains registers, modules, net list of gates
(AND, OR, NOT, NAND, NOR, XOR) and interconnect structures. This level consists of
all gate-level faults, bridging faults and delay faults

e Transistor-level or Switch-level (low level) fault models consist of stuck-open type of
faults, which are also known to be technology-dependent faults. This level establishes

transistor-level details in a circuit and provides the basis of CMOS networks.

Dynamic effect of physical failures on a digital system can be further investigated by altering
the electrical parameters like resistance or voltage in a faulty circuit injected with a static short or
open defect. Modeling the dynamic nature of bridging and open defects would be more precise

for a transistor-level CMOS circuit.

13



CHAPTER 3

SWITCH-LEVEL MOSFET MODEL

Switch-level representation of a transistor or a MOSFET can be defined as “an electronic
device that acts like an electrically activated switch but has no moving parts, so it can switch

millions of times per second.”

The representation of a MOSFET as a switch provides an opportunity to utilize the resistance
parameter of the circuit. By symbolizing the connection between drain and source of a MOSFET
as a transistor resistance, the effect of the resistive faults subjected to the circuit can be
calculated in the form of equivalent circuit resistance. The switch consists of two fixed terminals
corresponding to the S and D terminals of the transistor. In addition, there is a movable contact
that, depending on its position, determines whether the switch is open or closed. The position of

the contact is controlled by the voltage applied to the gate terminal G.

14



3.1  Transistor-level Fault Model

Classical stuck-at-fault models do not correspond to some significant failure modes,
especially in the case of lower level circuit abstractions. In complex gates, the physical nodes do
not directly match up to nodes in a comparable gate level network. Hence, many physical opens
and shorts cannot be satisfactorily represented at the gate level. Modeling physical defects at
lower abstraction levels can make the process more accurate and actual physical defects can be
closely examined. Considerations of failure modes at the switch level or circuit level are

alternatives to gate level modeling.

3.1.1 Transistor as a Resistor

S D
Ros = Ron
Vin
G ---- G
I UL
D S
Figure 1 MOSFET as a voltage-controlled resistance

A transistor is an active component of an electronic circuit consisting of a small block of

semi-conducting material to which at least three electrical contacts are made. A transistor is also

15



known as a MOSFET (metal-oxide semiconductor field-effect transistor) or a MOS transistor.
One of the three terminals can be used to control the flow of current through the other two
terminals. A MOSFET can be modeled as a 3-terminal device that acts as a voltage controlled
resistance (Figure 1). In digital logic applications a MOS transistor is operated in a way that its
resistance is either always high (off transistor) or very low (on transistor). A transistor can be

used as an amplifier, detector, or switch.

3.1.2 Switch Models for CMOS Transistors

Ves
S
G
Ves D
Logic 1 turns the switch on Logic 0 turns the switch off
Logic 0 turns the switch off Logic 1 turns the switch on
(a) n-channel MOSFET or NMOS (b) p-channel MOSFET or PMOS
Figure 2 Logic operation of a MOSFET

CMOS technology utilizes two types of transistor: n-channel and p-channel; depending on

the type of semiconductor material used for the resistance controlled terminals. The two differ in
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the mechanism governing the conduction of a current through them and in the characteristics of
the semiconductor materials used in their implementation. However, the most important thing is
the behavioural difference in the two types of transistor. This behaviour is modeled using

switches controlled by voltages corresponding to logic 0 and logic 1.

The symbol for an n-channel transistor is shown in Figure 2(a) and a symbol for a p-channel
transistor is shown in Figure 2(b). The transistor has three terminals: the gate (G), the source (S),
and the drain (D). The voltage applied between G and S determines whether a path for current to
flow exists between D and S (for NMOS) or between S and D (for PMOS). If a path exists, it is
said that the transistor is ON, and if a path does not exist, the transistor is OFF. For a NMOS
device (Figure 2(a)), the voltage between gate and source (Fgs) of the transistor is normally zero
or positive i.e. when Vgs= Vpp, the transistor is ON and if Vs = 0 Volts, the transistor is OFF.
On the other hand a PMOS transistor, behaves in a complementary manner. It is ON when Vgs =
0 Volts and is OFF for Vgs = Vpp. An n-channel MOS.FET when OFF (Vgs = 0 Volts), the
resistance between its drain and source (Rps) or the transistor on-resistance (Roy) is very high
and it is inversely proportional to the voltage at the transistor gate (¥s). For a PMOS device, the
operation is similar to that of NMOS, except the fact that source is at a higher voltage than drain,
and Vs is negative or zero. Roy has a very high value for Vs = 0 Volts and unlike NMOS, it

decreases with an algebraic fall in the Vg value.
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3.1.3 Dynamic Behaviour of a MOSFET

Dynamic as well as static properties of short and open faults are analyzed as a function of the
defect resistance in static primitive gate circuits. Mathematical formulas are derived for
calculating increased propagation delay at the output of a gate. The variable quantities
throughout are n (number of gate inputs), equivalent circuit resistance, input combinations and
the fault locations. Nominal resistive short resistance values (Rsy) and nominal resistive open
resistance value (Ro) are used to formulate a fault pattern showing changing delay value at the

functional output.

A CMOS primitive gate consists of serial/parallel PMOS/NMOS combined with
parallel/serial NMOS/PMOS network. According to the structure of any logic gate, equivalent
digital models can be derived by solving the parameters resulting from these serial/parallel
.connections. Considering the circuit utilities such as resistance, capacitance and number of
MOSFET’s involved, the resistive effect of a physical circuit change can be expressed in the
form of total logic propagation delay at the output. This delay is associated with the serial and
parallel connections of n MOSFETs due to the propagation of a correct or faulty logic value
through a particular circuit path to its output. In order to make the RC equivalent network, every
transistor in the circuit is replaced with the switch-level MOSFET model as shown in Figure 1

and using the theory explained in this chapter.
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3.1.4 Average MOSFET Switching Resistance (Roy)

Consider a NMOS circuit in the Figure 3. The transistor is off initially, ¥gs = 0 and the drain

is at Vpp. If the gate voltage of the MOSFET is varied from zero to Vpp, a current is given by the

Eqn: 3.1 and Eqn: 3.2, flows through the transistor initially [ 3 ].

KW
I, ===, "Vm/s/)2 (Eqn: 3.1)
2L
I, = g(VD —Viun )’ (Eqn: 3.2)

Figure 3 n-channel MOSFET switching circuit
Point A in the Figure 4 shows the operating point of the MOSFET prior to switching the

voltage to Vpp = 3.3V. After switching occurs, the operating point moves to point B and follows

the curve Vgs = Vpp until Ip = 0 and Vpg= 0, point C. At this point, the NMOS is ON.
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Figure4 IV plot for 0.35 pum NMOS transistor to estimate average switching resistance

An estimate of the resistance between the drain and source (Roy) for a NMOS (Ry) is given

by the reciprocal slope of the line BC in Figure 4, or can be expressed as shown in Eqn: 3.3 [ 3 ],

VDD

(VD - Vnﬂv)z

Ry =

' Eqn: 3.3
Ko7 (Eq )

2L

Where,

Vpp = Operating voltage

WI/L = Aspect ratio

K= Transconductance parameter of a MOSFET

Vry = Threshold voltage.

20



Assumptions for switch-level fault analysis:

e A MOSFET can be modeled as a 3-terminal device that acts as a voltage controlled
resistance, Roy (Figure 1) [ 30 ]

e In digital logic applications a MOS transistor is operated in a way that its resistance is

either always high (OFF transistor) or very low (ON transistor)

e  MOSFET is operating in triode region

3.2 Average MOSFET Load Capacitance (Cyosrer)

The switching characteristics of digital integrated circuits essentially state the overall
operating speed of digital systems. The dynamic performance requirements of a digital system
are usually among the most important design specifications that must be met by the circuit
designer. Therefore, the switching speed of the circuits must be approximated and optimized
very early in the design phase. The conventional approach for determining the switching speed
of a digital system is based on the assumption that the loads are mainly capacitive and lumped.
The dynamic behaviour of the circuit can be estimated easily once the load is determined. The
standard delay estimation approaches seek to classify three main components of the gate load, all

of which are assumed to be purely capacitive.

e Intrinsic parasitic capacitances of the transistors

e Interconnect (line) capacitances
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e  Input capacitances of the fan-out gates

For a transistor-level fault analysis, the first component of capacitive parasitic is of prime
importance. These parasitic components are mainly responsible for the intrinsic delay of logic
gates, and they can be modeled with reasonably high accuracy for gate delay estimation. The
extraction of transistor parasitic from physical structure is fairly a trivial task. The parasitic
capacitances associated with a MOSFET symbol are shown in Figure 5 as lumped elements

between the device terminals G-gate, S-source, D-drain and B-bulk.

G
Cop=Caco* Cao T MOSFET (DC T Ces=Cocs+Caso
MODEL)
D S
\ &8 ®
T Coes=Cocs
Css = Caorrom = ——  Cos= Csipewaw

Figure 5 Lumped representation of parasitic MOSFET capacitances

Based on the physical design [ 9 ], the parasitic capacitive load (Cyosrer) of a MOSFET

device can be divided into two major categories:
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° Oxide-related capacitance (Cox;pk)
e  The depletion regions for reverse-biased pn-junction of the drain and source-

Diffusion/Junction capacitances (Cjuncrion)

3.2.1 Ocxide-related Capacitances

Structurally, the gate of a MOS transistor is detached from the channel by the gate oxide

which leads to the gate capacitance, Cg47e and can be decomposed as follows

Care = Cox WL and Cox = eox/Tox

This capacitance contributes to the parasitics developed due to channel charge and the MOS
composition. Looking at a cross-sectional view and the top view of a typical n-channel
MOSFET (Figure 6), it is seen that the gate electrode overlaps both the source region and the
drain region at the edges. One of the main contributions of MOSFET structure into the intrinsic
parasitic is due to the channel overlap. The source and drain of a MOSFET diffuse laterally

under the oxide layer by an amount X)p. The expansion relates the effective channel length (L) of

a MOSFET to the drawn length by the following expression (as seen from Figure 5).

Lp=L-2*%Xp
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This also gives rise to a linear, fixed capacitance called overlap capacitance. Since X is
technology dependent, it is usually combined with Cpx. The overlap capacitances arising due to
this physical attribute are gate-source overlap capacitance, Cgsp; gate-drain overlap capacitance,
Cepo and gate-bulk overlap capacitance, Cgpy. All the overlap capacitances are voltage—
independent, i.e. they do not depend on the bias conditions. Assuming that both the source and
the drain diffusion regions have the same width W, the overlap capacitances can be formulated

as:

Ceso = Cgpo = CoxXDW = 2:CoxW (L-Lp)

n) (n+) w
Lo
GATE
ot Tro_OXiDE el
BULK (p-Si)

Figure 6 Cross-sectional view and the top view of a typical n-channel MOSFET
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Given that, the channel region is connected to the source, the drain as well as the substrate,
we can categorize three capacitances between gate and the other three regions, namely Cecs,
Cccp and Cecs, respectively. These capacitances result from the interaction between the gate
voltage and the channel charge and can sum up to be known as gate-to-channel capacitance
(Ccranner). In reality, the gate-to-channel capacitance is non-linear and voltage dependent. The
distributed Cgsp, Cgpo and Cggo values combined with the relevant overlap capacitance values

gives the total oxide capacitance (Coxipg) between the external terminals.

For calculation purpose, the required overlap capacitance values are obtained from the spice
model of an n-channel or p-channel MOSFET. The total oxide capacitance for a MOSFET can

be calculated using the following expression:

Coxipe = (Cep/Ces/Cas) TOTAL; Where, Cgs = Cgcs + Caso
Cep=Cqcp *+ Cepo

Cee = Cqcs

The total gate oxide capacitance is mainly determined by the parallel-plate capacitance
between the poly-silicon gate and the underlying structures (Cgp, Cgs and Cgp). Hence, the total
gate capacitance decreases with decreasing device dimensions (W and L), and increases with
decreasing gate oxide thickness. Consequently, MOSFET transistors fabricated using sub-micron
technologies have smaller gate capacitances. The fact that they are in direct proportion to each
other makes them non-negligible for propagation delay computation. Table 1 presents the oxide

related capacitance (Coxipe) of a MOSFET under three different operating regions.
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Table 1 Oxide related capacitance (Coxspg) of a MOSFET

Cep CoxWXp %(CoxWL) + % CoxWL +
CoxWXp CoxWXp
Ces CoxWXp %(CoxWL) + %CoxWL +
CoxWXp CoxWXp
Coxipe CoxW(L + 2Xp) CoxW(L +2Xp) CoxW(isL  +
2Xp)

3.2.2 Junction Capacitances

Sidewal 7 .
SOURCE /

Bottom AN
Plate /"

0

Figure 7 Detailed view of the source junction in a MOSFET

The other half contributing to the internal MOSFET parasitic are the junction capacitances,

which further categorize as the voltage-dependent source-bulk and drain-bulk capacitances, Csg
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and Cpg, respectively. Both of these are caused due to depletion charge surrounding the
respective source or drain diffusion regions set in the substrate. The source-bulk and drain-bulk
junctions are reverse-biased under normal operating conditions of the MOSFET and the amount
of capacitance at these junctions is a function of applied terminal voltages. It is non-linear and

decreases with the rise in reverse-bias.

As understood from the Figure 7, capacitance in the bottom plate junction can expressed as:
Css = Cporron = CjWLS

Here L, = L

Capacitance in the sidewall junction can be expressed as:

Cos = Cosipewar, = CjsRLs +W)

Therefore, total junction capacitance (Cyuncrion) is:
CJUNCTION = CBOTTOM + CSIDEWALL
CJUNCTION

=Cg +Cpp
=C,WL;+C,,,(2L; + W)

Jsw

= * * 1
=C; * Area+C, * Perimeter

Therefore, total parasitic capacitive load (Cpyosrer) is:

CMOSFET = Luuncrion + COXIDE
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Where, Lg= Sidewall length
Cox = Gate oxide capacitance per area
Cj= Zero-bias bottom depletion capacitance
Cjsw= Zero-bias sidewall depletion capacitance
gox= Electric field of the gate oxide
Tox= Gate oxide thickness
W = Drawn channel width
L = Drawn channel length
Lp= Effective channel length
Xp= Lateral diffusion length.

L,=L-2*X,
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CHAPTER 4
TRANSISTOR-LEVEL TO GATE-LEVEL

RESISTIVE FAULT MODEL MAPPING

As CMOS has emerged as an important technolog){ for VLSI, testing of large CMOS
networks has become a crucial issue. The classical stuck-at fault model assumptions are not
sufficient for modeling certain faults that are specific to a CMOS-based VLSI technology. This
applies particularly when systems with a high reliability or high availability such as space
applications are considered. Depending on the technology, typical physical defects such as
CMOS dynamic faults may not be covered by stuck-at fault models. Therefore, new fault models

have been introduced at different description levels to increase the accuracy of fault modeling.

Transistor-level fault model is more accurate than gate-level fault model. However, its fault
simulation, fault emulation, and test pattern generation are degraded in comparison to teat of

gate-level. In order to maintain the efficiency resulting from gate-level modeling while the
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accuracy of the fault model is increased, transistor-level to gate-level fault mapping is required.
The following chapter is dedicated to mapping of dynamic transistor-level faults to the gate-level

for the primitive gates NOR, OR, NAND, AND, INVERTER.

4.1 NOR# and OR# Fault List

It is known that accuracy of internal node values cannot be reached just by assuming a
circuit at the gate-level. Figure 8(a) shows a gate-level NOR circuit. Figure 8(b) shows the
transistor-level circuit NOR circuit. At the gate-level, faults can only be injected or diagnosed on
input and output pins. Injecting a fault in a circuit may result in different output values according

to different input combinations.

By symbolizing the connection between drain and source of a MOSFET as a transistor
resistance (as seen in Figure 8(c)), the effect of the resistive faults subjected to the circuit can be
calculated in the form of equivalent circuit resistance. Figure 8(b) shows a transistor-level
CMOS NOR gate with 3 inputs, where n = 3. n is an integer (n > 2) and it not only symbolizes
the total number of inputs of a gate, but also the i (1 > i > n) input of a gate. Iy is the i NMOS
input and Z;p is the i PMOS input, which are both branches of I;. In case of NOR gate, I;, I;p,

and Iy function as the same node for short faults but are act as separate nodes for open faults.
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Figure 8 (a) Gate-level, (b) Transistor-level and (c) Switch-level representation for a 3-

input NOR Gate
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Figure 8(c) shows the switch-level structure for the 2-input NOR gate, which has a serial
connection in PMOS network and a parallel connection in the NMOS. Parallel and serial
connections of identical MOSFETs play an important role in the delay calculations [ 3 ]. The
transistors on the PMOS side of the circuit shown in Figure 8(c) are represented by their ON-

resistances. For instance, PMOSI transistor is Rp;, PMOS2 is Rp;, NMOS1 is Ry; and NMOS2

is Ru;. Further conventions for transistor resistances are done in the same manner.

4.1.1 NOR#» and OR#n Short Faults

For a NOR gate, all faults are subjected to the PMOS network. The list of short faults for an

n-input NOR gate and n-input OR gate can be categorized as follows:

e  Short between D;p and power, (1 <i <n)

) Short between D;p and ground, (1 <i<n-1)

. Short between I; and Dyp, (1 <i<n; k<i<n-1)

° Short between D;p and Dyp, (1 <k<n-1;1<i<n-1and k#i)

. For OR gate, Short between O and ground and between O and power, where
0=D,)

e  For OR gate, Short between O and O’

Some faults are redundant and are not expressed separately when they are assumed to be

resistive shorts. For instance, a short between I; and D; or I> and D; or I3 and D; or I,, and D; will
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have the same delay results. Where I; symbolizes one of the NOR i input where (1< i < n).
Similar is the case for the connections; I; to D, I; to D3 and Ii to Dy... I; to D, and I; to O. An
illustration for the representation of logic short as a resistive short is shown in Figure 9. Figure
9(a) shows a logic short between the nodes, PMOS input I;p and PMOS drain D; and the same

fault is converted to a resistive short with a defect resistor Rsy replacing the short connection.

p —[ @ St
D It Re1
SZ G1 R D1
lr o Q2 S2
___ Re2
D2 l2 ~ G2 D2
S3 B % . Ss
|3P 1O _33 |3 RSH G3 RP3
D3 —4 D Ro O
0 o
P Gs 1D4 Gt 5 Gsg Do
5 — Rus R R Croap
——I 4 ——-I Q __I Q ' N2 N3
hn I ° Ian ° Ss Ss Se -[
—_ =

(a) (b)

Figure 9 3-input NOR Gate injected with (a) Logic short fault between PMOS input I>p
and PMOS drain D; ; Logic open fault at the output, O (b) Resistive short between PMOS input

Lp and PMOS drain D3 ; Resistive open at the output, O

Also, D, and O is a common node (i = 1 to n). Hence, it is not necessary to analyze the fault
caused by D,, connections to ground due to similarities in results. Dy and S, are the same nodes;

thus, only Dy is analyzed. Comparing the CMOS circuit diagram for a NOR gate in Figure 8 to
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that of an OR gate (NOR + INVERTER = OR) in Figure 10 it can be assumed that the short and

open fault list for NOR gate can be applied to an OR gate too.

A logic open at the output of the gate-level representation of 3-input NOR gate in Figure
9(a), is shown with a resistive open having defect resistance of Rp Q at the same fault location in
Figure 9(b). An open connection at the output O’ of the OR gate would have a different logic or

delay result as compared to the open fault at output O of the NOR gate.

4.1.2 NOR~#n and OR# Open Faults

Z 7\ Voo
Ip | &
ol Qi
— D1
S2
lp o Q2
1 D2
S3
—
e —Qq| @
B D3
0
I I Qs —Ql Q
__l IZN_I _]5 |3N_| °

I —

Figure 10 3-input OR Gate
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The second group consists of open faults in the NMOS and the PMOS network accordingly.

For an n-input NOR gate and n-input OR gate, resistive open faults can be finalized as:

For all low input, D;p is open
e  Forall high input D;y is open
e  For all low input, S;p is open
° For all high input S;y is open
. O is open

e  For OR gate, O’ is open

D; represents a drain belonging to NMOS or PMOS. When (1 <i < n), D;is a PMOS drain
(Dip). D;is a NMOS drain (D;y) if (n+1 < i < 2n). Similar illustration for the representation of

logic open as a resistive open is shown in Figure 9.

4.2 NAND# and AND#n Fault List

Figure 11 presents the gate-level and switch-level representation of a 3-input NAND gate.
Unlike NOR gate, all short faults in a NAND gate are subjected to NMOS network of the gate.
A complete list of static bridging faults occurring in NANDn gate and ANDn gate are as

follows:

35



4.2.1 NAND#n and AND# Short Faults
Voo A Voo
431 ) S3
lp lp lsp
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I'N__ Gs Rn1 [
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IaN—-— } Rn3

[ S5
(@) (b)
Figure 11  3-input NAND Gate injected with (a) Logic short fault between NMOS sources

S4 and S’s; Logic open at NMOS drain Dy (b) Resistive short between NMOS sources S, and S’s;

Resistive open at NMOS drain Dy

e  Short between S; and power, (1 <i<n-1)

. Short between S; and ground, (1 <i<n-1)

° Short between I; and Sk, (1 <i <n; n+l <k <2n)

. Short between S, and Sk, (n +1<k<2n-1;n+1<i<2n-1and k #i)
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. Short between I; and O, (1 <i<n)
. For AND gate, Short between O and ground and between O and power, where
0o=D,)

) For AND gate, Short between O and O’

Figure 11a) and Figure 11(b) show a 3-input NAND gate with a short connection between

NMOS sources Sy and Ss respectively and a open on the NMOS drain Dy.

4.2.2 NAND#n and AND#n Open Faults

The open fault category for NAND gate is analogous to the open fault group of NOR gate.
Both NMOS and PMOS network can be actively targeted yvith open faults for a NAND gate. For

an n-input NOR gate, resistive open faults can be finalized as:

° For all low input, S;» is open
e  For all high input S;p is open
° For all low input, D;y is open
e  For all high input D;p is open
e Oisopen

e  For AND gate, O’ is open

37



In

Qs

lin [
—] Qu , , Q
Ss 8DB

Ds
Ss

Ian

Figure 12 3-input AND Gate

A resistive open at the output O’ of an AND gate shown in Figure 12 will have an added

propagation delay as compared to the delay caused due to an open node at output O.

4.3 INVERTER Fault List

The most basic representation of CMOS logic, is provided by a NOT gate or an INVERTER.
Its circuit consists of one n-channel transistor and one p-channel transistor as shown by the gate-
level and switch-level representations shown in Figure 13, parts (a) and (b) respectively. . A

CMOS Inverter has a limited number of shorts and opens possible. The only short fault possible
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according to the fault list required for this research is a short between input and output of the

gate. And opens or breaks can materialize in the circuit at the source nodes 7 and S, and drain

nodes D; and D, respectively.

Voo
St
lp Re1
P G
I I D1 O
—9 D
IN G2 RN1
In S2

Figure 13 CMOS Inverter (a) Gate-level, (b) Switch-level
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CHAPTER 5

PROPAGATION DELAY AND OUTPUT

VOLTAGE

Referring to Section 3.1.4, Eqn: 5.1 and Eqn: 5.2 show the NMOS-on-resistance and PMOS-

on-resistance respectively

v,
Roy =Ry = XKW - ) (Eqn: 5.1)
2N_L(VDD - VTHN)
R, =R,= Voo (Eqn: 5.2)
KW

=W, Vo)
ZL(DD THP)
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5.1  All High Input Case

For the all high input case (for example, I;1>I; = 111), NMOS transistors are on and PMOS
are off. Generalizing the NMOS structure for all primitive gates, both the parallel and the serial
connections of NMOS are discussed. For n number of NMOS transistors in a logic gate,

The high-to-low propagation delay-time (zpy.) for this gate is,

Serial NMOS connection:

tp = 0.7RynC 5, (Eqn: 5.3)

Parallel NMOS connection:

Lo =0.7{R,, / m}Coup (Eqn: 5.4)

Considering Eqn: 5.3

0.7C,101 .,

1
Ry Lput

(Eqn: 5.5)

Considering Eqn: 5.4
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1 0.7C, 10 w1
— = 2 Eqn: 5.6
Ry Lpnt, n (B )

Substituting the value for R y, from Eqn: 5.1 and Eqn: 5.2

KW 2
2L our = V) 0.7nCoup
- (Eqn: 5.7)
Vour LpnL
Vovr = Vi)’ _ O°7nCL0A'D *2L (Eqn: 5.8)
Vour o KW
VZ
VOUT _ZVTHN + THN =nXN (Eqn: 5.9)
our
Where,
0.7C *2L
X = LOAD Eqn: 5.
v Lo KW a0

Therefore, for serial NMOS combination

2
VTHN

our

Vour + =nXy +2Vpy (Eqn: 5.11)
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And for parallel NMOS connection,

2
Vour + Viw _ X +2Vpn (Eqn: 5.12)
our I

Rearranging Eqn: 5.11 makes it fit the quadratic equation format that can have two roots as

shown below:
Vaur = (X y + 2V Wour + Ve =0 (Eqgn: 5.13)
And re-organizing Eqn: 5.12, makes it a quadratic equation format, as shown below:

X
Vour = ("'nl +2Vpun Wour +Viw =0 (Eqn: 5.14)

Replacing Xy, n and Vryy with numerical values in Eqn: 5.13 and Eqn: 5.14, the voltage

level at the output (Vour) of a gate is obtained using quadratic formula [ 42 ].

5.2  All Low Input Case

On the contfary, the Vour value for all low input case will be completely influenced by the
PMOS transistors, unlike the all high input case. For the all low input case (for example, I;I21[3 =

000), PMOS transistors are on and NMOS are off.

43



The low-to-high propagation delay-time (tp.y) for this gate is,

Serial PMOS connection:

Loy = 0‘7R;’nCL0AD

Parallel PMOS connection;

ton = 0.T{R, I m}Cpoup

Correlating Eqn: 5.2 and Eqn: 5.15;

1 _07Ci0mp 4,

RP tPLH

And similarly, correlating Eqn: 5.2 and Eqn: 5.16;

1 _07C0ip 41

R, Loty n

The output voltage values for serial PMOS connection,
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(Eqn: 5.15)

(Eqn: 5.16)

(Eqn: 5.17)

(Eqn: 5.18)



Vi =X p+2Vyp Wour +Vip =0 (Eqn: 5.19)

And correspondingly, for parallel PMOS connection,

Vour = {(Xp /1) + Vo Wour +Vip = 0 (Eqn: 5.20)

Xp value is calculated analogous to method with used for calculating Xy in Eqn: 5.10, and is

shown below:

y. 2 07Cup *¥2L

2 Eqgn: 5.21
P 1o KW (Eq )

Replacing Xy, n and Vryyy with numerical values in Eqn: 5.19 and Eqn: 5.20, the voltage

level at the output (Voyr) of a gate is obtained using quadratic formula [ 42 ].

5.3  Mixed Input Case

A mixed input case (for example, I;I2I; = 001,010,100,110,101 etc.), is a combination of
NMOS and PMOS transistors that are on and the rest are off. For this particular category, the
numbers of on PMOS and on NMOS transistors affect the combined delay at the gate output.

Hence, the propagation delay consequential from activities of MOSFETs both on PMOS and
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NMOS sides is presented correspondingly. The variable n has different values for PMOS and
NMOS in this case. The identical number of active PMOS is termed by np and the identical
number of active NMOS is ny. For instance, when the primitive gate consists of serially linked
PMOS and a parallel formation of NMOS, then the total propagation delay at the output of that

gate, can be represented as,

tp =0.7R'C,p,p (Eqn: 5.22)

tp =0.7{npRp + Ry /1y }C,0up (Eqn: 5.23)

And alternatively, a parallel PMOS connection with serial NMOS connection is regarded in

the following equations,

tp =0.7R'C,pp (Eqn: 5.24)

tp =0.7{nyRy + R, /n:}Crpp (Eqn: 5.25)

Thus, the output voltage due to the mixed effect of NMOS and PMOS networks can be

derived as following:

Referring to Eqn: 5.22,
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L _97C0p (Eqn: 5.26)
R tp

R =n,R.+R,/n, (Eqn: 5.27)

2LV, 1 2LV,
our 2}+___{ our

R =n,{— -
i KW (Vour =Viup) ny KyW Vour =Viuy)

-} (Eqn: 5.28)

Since both PMOS and NMOS networks respectively have substantial contributions in

deteriorating the clock speed, an average of all their respective parameters is applied to Eqn:

5.27.
R={n,+ L} {— 2LVour =} | (Eqn: 5.29)
ny KesWVour = Viyen)
Where,

Key = Average Transconductance value of the CMOS gate.

Vrupn = Average threshold voltage value of the CMOS gate.

Correlating Eqn: 5.26 and Eqn: 5.27, a quadratic equation is formed:

B
Vour —{np + — X pVour + Vi =0 (Eqn: 5.30)

N

Where,
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*
X, = 27C0m *2L (Eqn: 5.31)
K 7

Substituting numerical values for all the parameters into Eqn: 5.30, Voyr value is obtained [

42].

For Eqn: 5.3 to Eqn: 5.31, variables are listed as follows,
tp = Total propagation delay
tpyr = High-to-low propagation time

tpry = Low-to-high propagation time

R~y = Equivalent switching resistance in the NMOS network
R» = Equivalent switching resistance in the PMOS network

R = Equivalent circuit resistance including resistive elements from NMOS and

PMOS sides respectively

n = Identical number of PMOS transistors for all low input case

= Identical number of NMOS transistors for all high input case

For mixed input case,

np = Number of active or ON PMOS

ny = Number of active or ON NMOS.
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CHAPTER 6
NOR GATE : PROPAGATION DELAY AND

OUTPUT VOLTAGE CALCULATION

A faulty or fault-free NOR gate propagation delay computation requires replacement of the
electrical parameters with their respective numerical values in the delay equation derived in
Chapter 5. For instance, estimation of NMOS transistor on-resistance (Ry) in Eqn: 5.1 or PMOS
transistor on-resistance (Ry) in Eqn: 5.2 would require the nominal values of transistor
parameters: Vpp , W/L, K', and Vg 1t is a known fact that [ 21 J[ 20 ][ 19 ][ 13 ][ 6 ] resistive
physical failures have a devastating effect on the timing of the circuits as the CMOS technology
narrows down. Similarly, considering Eqn: 5.3 or Eqn: 5.4 it is evident that to calculate the
propagation delay value at the output of any primitive gate, variables like n, equivalent circuit

resistance and equivalent circuit capacitance ( CLg4p) are required.

oF
PR P Y LIBRARY

RYERSON UNWVE
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To complement the theory described in Chapter 5, delay calculations for two different input
combinations in a NOR gate are considered. All low input vector (I;I,I; = 000) symbolizing a
serial connection of three PMOS transistors and a mixed input vector like I;I,I3 = 010, which
denotes a combination of serial/parallel connection of PMOS/NMOS or vice versa. The
experimental results are based on the assumption that the clock speed is below 1 MHz. Short and

open connections, resistive in nature, are introduced into the circuit.

6.1 Transistor Parameters

Table 2 Roy values for 32nm, PMOS and NMOS transistors respectively.

o | WL | Ke | Ve
R,'vy': ST |08 | s0m | oS | o4z
Rr 2550.53 0.6 10072 2.7E-04 0.41

The gate output voltage values are derived through the delay results. For this example,
transistor channel length of 32nm is considered and the BPTM SPICE model parameters [ 39 ]
are obtained. The operating voltage is 0.6 V. Simulations are performed for a single fault at a

time replaced by a resistor of each defect resistance value (mentioned in Table 5) individually.
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Table 3 Transistor parameters for various CMOS technologies

TMOS
| Ry 1556.70 06 | 8.00E-07
3
R 2550.53 06 | 1.60E-06 3.25-08
Ry 302.68 07 | 1.13E-:06 4.5E-08
45
R 510.62 0.7 | 2.25E-06 4.5E-08
Ry 420,43 12 | 2.25E-06 OE-08
90
7 7175 12 | 4.50B-06 OE-08
R 738.97 18 | 4.505-06 1.8E-07
180
R 564.96 18 | 9.00E-06 1.8E07
Ry 196.51 33 | 8.756-06 35607
350
R 303.87 33 | 1.75B-05 35607

For 32nm technology, the NMOS and PMOS on- resistance values are calculated using the
Eqn: 3.3 and are presented in Table 2. The aspect ratio adopted from [ 3 ] has been used for all
CMOS technologies presented in this paper. The transistor resistance values with the respective

operating voltage values for all CMOS technologies investigated are also shown in Table 3.
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6.2  Load Capacitance

The load capacitance value for a MOSFET can be calculated by combining the oxide and
Junction capacitance values for each transistor in a gate circuit. The Cposrer for PMOS transistor
is symbolized as Cp; and the Cyosrer for NMOS is symbolized as Cy; (1 < i < n). Equivalent
capacitance value for a serial and parallel connected capacitance network can be calculated using
the formulas shown in Table 4. Also, the load capacitance (CLo4p) value for a 32nm technology
is calculated based on the theory described above and MOSFET capacitance values for an n-

input NOR gate are shown in Table 4 [ 9 ].

Table 4 Cpo4p value for 32 nm PMOS and NMOS transistors for a NOR Gate

~ LOAD CAPACITANCE (cLo,.p) IN FARAD (F) -

v C 'p (SERIAL connectlon) Cp, 2.1E-10

1 1 1 1 Cpi(2<i<n) 4.2E-10
=t — ot —
SERIES 1 C2 Cn
Cy (PARALLEL connection): Crni(1<i<n) 2.1E-10
Coirarier =C +C, +...+C,
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6.3  Defect Resistance

Actual or static bridging faults have a nominal resistance value mainly in the range of 0 to
50092. This problem has been previously analyzed by choosing a fixed resistance value or by
applying a locally exhaustive test set at the bridge location [ 6 ]. Transistor-level bridging faults
can occur internally (intra-gate) or externally (integrate). This paper focuses on the intra-gate

bridging faults, which occur inside the transistor level circuit of a primitive gate.

Table 5 Defect Resistance Range

'RESISTIVEDEFECT |  RESISTANCEVALUE [ EFF
| Short (R_;H) SOOQ < Rsy<50KQ Increased delay or speed failure
Open (Ro) 5KQ < Rp<500KQ

Opens can be classified as strong opens (>10MQ) and weak opens (<10MQ) [ 12 ]. Strong
open defects can cause a circuit to malfunction and even weak open defects can cause it to
function poorly with degraded speed at the output. The timing failures produced by these defects
make them dynamic faults. Considering the delay inducing property of these faults, they have
been addressed as delay faults for the discussion in this paper. After surveying previous studies [
251, [23],[ 161, [ 12 ], [ 10 ], the defect resistance values for the resistive failures were

finalized and are presented in Table 5.
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6.4 Resistive Short

A 3-input NOR gate shown in Figure 14 demonstrates how a single short or a single open
fault can be injected at the locations provided by the static fault list. The short is then replaced by
a defect resistor Rgy for a short and Ry for open fault. The resistive short fault is computed first
in order to analyze single physical failures. Figure 15 provides a switch-level representation of

the (resistive) short shown in Figure 14.

. LfVDD
i _(4@' D1

S

l2p _4@
S3

I3p —-—(1[(_;-3

D2

D3

'm—'l Q m—l Qs |3N_| Qs

L

Figure 14 Faulty 3-input NOR gate
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6.4.1 All Low Input Combination I;1,1;= 000

Voo
Si
I Rp1
G R D1
S I
| Re2
2 D2
Gi: % Rsu
S3 R
I Gs #
> D3 0
Gs 104 Gs Ds Gs lDG _L
I CrLoap
Rt Rnz Rn3
Se Lss Ss

Figure 15 Switch-level 3-input NOR gate; I;I>I; = 000 showing a resistive short fault

between PMOS drains D; and D3 ’respectively

Figure 15 shows a 3-input NOR gate injected with a resistive short fault between D; to D;
(0) on the PMOS side of the gate and an input of I;I,I3 = 000 is applied to it. All low input
implies that all PMOS transistors are on. Only the PMOS transistors will be responsible for any
delay change at the output in this case. Two current paths are formed, one is through the nodes
Vbp, Rp1, Rpz2, Rps and the output, O; and other one is through the nodes Vpp, Rp;, Rsy and the
output, 0. All PMOS resistances are in series and their resulting equivalent resistance is in
parallel connectibn to the defect resistance Rsy. According to the data summarized in Table 5,

initial Rsy value is assumed to be 5000Q. Applying the laws of electric circuit analysis, R p or
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equivalent PMOS resistance can be determined. The ultimate current path can be symbolised by

current, I shown in Figure 15.

For a serial PMOS network, the low-to-high propagation delay value can be estimated using

Eqn: 5.15, as shown earlier in Section 5.1:

tpy =0.TRpnC 5

Both PMOS resistances Rp; and Rp; are in parallel with Rsy. And the result of this parallel

combination is in series with Rp;.

Referring to Table 2, equivalent PMOS resistance is;

Rp[ = sz = Rp3 =2550.53 Q
RSH= 5000 Q2
R;) = {l/(1/(Rp; + Rp3) +1/ Ry )} + Rp,

Rp=5075.55Q

Similarly load capacitance value for the serial connection of three PMOS transistors

according to Table 4 is given by;

Cromwp =1{(1/Cpy+1/Cpy +1/Cp3)} (Eqn: 6.1)

CLOAD =1.05E-10 F
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The value of n, in this case np = 3 is valid. Substituting these parameter values into the delay

formula, the propagation delay at the output of the 3-input NOR gate can be obtained.

tpry=0.7 * 5075.55 * 3 * 1.05E-10

tpry = 1.12E-06 seconds

For a low input combination for 3-input NOR gate, Eqn: 5.19 is required to calculate the gate

output voltage.

Vozur = (nXp + 2V Wour + V7'2HP =0

Referring to Eqn: 5.21, Xp is given as;

0.7C, 0 * 2L
A=K
tPLH P

_ 0.7*1.0SE-10*2*3.2E-08
P 1.12E-06*2.7E-04*1.6E - 06

X, =0.01

Hence Voyr can be calculated by replacing Xp, np and Vryp (Referring to Table 2) with

numerical values in Eqn: 5.19 and applying the quadratic formula [ 42 ].
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_(nXP +2Vmp)i\/(nXP +2Vmp)2 “4V72HP
2

Vour =

;o —(3%0.01+2*0.41)+/(3*0.01+2%0.41)% —4*(0.41)’
our —
2

Vour = 0.095 Volts, 0.313 Volts

The first root for Vpyr is accepted.

6.4.2 Mixed Input Combination ;1,13 = 010

Figure 16 Switch-level 3-input NOR gate; I;I,I3 = 010 showing a resistive short fault

between PMOS drains D; and Dj; respectively
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When the samie faults in the same gate are subjected to a mixed input vector results differ.
For example, in mixed logic input both PMOS and NMOS networks will be accountable for
delay variation as seen in Figure 16. The flow of current in the circuit changes to the current

path, I shown in the Figure 16.

The total propagation delay due to mixed activities of both CMOS sides is calculated using

Eqn: 5.22 and Eqn: 5.23,

tp =0.7R'C,pp
tp= 0-7{npR;= + R;v Iny}Crom

Total PMOS resistance is as a result of a serial connection between Rp; and Rgy, since

transistor PMOS2 is OFF and hence PMOS 3 is not directly connected to power source.

Referring to Table 2, equivalent PMOS resistance is;
RSH =5000 Q

Rp[ =2550.53 Q
R;, =Rp + Rgy

R p=17550.53 Q

Since Rp; is the only active PMOS transistor, the PMOS load capacitance according to Table

4 is;
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Cp=Cp

Cp=2.1E-10F

Referring to Table 2, equivalent NMOS resistance is;

R;v =Ry,

Ry=1556.7Q

NMOS load capacitance referring to Table 4 is;

CN = CN2

Cy=2.1E-10F

Number of active PMOS, np=1

Number of active NMOS, ny=1

Total Capacitive load,;

CLOAD =Cp+Cy

CLOAD =4.2E-10F

Therefore, the total propagation delay at NOR gate output will be:
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tp =0.7{n,Rp + Ry I ny}Crom
tp=0.7 *{1* 7550.53+ 1556.7/1} 4.2E-10

tp = 2.68E-06 seconds

For a 3-input NOR gate subjected with a mixed input vector, Eqn: 5.30 is required to

calculate the gate output voltage.

1
Vozur —{np + ;—}X wwVour + V7'2HPN =0
N

Where,

0.7CLpp *2L
X,y = ———Lo_——
1K oW
_ 0.7*4.2E-10%2%3.2E-08
PN 9 68E-06*6.22E -04*1.2E -06

X,y =0.0095

Hence Vour can be calculated by applying the quadratic formula to Eqn: 5.30[ 42 ].

y - (nX py +2Vpypy ) = '\/(nXPN + 2V py )’ - 4VT2HPN
our =
2

Vour =0.54 Volts, 0.32 Volts
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The first root for Voyr is accepted.

6.5 Resistive Open

An open fault shown at the PMOS source node, S; in Figure 14 can be symbolized as a
resistive open defect in the switch-level NOR gate illustration Figure 17 (for all low input vector)

and in Figure 18 (for mixed input vector).

6.5.1 All Low Input Combination 7;1,I;= 000

Considering the resistive open shown in Figure 17 and assuming that an all low input vector
is applied to the NOR gate, it is evident that the open fault forms a serial link with the rest of the

PMOS transistors in the circuit. Referring to Table 5, the initial Rp value is assumed to be 5000

Q.

For a serial PMOS arrangement, the formula from Eqn: 5.15 is again used for resistive opens

for the case when all low inputs are applied to a NOR gate.

ton = 0.TRNC 04
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The serial PMOS combination consists of Rp added to the three PMOS on-resistances Rpj,

Rp;, and Rp3respectively. Referring to Table 2 equivalent PMOS resistance is obtained.

Rp; = Rp>=Rp3=2550.53 Q
Ro=5000 Q

R;> =Rgy + Rpy + Rpy + Ry

Voo
Ro
S
It Rp1
G . ]|
S
D2 Re;
I2 G2 .
! Ss
R
I3 Gs 7 I
> Ds 0
Gs lD“ : l Ds l Ds
s G5 GS _:C
1 Rz Rns T “toAD

Figure 17 Switch-level 3-input NOR gate; I;I>I3 =000, showing a resistive open fault at the

output, O

R p=12651.59 Q

Number of active PMOS, np=3

63



Load capacitance value for serial connection of three PMOS transistors and a resistive open

defect resistor is similar to Eqn: 6.1 (Referring to Table 4);

Croup =V{(U/ Cpy +1/Cpy +1/Cpy)}

CLOAD = 1.05E-10 F

The low-to-high propagation delay for an open fault at the node S; of a 3-input NOR gate is

shown below:

tpry=0.7 * 12651.59 * 3* 1.05E-10

tpry=2.8E -06 SEC

Applying a low input combination to 3-input NOR gate, Eqn: 5.19 is required to calculate the

gate output voltage.

Vgur —(nXp +2Vp)Vour + VT2HP =0

Referring to Eqn: 5.21, Xp is given as;

_ 0.7*1.05E-10*2*3.2E - 08
P2 8E-06%2.7E —04*1.6E - 06

X,=39E-03
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Hence Voyr can be calculated by replacing Xp, np and Vryp (Referring to Table 2) with

numerical values in Eqn: 5.19 and applying the quadratic formula [ 42 ].

Vo= = (nXp +2Vrﬁp)i\/(nXP +2Vinp)" =4V
our = 2

Vour = 0.5 Volts,0.355 Volts

The first root for Vpyr is accepted.

6.5.2 Mixed Input Combination I;/,I; =110

For a mixed input vector, a resistive open fault is shawn at Sy instead of S}, as the PMOS
side is totally disconnected from the output of the gate as seen in Figure 18. The NMOS side is
responsible for the delay, since there is no physical connection between the power source, Vpp
and Out (O) as seen in Figure 18. The three NMOS transistors are parallel io each other and the
resultant resistance value is serially coupled to the defect resistor. Also the resistive open, forms

a serial connection with the NMOS transistor (Ry;) in the circuit.

For a parallel NMOS array, the formula in Eqn: 5.4 used for resistive shorts in case of all low

inputs can be applied.

tp =0.7{Ry I n}Cypp
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G2

Gs3

A 4

1_Croap

Figure 18 Switch-level 3-input NOR gate; I;I>I; = 110, showing a resistive open fault at

NMOS source, Sy

The parallel NMOS combination consists

of NMOS on-resistances Ry; and Rpy;. This

combination is serial to Ro. Referring to Table 2 equivalent NMOS resistance is obtained.

RNI = RNZ =1556.7Q

Ro=5000Q
. 1
R,=————+R,
1 1
{—+—}
RNI N2
R'y=577835Q

Number of active NMOS, ny=2

66



Referring to Table 4, load capacitance value for serial connection of three NMOS transistors

and a resistive open defect resistor;

Croap =Cn +Cy,

CLOAD =4.2E-10F

The low-to-high propagation delay for an open fault at the NMOS node Sy of a 3-input NOR

gate is shown below:

tpuy = 0.7 * (5778.35/2) * 4.2E-10

tprn = 8.49E-07 seconds

Applying a low input combination to a 3-input NOR gate, Eqn: 5.14 is required to calculate

the gate output voltage. '
2 X N 2
Vour = (T + 2V Wour +Vew =0

Referring to Eqn: 5.10, X is given as;

_ 07*42FE-10*2*3.2E-08
N 849E-07*6.22E-04*1.2E - 06

X, =0.03
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Hence Voyr can be calculated by replacing Xp, np and Vryp in Eqn: 5.14 (Referring to Table

2) with numerical values and applying the quadratic formula [ 42 ].

X X
- (_n]L + 2V ) % \/(_nN"" W) =WV
Vour = )

Vour = 0.49Volts, 0.36 Volts

First root value for Vpyr, is accepted. An output voltage pattern is proposed, based on the
propagation delay calculation at various fault sites and for all input combinations in n-input
primitive gates. Also, the circuit features to be changed involve channel length or technology

specification and of course defect resistance values.
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CHAPTER 7
EXPERIMENTAL RESULTS :

PROPAGATION DELAY AND OUTPUT

VOLTAGE

The three most important variables required for calculating change in propagation delay and
output voltage of a gate, injected with resistive faults are: Rsy or Ro; tpry or tpyr or tp, Vour.
Initially, the strength of the resistive opens and shorts is made variable within a realistic range of
resistances starting from nearly strong open/weak bridge (very high resistive) to a weak
open/strong bridge (low resistive). Propagation delay and output voltage are calculated for each
resistive short and open fault with variable defect resistance as exemplified in Sections 6.4 and
6.5, correspondingly. The nature of the output voltage as opposed to propagation delay is
expressed in graphical formats. The delay value is expressed in pseconds and the voltage value

in volts. The experimental results for both resistive short and open faults are based on the theory
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described in Chapter 5. Spice model parameters for deep sub-micron technologies such as 32 nm,
45 nm, and 90nm are extracted from the Berkeley Predictive Technology Model (BPTM) [39],
whereas for sub-micron technologies 350 nm and 180 nm, SPICE model parameters are

exercised from (BPTM) [ 39 ] and TSMC [ 41 ] respectively

7.1  Technology Scaling

Propagation Delay Variation vs. Narrowing Technology

1.75

1.45 - D1 to VDD
-5-D2to VDD /O
115 +— _4-Dp3tovDD /

, =
1/

0.25 T T T T )
350nm 180nm 90nm 45nm 32nm

Technology

Propagation Delay in ysec

Figure 19 Propagation Delay vs. DSM Technologies

Narrowing technology gives rise to more and more timing issues. This fact can be reinforced
by evaluating the comparison of transistor sizes vs. the delay they induce for a certain defect

resistance value e.g. 10Kohms for the resistive shorts. Figure 19 shows an illustration for a 3-
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input NOR gate again, applied with an all low input vector. The propagation delay value at gate
output is evidently rising with the advance of nanometre technology, supporting the fact that
physical defects like resistive faults can be disastrous in terms of disturbing the system clock
speed. The next subsection demonstrates that delay grows more with rising defect resistance
values. Based on this proof, further examination regarding the influence of propagation delay on
interruption of logic propagation is carried out in view of Figure 19. An example of 32 nm
CMOS technology is used to verify the calculations in Sections 6.4 and 6.5. Section 7.2 presents
propagation delay produced by a resistive short fault in a 3-nput NOR Gate for all low input
combination, whereas, section 7.4 presents the results of propagation delay induced by a
resistive open in the same gate. Sections 7.3 and 7.5 illustrate the effect of propagation delay on

the output voltage of a gate for resistive shorts and resistive opens respectively.

7.2 Excess Delay ( ?) : Resistive Shorts

The fault list for resistive shorts, as explained in Section 4.1.1 can further be scrutinized
based on the delay produced due to each type of fault and its different fault locations. A 3-input
NOR gate in 32 nm technology is subjected to an input vector I;I>I3 = 000. The fault list shown

in Figure 20 is deduced from the theory described in section 4.1.1.

Considering the fault locations D; te Vpp and D; to Dj:
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Rp(DytoV,,) = (Rgy parallelR ) + Ry, + R,

R, (D,toD,) = (R, parallelR »,) + Rp, + Rps

It is known that, Rp; = Rpy = Rp3 = .......... = Rpy. Thus, the equivalent resistance (R’p) for
both these faults and all others with the same delay are equal. Likewise, D, fo Vpp and D; to Vpp
represent a delay fault category for all low input combination. An important observation made at
this stage is that the delay fault type can be predicted by recording the delay induced by any
physical fault in the circuit. These are of course dynamic in nature and can be verified within the
three categories shown in Figure 20. Similar predictions can be made for other input
combinations, other primitive gates and when applying any other DSM technology. A selected

list of faults is discussed in the three graphical comparisons to follow this subsection.

32 nm - Resistive shorts, l1l,1; = 000
1.8 mRSH = 15K
SRSH = 10K
1.5 N HBRSH=5K |—
o \ BRSH = 1K
o 12N aFF
(7] N :
2 N - : i
c 09; s?, _ E N
z N , -\
= 0.6 § | 5 7 7 : v
11 A A
0.3 1N g R Ri7R
31N 1 ' Re Ry R
| Y Y RV RY N
0
9o @ &
o40 \.°(§ °
=
NG
Q Q
. Oo Oo OO&
Fault list Qo

Figure 20 32 nm — tp, 4 for Resistive Shorts; I;1,13 = 000
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Resistive shorts show a distinct delay pattern with significant delay values. The variable
resistances used for this type of shorts are FF, 1 KQ, 5 KQ, 10 KQ and 15 KQ. FF implies a
fault-free condition, and more importantly, represents the designed gate delay obtained when
there is no fault (static or dynamic) in the circuit However, every circuit tends to have some
delay due to the manufacturing processes. The purpose for including reference level (FF) is to
get an idea how the circuit degraded in terms of timing due to a resistive short as compared to a
totally fault free gate. It also acts as a reference value for showing a positive or negative delay
difference (4¢). The results seen in the figures to follow reinforce the fact that resistive failures

lead to serious timing issues in a circuit and making it either too fast or too slow.

It is clear that propagation delay rises as the index i ascends from 1 to n, (here, n = 3) in
addition to the defect resistance rising from 1KQ to 15KQ, for all possible faults in an all low
input category. For the fault types D; to Vpp, D; to gnd and D; to Dy (fori=1ton,k=1tonand
i # k). As explained in Section 3, for the fault types I; t(') Dy and I; to (D, or Out) the delay
remains the same for I; ranging fromi= 1 to n. But, the delay value falls for D; varying from &

=ltok=n.

The delay difference (4¢) between a circuit with resistive defects and a circuit that is (static

or dynamic) fault-free,

At =ty —tge ; For all low input case
At =tpy, —tpe; For all high input case

At =t, —tg; For a mixed input case
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Where

At = delay difference

trr = fault-free propagation delay of a gate.

32 nm - Resistive Shorts, 11,1, = 000
m15K §10K mE5K
B1K  2FF

1.1

At in ysec
o
(=]

N\

0.1 4

D1 to VDD D2 to VDD D3 to V|

Faults

Figure 21 At for 32nm-Resistive Shorts; ;1,13 = 000

Figure 21 shows three types of faults injected into a 3-input 32 nm CMOS NOR gate one at a
time and the gate is subjected to an all zero input vector. X-axis represents the fault and Y-axis
depicts delay difference, 4t in psec and the legend shows the types of defect resistance in ohms
(€2). The resistive short fault between PMOS drain, D3 and power has lower delay value for 1KQ
defect resistance as compared to the same configuration for D, to power. Similarly, delay due to
1KQ defect resistance for the fault D; to power is the highest among all three D; to power faults
shown in Figure 21. The fault D; to Vpp, makes the NOR gate circuit slower by a significant
amount of time, highest being over 1 psec for Rsy = 15000 Q. Only D, to Vpp is the fault

location, which makes the clock speed faster by 0.37 psec for the defect resistance value, Ry =

IKQ.
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7.3 Propagation Delay vs. Output Voltage : Resistive

Shorts

Output voltage versus propagation delay value, for three main kinds of input combinations is
provided in this section. All three comparisons have propagation delay value in psec on the X-
axis and output voltage value in volts on the Y-axis. Each fault has one trend line, and is made of

four points each labelled with Rsy data.

Figure 22 shows three types of faults injected into a 3-input NOR gate one at a time and the
gate is subjected to an all zero input vector. All three faults have different orientations for the
respective data labels, to create a differentiation among fault lines. The resistive short between
PMOS drain, D; and power has the lower delay value for 1IKQ defect resistance as compared to
the same configuration for D, to power. Similarly, delay due to 1KQ defect resistance for the
fault D; to power is the highest among all three D; to power faults which confirms the
observation made in section7.2. The output voltage also shows similar behaviour but in a

descending order unlike the propagation delay. Voyr values for D; to Vpp are

] VourfOI' Rp;=1K 1is 0.576 volts
. Vourfor Rp; = 5K 1is 0.544 volts
. Vourfor Rp; =10 K is 0.534 volts

. Vourfor Rp; =15 K is 0.530 volts
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Vour value, unlike the propagation delay drops with increasing defect resistance.
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Figure 22 Output Voltage vs. Propagation Delay; Resistive Shorts for I;12I3 = 000
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Figure 23 32 nm — #p for Resistive Shorts; I;1,I3 = 100
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Figure 24 Output Voltage vs. Propagation Delay; Resistive Shorts for I;1>I3 = 100

The mixed input case (I;I>I3 = 100), has delay value reaching a high of over 12 psec, which

is an inconceivable delay considering the high frequency demands. For 1KQ of defect resistance,

D3 to Vpp fault has an output voltage exceeding 0.6 Volts. Omission of fan-out capacitances

leads to such absurd voltage values. The selected faults in Figure 24 stand for the delay

categories shown in Figure 23 and they demonstrate the same trend as mentioned for all low

input combinations. The three faults in Figure 24 show rising delay and falling voltage values

for i ranging from 1 to n.

Figure 25 depicts the all high input category, which has only one delay fault type and it

becomes evident that all four faults are feasible for all high input vectors, since they fall into the

same delay category. Moreover, Figure 26 exemplifies that voltage and delay vary inversely with

respect to the defect resistance. With rising defect resistance, voltage diminishes and delay

amplifies. Figure 25 has the delay values highlighted in logarithmic scale. Resistive short at D,
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or O having defect resistance of 1 KQ behave more like a hard short, in terms of Vpyrvalue. And
in some cases like I;I,I3 = 100 and I,II; = 000, the Vour value exceeds the operating voltage

mark due to the exclusion of fan-out and interconnect capacitances.
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Figure 26 32nm - Output Voltage vs. Propagation Delay; Resistive Shorts for I;LI; =111
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7.4 Exéess Delay (4¢) : Resistive Opens

1000
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-
o

0.1 -

D1P D2P D3P S1P S2P S3P Output
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Figure 27 32 nm — tp; g for Resistive Opens, I;1>13 = 000

The fault list for resistive opens, as explained in Section 4.1.1 can further be scrutinized
based on the delay produced due to each type of fault and its different fault locations. A 3-input
NOR gate in 32 nm technology is subjected to an input vector I;I>I3 = 000. The defect resistance
range applied for resistive open faults consists of FF, 500Q, 5 KQ, 50 KQ and 500 KQ. Above
500 KQ, the defect resistance is assumed static in nature or behaves as a strong open. FF is
meant to provide a reference to the faulty delay values with the nominal delay of a (static or
dynamic) fault-free circuit. As mentioned before, it is used as a reference value for showing a
positive or negative delay difference (d4f). Resistive opens at drain, source and output nodes are
evaluated assuming the same example of a 3-input NOR gate. Due to vast delay differences
caused by resistive open faults, the delay pattern is emphasized with logarithmic scales fro

Figure 27 and Figure 28 respectively.

79



32 nm - Resistive Opens, l41,1; = 000
1000

-l
o
=)
"

teLn in psec
~ B

e
-

FF 500 5K 50K 500K
Defect Resistance, Rg in ohms

Figure 28 At for 32nm-Resistive Opens; I;1,I3 = 000

Figure 27 presents the output delay changes due to different defect resistance values for the
input combination, I;1,I3= 000 V i =1 to n for a 32 nm CMOS NOR Gate. As observed from
Figure 27, the electrical analysis of resistive open faults based on the static fault list results in
equal delay variations for all the probable fault sites referred to in section 4.1.1. However, taking
into account the range of defect resistance, it is noticeable that the resistive effect produces
substantial delays at the output. Above and beyond the value Rp = 500KQ, a large delay (112

psec) resembling a logic failure appears.
Figure 28 demonstrates that all faults for input vector, I;12I3 = 000 fall in the same delay slot

and hence only the resistive open at S;pis measured. The logarithmic scale on the Y-axis of the

graph shows a rising pattern among all five defective resistance cases applied to open at S;p.
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7.5 Prnopagation Delay vs. Output Voltage : Resistive

Opens

Output voltage versus propagation delay value, for two main kinds of input combinations is
provided in this section. All comparisons have propagation delay value in psec on the X-axis and
output voltage value in volts on the Y-axis. Each fault has one trend line, and is made of four
points each labelled with the corresponding Ro data. Due to vast delay differences caused by
resistive open faults, the propagation delay vs. output voltage pattern is emphasized with

—

logarithmic scale for Figure 30.
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Figure 29 32nm - Output Voltage vs. Propagation Delay; Resistive Opens for I;1,13 = 000

Figure 29 Referring back to Figure 27 all probable faults for the I;12I3 = 000 category are

reviewed, which all fall in the same delay slot for resistive open at S;p. The delay is seen rising
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with growing defect resistance. And reviewing Figure 29, it is evident that the voltage is also
directly proportional to the defect resistance, R and the delay. But the output voltage does not

change as drastically as the propagation delay value.
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Figure 31 32nm - Output Voltage vs. Propagation Delay; Resistive Opens for I;1>I3 =111
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As seen in Figure 30 three faults are possible in a NOR gate for all high input vectors. Of
these, resistive opens at D4y and Syn, respectively have similar delay limits. The open fault at the
gate output causes enormous delays (67 psec) for a defect resistance of 500 KQ, which is
ultimately a logic fault. Figure 31 shows the comparative study of propagation delay versus
output voltage for variable defect resistance. For delay values below 0.1 psec, the output voltage
may not prove disastrous in terms changing the functional output of the system but definitely it

will affect the timing of the circuit. But as the delay reaches beyond 1 psec, the output voltage

might result in logical errors.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 Conclusion

This research provides some convincing results to support the prediction of an expected rise
dynamic nature of the soft defects (which cause failures only under specific conditions of
voltage, timing and temperature) with narrowing technology sizes [ 24 ]. Switch-level single
resistive fault modeling is applied on primitive gates; propagation delay and relative output
voltage is estimated for various CMOS technologies. Propagation delay at gate output
determined for variable circuit parameters like defect resistance, input vectors, defect location,
MOSFET resistance and MOSFET capacitance. Prediction of an expected rise in timing failures
in VLSI chips with narrowing technology sizes is confirmed from experimental results. Fault
simulation and fault emulation of resistive physical failure was not possible due to inability to

implement the DSM technologies (45nm and 32nm) in hardware.
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Graphical representation of the delay fault pattern and output voltage results for resistive
shorts and opens describes the effect of variable defect resistance on physical faults in deep-
submicron assemblies. The delay occurring at the output becomes the deciding factor for the
dynamic nature of the physical faults considered. The characterization of the delay to voltage
fault pattern is applicable for further research studies to investigate the areas of delay fault
testing, detection and simulation. Resistive fault behaviour can be explored in greater depth in

view of the inconsistent environmental conditions [ 13 ].

8.2 Future Work

Derivation of output voltage values sets up a platform for propagating the logic from a gate
output to the circuit output. The switch-level fault model'ing approach for DSM technology
proposed in through this research can be useful for propagating resistive short and open faults to
the circuit output by applying path delay fault propagation algorithms [ 2 ]. The detect ability of
the resistive spot defects can be improved through fault injection at a variable operating voltage
value as proposed with MINVDD in [ 17 ], with consideration given to the observations made in
[ 8 ] regarding VLV testing [ 33 ] for resistive shorts. Characterization of the delay to voltage
fault pattern is applicable for further research of delay fault propagation to circuit output. Output
voltage estimated in this research can be categorised into logic voltage levels and the logic
voltage along with delay information provided through this approach can be useful at gate-level

for applying conventional delay fault detection algorithms.
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