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Abstract
FinFET is one of the most promising candidates in replacing planar MOSFET
beyond the 22nm technology node due to further improvements in the transistor
performance. However, the complexity of FinFET manufacturing process due to its threedimensional structure and reduced critical dimensions have caused new challenges in
achieving reliable device testing. With the emergence of new types of defects and
dominance of others, accurate modeling of the defects and generation of reliable fault
models are essential to create realistic set of test vectors to detect the defects.
Automatic test pattern generation (ATPG) algorithms use traditional fault models that
primarily capture the behavior of the circuit-under-test by introducing defects at the
primary inputs and outputs. It has been found that many defects escape testing when they
occur within the circuit structure. Recently, Cell-Aware Test (CAT) has been proposed to
detect cell-internal defects by performing extensive analog simulations on post-layout
standard circuit structures to generate the fault models, which are utilized by CAT-ATPG
algorithm. Although CAT methodology has significantly improved the defect coverage of
the generated test patterns in MOSFET-based circuits, the defect models utilized are
obtained based on the defects injected at the layout level and primarily represented by fixed
lumped passive components that cannot reflect the true defect nature in the complex 3D
structure of FinFET. Gate-Oxide-Short (GOS) is one of the dominant defects, which has
significant impact on circuit reliability. It is the most complex to analyze and most difficult
to accurately model true behavior of the defective device.
This thesis presents a novel methodology for GOS defect injection and fault modeling in
FinFETs by introducing the defect to a 3D structure of the device for a specific process
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technology. The behavior of the defective device is captured through simulations in
Sentaurus TCAD environment that lead to the generation of more accurate defect models.
These defect models are used in circuit-level simulations to generate appropriate fault
models for the circuit structures. These cell-aware models could be integrated in CAT
environment to generate more realistic test patterns. This research will not only be used in
test pattern generation, but it will aid in cell-aware diagnosis and yield analysis by
improving the success rate and reducing the testing time and cost.
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Chapter 1: Introduction
According to Moore’s Law, the number of transistor count in every square inch has
doubled every 2 years. It has required the gate pitch (the technology node) to continue
scaling by almost 0.7 every two years [1]. Scaling down the supply voltage and transistor
dimensions has resulted in reduced dynamic or switching power and improved
performance in consecutive technology nodes, as shown in Figure 1.1. However, all the
components of the static power have dramatically increased due to the increase in the
subthreshold leakage (Ioff ), the gate leakage (IGate ), and the junction leakage (IJunc )
currents. For instance, the gate tunneling current from the gate poly-Si through the
dielectric layer to the channel increases with the reduction of dielectric thickness. The
subthreshold leakage current has also increased with the channel length reduction.

Figure 1.1 MOSFET relative power and delay in technology nodes [1]

Innovative techniques such as strain engineering at 90 nm node and introducing high-k
dielectric with metal gate at 45 nm node has improved the transistor performance by
increasing the transistor driving current and reducing the gate leakage [2]. However, the
challenges due to short channel effects (SCE) and increased leakage have led to the
innovative design of the FinFET transistor as a 3D structure in which the channel is
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extended outside the substrate, as a fin, and the gate is wrapped around the channel. Figure
1.2 shows the cross section of a 22 nm node FinFET transistor at fin and gate cuts [3]. The
novel 3D structure of FinFET, with improved performance and reduced leakage, has made
it a promising replacement for planar MOSFET beyond 22 nm technology node. Today,
FinFET is widely used in both CPU and SoC products, from high-performance to lowpower applications [1].

Figure 1.2 Cross sections of a FinFET at (a) Fin cut, and (b) Gate cut [3]

The Integrated circuit (IC) testing has moved from functional testing in early days toward
structural testing due to the dramatic increase in the number of transistors in ICs. The
manufacturing defects that impact the circuit reliability have become more complex in
nanometer technologies. Fault models representing the impact of defects at the circuit level
are used in Automatic Test Pattern Generation (ATPG) tools to generate test patterns.
Accurate fault models help improve the quality of physical failure analysis and generate
more effective diagnostic patterns to determine possible defect locations [14]. With the
growing number of applications requiring close to zero defective parts per million (DPPM),
the quality of testing ICs has become paramount [4]. Achieving adequate test quality,
increasing the defect coverage, and reducing the test time and cost are some of the critical
challenges in testing.
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1.1

Motivation
Traditional test methods are primarily based on models representing the behavior

of the circuit structures with faults injected only at the primary inputs and outputs. These
models used to include stuck-at, sequential and transition faults, and later extended to
include layout-aware, and bridging between interconnects faults. However, ATPG
algorithms failed to detect defects within the circuit structures. Recently, Cell-Aware Test
(CAT) technique has been developed by Mentor Graphics and Synopsys to aid in the
generation of the test patterns for advanced planar CMOS technologies [5]. It uses the
layout information of the standard cells, including parasitic elements, and performs
extensive analog simulations for each defect type to find the test patterns that can detect
the defect. The CAT methodology has significantly improved the defect detection rate in
CMOS technologies due to its defect-based approach in modeling the intra-cell defects
missed by traditional test methods.
In FinFET technology, the manufacturing defects have become more complex due to the
3D nature of FinFET transistor and reduced critical dimensions. Although the CAT
methodology is extended to FinFET testing, its 2D layout-based approach cannot
accurately develop the defect models in the 3D transistor structure [4]. Even after CAT
screening, a large number of test escapes has been reported from the industry [4], [5].
Therefore, there is a need for better detection of FinFET defects.
Gate-Oxide-Short (GOS) is one of the dominant defects [6] that is complex to analyze and
model, especially in FinFETs, due to its nonlinear impact on the transistor characteristics.
In CAT methodology, there are two types of transistor-related defects, the drive strength
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defect and the short between transistor terminals, all modeled with resistive elements in
extensive circuit simulations of the standard cells [5]. FinFET is a complex 3D structure,
and hence, representing its defective behavior by simple linear models will not reflect the
true nature of GOS defect and may not lead to the generation of realistic test patterns.
The goal of this research is to propose a novel methodology to develop defect-based fault
models for a specific process technology that accurately reflects the behavior of the
defective transistor. The effectiveness of the developed fault models in generating more
accurate test patterns with higher defect detection rate needs to be addressed.

1.2

Thesis Objective
The main objective to this work is to propose a novel methodology in defect-based

fault modeling in FinFET technology. The existing CAT methodology is a layout-based
approach that suffers from utilizing simple passive models for transistor-related defects. A
solution to this problem is to construct a 3D structure of the FinFET based on a Synopsys
template and to introduce the GOS defect at the device structure level to develop accurate
defect models. This can be performed in an environment such as Synopsys' Sentaurus
TCAD.
The second objective is to apply the extracted defect models to complex circuit structures,
such as 4-input AOI and 3:1 MUX and develop accurate fault models. The effectiveness
of the proposed defect-based fault modeling approach has to be addressed in comparison
to the current CAT methodology.
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1.3

Thesis Organization
Chapter two provides a brief background of FinFET structure and its manufacturing

steps, as well as the ATPG techniques and their challenges in FinFETs. In Chapter 3, a
comprehensive literature review of FinFET defects with emphasis on GOS defect and fault
modeling in CMOS and FinFET is presented. The FinFET device models, and tools used
in this research, the defect injection strategy, and the defect characterization framework are
explained in Chapter 4. The device-level simulations that lead to developing GOS defect
models are presented in Chapter 5. The circuit-level simulations for developing fault
models of complex gates are covered in Chapter 6. In Chapter 7, a summary of results and
discussion to demonstrate the effectiveness of the proposed methodology is presented.
Chapter 8 concludes the thesis with a recapitulation and provides recommendation for
future work.
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Chapter 2: Background
As the focus of the thesis is on GOS defect analysis and modeling, this chapter
provides a basic description of the FinFET device structure and a brief overview of its
manufacturing process. Testability of circuit built by such an advance and complex process
is becoming a major challenge to achieve high level of confidence in product integrity. A
description of the processing defects is presented here as well as the fault models that
manifest these defects at the higher level of design abstraction. A general overview of
design for testability and ATPG techniques are also discussed. This is followed by
introducing a more recent test approach referred to as the CAT [5].

2.1

FinFET Device and Manufacturing Process
MOSFET technology has scaled down to 22 nm node by applying innovative

techniques such as strain engineering and integrating high-k dielectrics at the gate stack.
The improved performance and reduced switching power of these technologies came at the
cost of more severe short channel effects and increased leakage currents [7]. FinFET
technology has overcome many of these problems due to offering three-dimensional (3D)
device structure and hence, is considered now as the mainstream VLSI technology beyond
the 22 nm node [8].

2.1.1

FinFET Structure
Innovation in device engineering that led to double-gate and tri-gate MOSFETs has

been a solution to the challenges resulted from reducing transistor dimensions in planar
CMOS. In the new transistor structure, the channel is vertically extended outside the
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substrate (usually named as fin) and the gate is wrapped around the channel, as shown in
Figure 2.1.

Figure 2.1 (a) FinFET 3D structure, (b) Top and cross-sectional view [9]

27

The source and drain are also vertical structures appearing as the fins of the gate, hence the
transistor is named FinFET. TFIN is the fin width, H is the gate height above the fin, and
HFIN represents the fin height. The channel is formed below the gate and its sidewalls. The
effective transistor width is obtained from Equation 2.1,
Weff = 2 ∗ HFIN + TFIN

(2.1)

in which, HFIN and TFIN are the fin height and width, respectively. Since the transistor
width has a discrete nature and cannot be altered, larger transistors are realized by having
arrays of fins. For example, the FinFET in the figure has two fins and supports twice the
current of a single-fin FinFET.
The gate length is denoted by L in the figure. The careful choice of L⁄TFIN is important in
downgrading SCEs, specifically reducing the Drain-Induced Barrier Lowering (DIBL) and
subthreshold slope (S) [9]. TOX and TGATE in the figure are the gate-oxide thickness and
the gate height, respectively. FPITCH is the fin pitch, the minimum allowable distance
between two consecutive fins. Another critical dimension (CD) is the gate pitch, the
minimum allowable distance between two neighboring gates. Note that in the technology
nodes beyond 32 nm, the gate length is not scaled down by the scaling factor, and the gate
pitch reduction represents the scaling trend.
FinFETs are realized as double-gate or triple-gate structures. The latter structure, also
called tied-gate in the literature, is same as in Figure 2.1. In the former case, also referred
to as independent gate, a thick insulator is deposited on the fin top and the channel is formed
on the fin sidewalls where the front gate and back gate exist. Therefore, the effective width
of the transistor in Equation 2.1 does not include the second term.
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FinFET exhibits lower leakage current and improved electrostatic integrity compared to
planar MOSFET because of exerting better gate control over the channel [9], [10].
Moreover, random dopant fluctuations in FinFETs are lower due to undoped or lightly
doped fins [6]. FinFETs provide higher drain currents at lower supply voltages; hence,
making better performance with lower power consumption achievable. From the circuit
design perspective, FinFETs consume lower static power due to the reduced leakage
currents [1].
FinFETs are categorized into silicon-on-insulator (SOI), and bulk-Si types. SOI FinFET is
constructed over a buried-oxide layer and has lower leakage and higher speed, while bulk
FinFET has lower process cost, no floating-body effect, and better heat dissipation [11].
Although this research is conducted on the bulk FinFET, the methodology is applicable to
SOI structure as well.

2.1.2

FinFET DC Behavior
FinFET operates in a similar manner as MOSFET device. The Shockley model

expresses the drain current for long-channel MOSFETs [12]. However, in short-channel
devices that extensive electric field in the vicinity of drain region results in the carrier
velocity saturation, α-power law provides a simple short-channel model as shown in
Equation 2.2 [13],
0
IDsat

VDS

ID = {VDsat
IDsat

VGS
VGS

VGS < VT
≥ VT , VDS < VDsat
≥ VT , VDS > VDsat

Cutoff
Linear
Saturation

(2.2)

where
β

α
IDsat = Pc 2 VGT

,

⁄

α 2
VDsat = Pv VGT
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β = µn Cox

𝑊
𝐿

,

VGT = VGS − VT

,

Cox =

ϵox
tox

(2.3)

and α is the velocity saturation index, Pc and Pv are parameters that can be determined by
I-V plot curve fitting, µn is the electron mobility, Cox is the gate-oxide capacitance per unit
area, ϵox is the permittivity of SiO2 and t ox is the oxide thickness.

2.1.3

FinFET Manufacturing Steps
The manufacturing process of advanced technologies has become more complex

due to the reduced critical dimensions and increased number of processing steps. The
conventional flow of a replacement metal-gate (RMG) bulk FinFET fabrication process
consists of the major steps that are summarized in [18] and briefly explained in the
following.
a) Fin patterning
Fin patterning is performed by subsequent lithography and etch pattern transfer steps.
Double patterning (DP) techniques are used to increase the resolution of optical lithography
beyond the 32 nm technology node [15]. DP techniques are of two primary classes, lithoetch-litho-etch (LELE) and sidewall image transfer (SIT) or self-aligned double patterning
technique. In the LELE technique, each exposure has half of the layout pattern, and they
are interdigitated to form the final platform. Since the two masks are optically isolated, the
mask replacement and alignment increase the overlay error and result in pitch variations or
pitch walking. In SIT, half of the layout pattern is deposited and patterned as mandrel. A
mask layer deposition is followed by anisotropic etch to form the spacers. By etching the
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mandrel, the fins are formed with a pitch half of that of the mandrel. Figure 2.2 shows the
major SIT steps in the fin patterning process [16].

Figure 2.2 Sidewall Image Transfer (SIT) used in the fin patterning process [16]

The fin width is controlled by the spacer thickness and the etch selectivity [16]. The
lithography and etch damages are important sources of variability in the fin shape that
induce different types of defects to the FinFET.
b) STI and high-k dielectric deposition
In the bulk FinFET, leakage current might flow below the channel; therefore, after the
fin patterning step, it is necessary to form a punch-through stopper (PTS) or channel stop
region by appropriate ion implantation [17]. The fin height is controlled by the PTS layer
position and shallow trench isolation (STI) that is deposited to isolate the adjacent
transistors. In Sentaurus TCAD environment, Synopsys has provided a template for
simulating the 3D FinFET structure generation. The simulation outcome for the mentioned
processing steps are shown for a quarter of fin in Figure 2.3.
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Figure 2.3 (a) Fin formation, (b) STI, and (c) dielectric deposition steps [18]

In some process steps, Hydrogen annealing is performed to reduce the surface roughness
and enhance the carrier mobility and device performance. For example, during the fin
patterning process, the line-edge-roughness (LER) due to the lithography and the sidewall
surface roughness (SWR) due to the etching are reduced by annealing [19], [20]. However,
LER and SWR are still important sources of variability in FinFETs.
Scaling down the traditional gate dielectric, SiO2 , thickness below 2 nm has increased the
gate leakage due to direct tunneling of electrons [20]. The gate-oxide capacitance is
inversely proportional to the dielectric thickness, Tox , as shown in Equation 2.4,
Cox =

ε0 KA
⁄T
ox

(2.4)

where ε0 is the free-space permittivity, K is the relative permittivity, and A is the surface
area. A solution to reduce the gate tunneling current without affecting the gate capacitance
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is incorporating a material such as HfO2 that has a dielectric constant of 25 compared to
3.9 for SiO2 . It would result in the Equivalent Oxide Thickness (EOT) presented in
Equation 2.5,
EOT = THiK ∗ 3.9⁄K

(2.5)

where THiK is the high-k dielectric thickness. Figure 2.4 shows how using a physically
thicker layer of a high-k dielectric reduces the tunneling current [20].

Figure 2.4 Direct tunneling through 𝐒𝐢𝐎𝟐 versus a high-k dielectric [20]

Although HfO2 is widely used as the gate insulator, it is deposited over an interfacial layer
of silicon dioxide. The Si- SiO2 interface provides better electrical interface since it has
lower defect concentration and trapped charges. Moreover, it prevents carrier mobility
degradation in the channel compared to using the high-k dielectric alone [20].
c) Poly-silicon gate and spacer formation
Following the gate dielectric deposition, the dummy poly-Si gate and the spacer are
deposited over it, as shown in Figure 2.5 (a) and (b). The poly-Si gate will later be removed
and replaced by metal gate. The width of the spacer defines the underlap of the S/D
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extension below the gate-oxide layer. The unwanted part of the gate dielectric over the S/D
region is removed as shown in Figure 2.5 (c).

Figure 2.5 The processing steps including poly-Si deposition and spacer formation [18]

d) Source/Drain epitaxy
The Source/Drain (S/D) epitaxial regions are formed and stress engineered by adding
SiGe for PFinFET and SiC for NFinFET which apply longitudinal compressive and tensile
stress to the channel respectively. The source/drain extensions (SDE) are covered by
spacers with low-k material to minimize the parasitic capacitance between the gate and S/D
regions [21]. Figure 2.6 (a) and (b) show the resulted structures after the S/D epitaxy for
NMOS and PMOS transistors. Figure 2.6 (c) and (d) show the doping profiles in the NMOS
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and PMOS final structures, respectively. The raised S/D regions in the PMOS provide
lower parasitic resistances and improved performance.

Figure 2.6 S/D epitaxy and doping profile in NMOS (a) and (c), in PMOS (b) and (d) [18]

e) Ploy-Si gate removal and metal gate formation
The gate-last process allows the metal to be deposited after high temperature S/D
epitaxial formation and enhances the channel strain as well. Figure 2.7 (a) shows the PMOS
structure with the replaced metal gate.
f) CESL and contact formation
Following the metal gate formation, the contact-etch-stop-liner (CESL) is deposited
over the metal gate and spacers which applies stress to the channel and improves the
saturation current. Finally, the contacts are wrapped around the fin to minimize the contact
resistance, and the inter-layer dielectric (ILD) with low-k material is used to isolate trench-
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shaped contacts. Figure 2.7 shows these process steps and the final structure after two
reflection transformation along the fin width and length.

Figure 2.7 PMOS (a) Metal-gate, (b) CESL deposition, (c) contact formation, (d) ILD deposition, (e)
via formation, and (f) complete FinFET structure [18]

Due to the 3D nature of FinFET and its complicated manufacturing process, the number
and complexity of defects inside standard circuit structures have increased. The next
section covers the defect types and the fault models that represent them at the circuit level.

2.2

Manufacturing Defects
Advancement in semiconductor manufacturing process has led to relentless

increase in the number of transistors on integrated circuits (ICs). The complexity of the
designs and reduced critical dimensions have caused more manufacturing defects to occur
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in nanometer technologies, specially FinFETs. This section provides an overview of the
defect types and those important in FinFETs that are further referred to in this thesis.

2.2.1

Defects' Classification
Defects are physical imperfections in the device that may happen due to failures or

process variations during the manufacturing process [22]. Accordingly, failures can be
categorized into two major groups: process-induced and operation-induced failures [23].
The operation-induced failures are usually time-dependent and happen in the metal
interconnects, such as electromigration, or in the transistor, such as gate-oxide breakdown
and

hot-carrier

injection.

Process-induced

failures

such

as

photolithographic

misalignments might also occur in interconnects, which might result in missing contacts,
or in transistors that may cause variations in the critical dimensions such as gate length and
fin width.
Defects are also classified as random and systematic defects. Random dopant fluctuation
is an example of randomly distributed defects. In a systematic defect, however, the failure
source is predictable, such as mask misalignments that cause fin patterning or metal
patterning problems, or chemical mechanical polish (CMP)-related defects [24]. Defects
might cause functional failures, or parametric failures where the circuit does not meet the
desired specifications, such as timing constraints and power consumption [22]. Defects
result in the reduction of process yield that is defined as the percentage of acceptable parts
[25]. Figure 2.8 shows the sources of yield loss due to different types of defects and
failures.
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Figure 2.8 Different types of defects and failures that lead to yield loss [25]

Although operation-induced defects produce reliability issues, they are not within the scope
of this research, as the focus is mainly on the process-induced defects that affect the
transistor behavior. Opens on transistor terminals, short or bridging between the terminals,
and gate to channel short are some of the representations of physical imperfections in
transistors.

2.2.2

FinFET Device Defects
FinFET has significant structural differences with planar CMOS technology that

cause new types of defects to emerge, and some common defects to exhibit different
behaviors than in the planar technology. The following are the major classes of FinFET
defects [26].
a) Open Defect in Transistor Terminals
In older planar CMOS technology nodes, an open defect in drain or source terminal
results in a high impedance state at the transistor output and the faulty gate shows relatively
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slow change in potential due to leakage. However, in nanometer technologies with reduced
node capacitances, the impact of leakage current is more significant. The subthreshold
leakage current of the defective logic gate and the gate tunneling current of the fanout might
change the output voltage rapidly [27]. Therefore, the detection of open drain/source in
modern technologies is more challenging.
b) Bridging defects
Bridging defect is a short between any two or more signals. Resistive short between
metal interconnects, short between transistor terminals, short between a terminal and power
supply are examples of bridging defects [28].
c) Fin Open
Fin open occurs due to extremely small size of the fins, existence of airborne particles,
or over-etching during the manufacturing process. Fin open reduces the FinFET driving
current and can result in small delay defects [29].
d) Gate oxide short (GOS)
Gate oxide short is one of the dominant defects that is complex to analyze and model
due to the 3D structure of FinFET. GOS defects are formed due to airborne particles, mask
damages, and over-etching of the dummy poly-Si gate that result in the lack of oxide layers
in various spots of the thin gate oxide [30]. Also, fin line edge roughness coupled with nonconformal deposition of the gate-oxide layer creates a potential for catastrophic failure
causing breakdown, which results in large tunneling leakage or direct current path between
the gate and the channel region [31].
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e) Defects Caused by Process variations
Some of the major sources of process variations are lithography misalignment, overetching, or under-etching issues that affect the fin geometry; random dopant fluctuations
that affect threshold voltage, and variations in the gate oxide thickness [32]. Also, the lineedge-roughness and line-width-roughness (LWR) have considerable impact on the fin
shape. The fin width and height influence the FinFET performance and reliability as the
geometrical shape of the fin affects the transistor saturation current, the leakage and
subthreshold slope [33-37]. Some of these process variations such as LER and LWR might
directly lead to GOS defect which is in the focus of this research.

2.3

Fault Modeling
The physical imperfections or defects can be modeled by circuit elements such as

resistors, capacitors, and current sources that can be used in the circuit simulations. The
electrical impact of the defect on the circuit behavior is modeled as a fault [22]. The defect
can be considered on logic, transistor, layout or physical structure level of abstraction. To
characterize the circuit behavior in the presence of defects, the circuit response to the input
stimuli must be compared with that of the defect-free circuit. A set of threshold values are
also required to determine the fault occurrence [38]. Any deviation from the defect-free
response that lies below the defined threshold is considered as non-detectable fault.
According to [38], traditionally faults are classified as shown in Figure 2.9. Hard defects
cause incorrect function of the circuit and are modeled as logical faults such as stuck-at
fault. When the defect creates a short circuit path between the supply and ground it
increases the circuit steady-state current and can be detected by IDDQ test [39]. Soft defects
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cause performance degradation that are modeled as delay faults, noise margin reduction,
and IDDQ .

Figure 2.9 Traditional fault categories [38]

Fault models related to different levels of abstraction are described below.
a) Logic level
One of the most commonly used fault models at the logic level is stuck-at fault. Stuckat fault is traditionally used for test generation since it is technology independent and could
model defects such as a short between the gate input and power supply. However, there are
many bridging defects that cannot be detected by stuck-at fault test patterns. For example,
a bridge might cause a logic gate output to become an undefined value in the mid-rail range,
which is modeled as functional change. Moreover, when a logic gate output is floating due
to an open defect, it could maintain its previous value for a long time and the defect is
modeled as a sequential fault [40].
Short defects affect the quiescent current through the supply and might be detected by IDQQ
or σIDDQ test [41]. Due to the increase of leakage currents in nanometer technologies, it
has become more difficult to distinguish the defect impact on the current from the process
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variation and scaling impacts. The σIDDQ test improves the defect detection by building
process-aware leakage current models of the defect-free circuit and removing their impact
from the current measurements [41].
Defects might also cause timing failures that are modeled as delay faults. Therefore, a
defect can manifest itself as multiple faults depending on its impact on the circuit behavior.
Delay faults are categorized into two major classes of gate delay fault and path delay fault.
Gate delay fault model is a localized model that associates slow-to-rise and slow-to-fall
delays as transition delay faults (TDF) for any gate, while path delay fault considers
cumulative delays of the gates along a path [42]. A transition delay test requires at least
two at-speed clock cycles, and the defect on a sensitized path is detected when the resulted
delay exceeds the slack of the path, that is the difference between the active edge of the
test clock cycle and the propagation delay of the path. Small delay defects (SDDs)
introduce small delays that should be detected on the longest testable paths passing through
the defect, since they are extremely timing sensitive [43], and may not be detected on
critical paths.
b) Transistor level
At a lower level of abstraction, transistor level, the impact of defect can be analyzed
more accurately. For example, in the inverter gate in Figure 2.10, an open defect on the
drain of a PMOS transistor that is modeled as a transistor stuck-open fault is considered
[44]. It can be detected by applying two consecutive test vectors (AB = 11 → 10), where
the first input pattern initializes the node and the second pattern excites the fault. The output
of the faulty gate is at high-impedance and its voltage is traditionally considered to remain
constant.
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Figure 2.10 An inverter with open defect on the drain of the PMOS transistor [44]

However, in nanometer technologies the impact of transistor leakage currents and
downstream parasitic capacitances including the line and load capacitances is nonnegligible. Their influence might increase the output voltage above the threshold of logic
0 in this case and result in a test escape. The analysis of the capacitances, as the dominant
factor, leads to obtaining the minimum line length that corresponds to the capacitances
satisfying this condition [44].
c) Layout level
Due to the complexity of modern ICs, the use of standard library cells has been
increased in the circuit design. The traditional fault models used for test pattern generation
are successful in representing the defects on the inputs and outputs of the cells as well as
the interconnects. However, many test escapes have been reported from the industry that
majority of their root cause are the defects inside the library cells [4]. The substantial need
for developing fault models based on the manufacturing process outcome and the physical
nature of defect has led to the new CAT methodology that has recently been proposed [5].
The CAT methodology uses the layout and extracted parasitic data for each library cell for
generating defect-based fault models. The layout data provides accurate information about
the potential bridging and open defects inside the cell that can be used in extensive analog
simulations to develop accurate fault models.
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The next section covers major test types, ATPG techniques, and the advantages of cellaware test in MOSFET technologies.

2.4

Design for Testability and ATPG Techniques
With substantial advances in microelectronic circuits, testing procedure has become

as important as the design process in the product development. The test procedure evaluates
the manufactured products to ensure their correct operation over a range of defined
operating conditions, passing them to the end-users as “good devices” [45]. Depending on
the type of circuit under test, tests are classified into three categories of digital, analog, and
mixed signal [46]. Tests could also be classified as functional, parametric, and structural
testing. Functional testing is performed to evaluate the correct functionality of the circuit
in different operational modes, which is very time consuming and costly in complex digital
circuits. Parametric testing measures specific current or voltage levels at the outputs in
response to DC or AC input signals. IDDQ is an example of DC parametric testing [45].
Structural testing is undertaken to detect the defects resulted from manufacturing process,
assuming the design is verified to be correct [45]. It uses appropriate fault models
representing the impact of fabrication defects to excite and propagate the fault effect to the
outputs or observation points.

2.4.1

Design for Testability
During the last decades, design and test interactions has led to the development of

design for testability techniques such as scan test and logic built-in self-test (BIST). Scan
test improves the observability and controllability of sequential circuits and buried nodes
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by adding scan cells that launch a test pattern and capture the response. The circuit
operation is modified to choose between the normal mode and the test mode. In the test
mode, test patterns are shifted into scan cells and the results are recorded. Full scan turns
the sequential test generation to a combinational test, though with area overhead, I/O pin
increase, and degraded performance [47]. Large designs are partitioned to combinational
logic blocks based on the design and test constraints. The partitions are later optimized to
maximize the yield/area [48]. The optimization is performed by clustering smaller blocks,
using the existing redundancies, and portioning large blocks [48].
In recent years, digital ICs have been widely used in safety-critical applications
such as automotive that require on-chip self-test to enhance the reliability of the system.
Logic BIST techniques add circuits that generate test patterns and analyze the outputs of
the system, with the cost of area overhead. In some applications, a more efficient solution
might be the hybrid BIST, where a part of test data is stored on the tester and on-chip
hardware generates a reduced set of test patterns. With the growing amount of test data in
larger designs, test pattern compression techniques are used to reduce the amount of test
data on the tester and the hardware overhead at the same time [47]. Although design for
testability techniques help improve the test quality and ease the test pattern generation,
ATPG algorithms need more realistic fault models to efficiently reduce the size of test data
and improve the test quality. The traditional ATPG algorithms and new approaches
including cell-aware test are covered in the next section.
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2.4.2

Overview of ATPG Techniques
With the growing number of transistors and I/O pins in digital systems, test patterns

cannot be manually generated. Earlier algorithms inserted single stuck-at faults at different
nodes to find test vectors that could detect the faults. However, considering a set of test
vectors that detect all single stuck-at faults of a circuit, it might happen that a fault masks
another specific fault and it could not be detected by any of the test vectors [49]. Therefore,
multiple-detect, or N-detect, ATPG algorithms were proposed in which every single stuckat fault is detected by at least N unique tests. As expected, multiple-detect tests increased
the probability of detecting hard-to-detect defects [50].
Physical-aware N-detect ATPG further improved the test quality since it used the localized
nature of defects [51]. It considers a large test set and a neighborhood of radius 𝑟 on the
layout for each stuck-at fault and applies specific rules to include proper signal lines in the
neighborhood. The test procedure selects the tests with specific number of unique
neighborhood states that detect the targeted fault. However, there are challenges in the
selection of number of neighborhood states and the increase in the test set size.
Another ATPG method used is known as gate exhaustive testing (GE), which applies all
possible input combinations to the circuit input to find the response at primary outputs or
scan cells [52]. One of the major problems with gate exhaustive testing in complex circuits
is the increased test set size due to the large number of circuit inputs. Although the results
in [52] show that gate exhaustive test has higher coverage than N-detect test with N varying
from 2 to 15, the test generation time of gate exhaustive method is 3 to 200 times larger
than the N-detect tests. Moreover, some input combinations might not be observable when
there is no sensitized path from that specific gate to the observation points such as circuit
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outputs or scan cells. This problem might be resolved by partitioning the circuit into
segments with small input numbers; however, finding the optimum partitions would be a
challenge by itself. Also, the defects that need a sequence of two or more test patterns could
not be detected by this method.

2.4.3

Cell-Aware Test (CAT)
As integrated circuit complexity has grown and standard library cells have been

widely used in circuit design, the traditional fault models such as stuck-at and delay faults
don't provide the required fault coverage, since they only consider faults on the cell inputs,
outputs and interconnects [5]. Moreover, the manufacturing complexities in new
technologies have increased the number of defects inside the standard cells that could not
be detected by traditional ATPG tools. Therefore, the defect-based cell-aware test
methodology has been proposed in [5], that uses the cell layout data to extract a SPICE
netlist that includes the parasitic resistance and capacitances as well. Different types of
cell-internal defects such as open, short, transistor drive strength, transistor leakage, and
port bridge/open are simulated by inserting representative resistors in the extracted netlist.
Extensive analog simulations are performed on the circuit considering different values for
each injected resistor at a time to find all input combinations that are useful for detecting
that specific defect. The defect is detected by determining the output voltage at specific
strobe times. If the difference between the output voltage and the defect-free value exceeds
a defined threshold value, e.g. 60% of the supply voltage, the input pattern is saved as a
test vector that detects the specific defect. For example, in the case of short defects the
CAT procedure replaces every parasitic capacitor between two nets with a resistor and

47

decreases its value in a specified range and performs extensive analog simulations to find
all output erroneous values and build a short defect list. Similarly, for possible open defects,
the parasitic resistors at each line segment are increased in repeated simulations. The
single-pattern (i.e. static) inputs that detect each specific short defect and two-pattern (i.e.
delay) inputs that usually target open defects are also used in developing the defect matrix.
The exhaustive defect matrix is then optimized to obtain the CAT library view that will be
used by the ATPG algorithm to generate appropriate test patterns. Figure 2.11 shows the
cell-aware fault model generation and how it is integrated in the ATPG flow.

(a)

(b)
Figure 2.11 (a) CAT library view generation, (b) CAT-ATPG flow [5]

The CAT static and delay tests are proven to detect more hard-to-detect defects than the
traditional ATPG and reduce the defect rate in production tests in nanometer technologies
[5]. For example, the high-volume production test results of 800000 AMD 32 nm
processors show that by adding 7300 additional CAT patterns to have a total of 16900
patterns, the defect rate is reduced to 885 DPPM [53]. Even with the same number of test
patterns, the CAT methodology improves the defect coverage comparing to the stuck-at
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and transition delay patterns. Moreover, by applying additional CAT patterns, up to 4%
improvement in the defect coverage is achieved [53].
In [54], combinational library cells from a 65 nm MOSFET technology are tested for all
port stuck-at faults and internal bridge defects with both gate exhaustive and cell-aware
tests. Considering a 4-input multiplexer as an example, the largest number of test patterns
required in the GE test for this 8-input cell is reported to be more than 2 times of the CAT
pattern count. The evaluation of both test methods on 10 circuits have also shown that the
number of GE test patterns is, on average, 4 times the test patterns of the cell-aware test.
The exponential increase of GE test pattern count with the number of inputs in large designs
would substantially increase the test time and hence, the production cost. The other
important advantage of the CAT methodology is its improved defect coverage compared
to the GE test, which in the mentioned study is an average of 1.8 times [54].
In addition, the CAT methodology is also used in failure diagnosis to identify the defect
location with improved resolution compared to the traditional layout-aware diagnosis [55],
[4].

2.5

Summary
This chapter provides the required background information regarding the FinFET

device and different types of defects and fault models, as well as a brief overview of the
traditional ATPG techniques including the defect-based approach of CAT methodology.
In the next chapter, the current research in GOS defect and fault modeling and the related
test issues are presented.
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Chapter 3: Literature Review
In this chapter, a literature review of the previous work in GOS defect modeling as
well as the fault models in cell-aware test are presented. The recent work on FinFET defects
is described, as well as the GOS mechanism and modeling in MOSFET. The previous
research in gate oxide short defect in FinFET are reviewed. This is followed by the
description of fault models in CAT methodology and their shortcomings in FinFET
technology.

3.1

FinFET Defects
Bhoj et. al, investigated the leakage-delay behavior of simple logic gates consisting

of double-gate FinFETs [56]. Different logic styles are simulated considering a cut on the
back-gate of the FinFET. Since the back-gate bias has strong influence on the FinFET
threshold voltage, it affects the delay-leakage characteristics of the gate. In the case that
coupling capacitance of the neighboring lines on the floating back-gate is dominant, the
variation in the back-gate voltage causes transition delays, and exponential increase in
leakage for a range of back-gate bias. When the layout induced capacitance is negligible,
the impact of front gate or S/D induced capacitance dominates based on the fin thickness
and gate-drain underlap size. However, the proposed approach cannot be extended to the
case where any of the mentioned capacitances are not negligible.
Mesalles et. al, investigated the behavior open defects on various locations of the gate of
multi-fin and multi-finger FinFETs considering the cell parasitic capacitances [40]. It is
shown that some defect locations exhibit different behavior than in MOSFET technology
due to partial disconnection of a few fins. However, the detectability of gate open decreases
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in multi-fin structure compared to the single-fin FinFET and is exacerbated in multi-finger
transistors as the number of other conducting paths between the output and the rails
increases. An accurate defect characterization for open defects depends on the technology
specifications, the cell and interconnect layouts, and the test speed which is not in the scope
of this research.
Bridging defects in FinFET-based logic cells such as 2-input NAND gate are analyzed in
the literature [57], considering resistive short between middle-of-line (MOL)
interconnection layers and multi-fin, multi-finger FinFETs. It is shown that in some defect
locations the critical resistance has strong dependency on the number of fins/fingers,
whereas in other locations there is weak or no related dependency. A metric is defined as
bridge defect criticality to identify the short defects that have higher probability of
occurrence and lower critical resistance. Based on this defect classification, new test
strategies should be designed that are not in the scope of this thesis.
Fin open impact on logic gate delay behavior is investigated in [30]. It is shown that in
multi-fin FinFET as the number of broken fins increases the transition delay becomes large
enough to be detected by two-pattern tests [30]. However, when the number of broken fins
is small, specifically in multi-fin structures timing-aware ATPG techniques are required to
tackle the issue of small delay defects in test pattern generation [58], [59].
Although GOS has been widely investigated in planar MOSFET [32], [60], [61], very
limited research addressed the FinFET technology. A review of what is available in the
literature is presented in the next sections.

51

3.2

GOS Modeling in MOSFET
Gate oxide short defect creates a low resistance path from the transistor gate to the

channel. It can be considered as a pinhole in the gate dielectric layer that provides an
undesired current path to the channel. If the pinhole is in the oxide overlap area between
the gate and source/drain, it can be modeled as a gate-drain or gate-source short [61]. If the
pinhole occurs in the oxide above the channel, it is known as gate-to-channel short or GOS.
GOS is a dominant defect [6], because of the continuous reduction in the transistor’s critical
dimensions and its dielectric thickness. This defect is also complex and hard to analyze
since it modifies the transistor characteristics in different manners depending on its size
and location [6]. Therefore, it is important to develop accurate defect models that can be
used in obtaining reliable fault models and practical test patterns. Figure 3.1 shows an
NMOS transistor with a pinhole in the oxide layer.

Figure 3.1 An NMOS with a pinhole in the dielectric layer [6]

There are two types of GOS model for MOSFETs, split and non-split [63]. In the split
model, a bidimensional array of transistors are used as an electrical model of a defect-free
transistor, Figure 3.2 (a). One side of the array represents the source, the other side of the
array represents the drain and all transistor gates are connected to form a common gate
terminal. The pinhole is modeled as a resistor, R GOS , that is connected between the common
gate and one of the internal nodes of the bidimensional array [61], [6], as shown in Figure
3.2 (b).

52

Figure 3.2 (a) Bi-dimensional model of a defect-free MOSFET, (b) GOS defect model [6]

Assuming all transistors in the array to be minimum-sized, the equivalent transistor that
the defect is applied to, Figure 3.2(b), has larger effective width and length. Therefore, the
split model cannot accurately represent a minimum-size defective transistor [61].
The non-split models are categorized in two groups, linear and non-linear [63]. Figure 3.3
shows the simple linear non-split model that represents the ohmic behavior of the pinhole
in the oxide overlap region between the gate and source or drain. The GOS is modeled by
non-split linear model in CAT methodology.

Figure 3.3 Linear non-split model [63]

In [32], authors have proposed the nonlinear non-split model shown in Figure 3.4 (a). Since
the defective MOSFET has a lower drain current, the defect-free transistor is modified to
have a smaller width, and two additional transistors are used to model the nonlinear current
impact of the GOS. The resistive effect of the defect is modeled by adding a resistance
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between the common gate and the common drain of the additional transistors. In this
model, all transistor lengths are larger than minimum-size due to fitting issues which
increases the gate capacitance compared to the defective MOSFET [61].

Figure 3.4 Non-split GOS defect models in MOSFET [61]

In [60], the defective MOSFET is modeled by a defect-free transistor and three current
sources, as depicted in Figure 3.4 (b). Two voltage-dependent nonlinear current sources,
iGS and iGD , model the impact of the defect on the gate current, and the third current source
models the saturation drain current reduction by using a fitting parameter, α, in the current
source with the value of (1 − α)ID .
It is shown that for both models in Figure 3.4 (a) and (b), the ID VD curves deviate from the
GOS-impacted results in TCAD for small VG values [61]. Also, the transient response of
an inverter with either of these models on NMOS deviates from the GOS results in the
output level and slope due to the differences in the capacitances [61].
In [61], three voltage-dependent nonlinear current sources along with two capacitors are
utilized, as shown in Figure 3.4 (c), to improve the transient behavior. The current sources
are represented by polynomial functions, iGS with a second-order, and iDS and iGD with
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third-order polynomials. The DC and transient simulations have shown better matching
results with a GOS-impacted MOSFET.

3.3

Previous Work on GOS Defect in FinFET and Shortcomings
The current research in this area consists of only two publications that are covered

in this section.
In [30], authors have simulated different FinFET defects such as fin open, stuck-on, and
GOS at the circuit level. The GOS is modeled by a 3 × 2 array of MOSFET transistors as
shown in Figure 3.5.

Figure 3.5 Gate oxide short model in [30]

Simple logic gates such as inverter and NAND gate are simulated with this GOS model
representing a defective NFinFET. The DC and transient simulations are performed to
measure the impact of the number of defective fins on the output voltage and transition
delays.
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The lumped-element model used in this publication is same as the bi-dimensional model
for MOSFETs that is applied in relatively old planar technology nodes. This approach
cannot accurately represent the GOS impact in the new technology generations, especially
in the 3D structure FinFET. Although increasing the number of transistors in the array
would increase the accuracy, it results in relatively larger equivalent transistors. However,
these array transistors are difficult to model, also it becomes impractical to model the GOS
defect in minimum-sized transistors.
In [64], the GOS defect in independent-gate (IG) and tied-gate (TG) FinFETs in a 25 nm
SOI technology is simulated in the TCAD environment. The defect is represented by a
5 nm pinhole injected on the fin sidewall. It is shown that in the IG FinFET with a pinhole
in the front-gate, the gate leakage current flows throw the pinhole to the drain and results
in negative drain current at low drain bias. While in the FinFET with a pinhole in the backgate, the gate leakage current is very small since the back-gate is connected to ground. In
the tied-gate FinFET, the drain saturation current of the defective transistor is slightly
reduced, and the negative ID at linear bias is same as in MOSFET.
The literature [64] has not yet investigated the GOS impact on the transient behavior of
FinFET. It has applied the GOS defect on different transistors in FinFET SRAM designs
in the TCAD environment to propose new test methods. It has not extracted defect models
that could be used in circuit-level simulations. The literature has not yet proposed an
accurate GOS defect model in FinFETs, nor considered the effect of pinhole size and
location on the FinFET behavior. The impact of GOS defects on complex gates used in
logical designs has not yet been studied.
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3.4

FinFET Fault Models in CAT Methodology

In the CAT flow, for each standard cell, a SPICE transistor netlist including parasitic
resistances and capacitances is extracted from the layout data. The cell-internal defects are
modeled as stuck-at or transition delay faults based on extensive DC and transient
simulations. The corresponding test patterns are used to build a defect matrix that is later
optimized to generate the cell-aware fault model.
Figure 3.6 shows the supported defect types in a sample netlist [5]. These defect
types are Open, Bridge, transistor leakage (Tleak), transistor drive strength (Tdrive), Port
Open and Port Bridge [5]. The defects are modeled by simple passive components such as
resistors, and the defects related to transistors are limited to bridging between transistor
terminals and the drive strength defect.

Figure 3.6 Schematic representation of sample netlist with inserted defect types [5]

A complex defect such as the GOS is modeled with either a gate-source or gate-drain short
resistance. However, none of these models can represent the nonlinear impact of the GOS
on the drain current.
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The CAT methodology is reported to be applicable to FinFET technology in a similar
manner as planar CMOS [5]. A multi-fin structure is considered as parallel transistors and
the mentioned defects are modeled with additional resistors on any of the fins, as shown in
Figure 3.7.

Figure 3.7 Leakage and drive strength defects in single-fin and multi-fin FinFETs [5]

However, applying the CAT methodology to FinFETs has some limitations. Since the
layout information used for MOSFET technology is two dimensional, it doesn't accurately
reflect the 3D nature of FinFET transistor especially in the presence of a complex defect
such as gate oxide short.
Despite the success of the cell-aware test in detecting bridging and open defects inside
standard library cells, significant functional test failures have been reported by the industry
even after CAT screening [4], [65]. Therefore, in the FinFET technology there is a need
for development of more accurate fault models for complex transistor-related defects inside
standard cells [4].
In this thesis, a comprehensive investigation of GOS impact on FinFET devices is
performed by considering various defect injection scenarios on FinFETs with different fin
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shapes from rectangular to triangular form. It characterizes the DC and dynamic behavior
of a FinFET in presence of GOS defect to develop accurate GOS defect models for each
scenario. These models are then utilized in circuit-level simulations to obtain appropriate
fault models.

3.5

Summary
In this chapter, the previous work on the GOS defect and FinFET fault models in

CAT methodology were presented. The GOS in FinFETs cannot be represented by simple
passive components due to the nonlinear impact of a defect on transistor behavior. The
CAT methodology has significantly improved the defect coverage related to the defects
inside standard cells, however, considerable test escapes are reported.
In the next chapter, the FinFET 3D structure in TCAD environment and our GOS defect
injection strategies are presented. The device models, tools, and the defect characterization
setup that is utilized in developing GOS fault models are also explained.
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Chapter 4: FinFET Defect Injection and Characterization Methodology
In this research, the GOS defect is simulated at the device level using Sentaurus
TCAD tools. The GOS defect is introduced to the FinFET 3D structure as a pinhole. The
first section of this chapter presents the FinFET 3D structure, as well as the tools and
models required for simulating the FinFET at the device and circuit levels. The GOS defect
injection scenarios that are considered in developing the defect models are covered in the
second section. Finally, the characterization setup for device- and circuit-level simulations
are described in the last section.

4.1

FinFET Device Models and Tools
Recently, Synopsys has provided 3D bulk FinFET templates [18], from which the

so called 14/16 nm FinFET template is utilized for generating defect models in this
research. Although these FinFET templates are generic, their design characteristics and
dimensions are representative of the current technology. The top view of the NFinFET for
the Synopsys’ generic process is shown in Figure 4.1.

Figure 4.1 Top view of NFinFET for the Synopsys’ generic process [66]

The important processing steps and physical models that are used in the TCAD simulations
of the Synopsys’ template are described in the following subsections.
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4.1.1

Sentaurus Process Models
The 3D structure of the bulk NFinFET for the Synopsys’ generic process is

presented in Figure 4.2. The replacement metal-gate bulk FinFET process consists of fin
formation step followed by punch-through stopper ion implantation to prevent leakage
current below the channel [17]. The shallow trench isolation (STI) oxide is deposited to
isolate the adjacent transistors. A two-layer high-k dielectric is deposited over the fin top
and sidewalls, which is covered by a dummy poly-Si gate. This dummy gate is removed
and replaced by the metal gate after the spacer formation. The gate-last process allows the
metal gate to be deposited after high temperature S/D epitaxial formation and enhances the
channel strain as well. The drain and source are heavily-doped (n+) epitaxial regions that
are stress-engineered by adding SiGe for PFinFET, and SiC for NFinFET, which applies
longitudinal compressive and tensile stress to the channel respectively [18]. The
source/drain extensions are covered by spacers with low-k material to minimize the
parasitic capacitance between the gate and S/D regions [21]. The contact-etch-stop-liner
that is deposited over the metal gate and spacers applies stress to the channel and improves
the saturation current. Finally, the contacts are wrapped around the fin to minimize the
contact resistance, and the inter-layer dielectric with low-k material is used to isolate
trench-shaped contacts. It should be noted that the mechanical stress simulation and mesh
refinements are also performed at different processing steps [18], [67].
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Figure 4.2 Bulk NFinFET 3D structure [18]

The design parameters of the bulk FinFET are listed in Table 4.1. The fin height is 35 nm
with corner rounding of 2.5 nm radius at the top. The channel length is 25 nm, which is
covered by two-layer gate dielectric, consisting of SiO2 and HfO2 , with the overall
thickness of 2.3 nm. The device has the feature to be expanded to multi-fin structure with
a fin pitch of 48 nm. The bottom width of the fin is 15 nm, and it is possible to realize
different fin geometries, as rectangular or trapezoidal, by selecting one of the optional
values for the fin top width: Wtop = 15, 10, or 5 nm.
Table 4.1 Bulk FinFET design parameters
Parameter
Fin height, H (nm)
Fin width, Wbottom (nm)
Gate oxide thickness, Tox (nm)
Channel doping, Boron (/cm3 )
S/D doping, Phosphorus (/cm3 )

Val. Parameter
35 Fin pitch (nm)
15 Poly pitch (nm)
2.3 Channel length, L (nm)
2e18 Metal gate work function (eV)
2e20

Val.
48
90
25
4.6

Figure 4.3 shows the double-fin FinFET structure with the specifications mentioned in
Table 4.1 and simulated by Sentaurus process.
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Figure 4.3 Double-fin defect-free FinFET structure with 𝐖𝐭𝐨𝐩 = 𝟓 𝐧𝐦 [18]

In this research, the GOS defect is introduced on different fin shapes to study its impact on
the FinFET behavior. However, the defect model is developed based on the triangular fin
with rounded corners, Wtop = 5 nm, since it is widely used in high-volume manufacturing
of FinFETs [8].

4.1.2

Sentaurus Device Models
The electrical characteristics of the bulk FinFET are obtained with the aid of

Sentaurus Device simulations, considering the following major physical models: the thinlayer mobility model, and inversion and accumulation layers mobility models that consider
the crystal orientation on the fin top and sidewalls; the bandgap narrowing effect due to
high impurity concentrations that is considered in effective intrinsic density calculations;
the stress effect on the band structure, on density of states (DOS), and on mobility
enhancement; different scattering mechanisms that degrade the mobility in high-k metal-
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gate structure; the effect of band-to-band tunneling in modeling the leakage; and the driftdiffusion (DD) model with adjusted velocity saturation [18], [68]. All these physical
models are used to solve the Poisson and carrier continuity equations and obtain the device
electrical characteristics [18].
There are two commonly used models for the carrier transport in the device simulations,
drift-diffusion and hydrodynamic (HD). Since there is no empirical data for the GOSimpacted FinFET available to us, both models are considered in this research. The HD
model is more accurate in reproducing velocity overshoot and it considers the impact of
lattice and carrier temperature variations on the carrier transport [68]. Therefore, it is worth
investigating the FinFET behavior in presence of GOS with this model in the first part of
this work.
However, HD model suffers from extremely degraded convergence and longer simulation
time than DD, as presented in the next chapter. Moreover, the DD model with adjusted
velocity saturation is the carrier transport model that is supported by Synopsys for FinFET
templates [18]. Therefore, in the second part of this work the DD model is used in all device
simulations performed for developing the defect models.

4.1.3

HSPICE Model Parameters
There are two major parameter extraction procedures for the Berkeley Short-

channel IGFET Model - Common Multi-Gate (BSIM-CMG) that lead to either one global
set of parameters for transistors with different channel lengths and widths, or a local
parameter set for a transistor with a specific channel length [69]. Since the GOS defect
model is developed based on the Synopsys’ FinFET template with Wtop = 5 nm and Lg =
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25 nm, local parameter extraction is performed for both NMOS and PMOS transistors.
The parameter extraction procedure is summarized in Table 4.2. During the initialization
step the model and process control parameters are set. The capacitance optimization is
performed using Cgg Vgs curve (total gate capacitance vs gate-source voltage) at linear bias.
First, a long-channel device is considered to obtain an estimate of the mentioned
parameters in Step 2 of Table 4.2, then the parameters are refined for the short-channel
device.
Table 4.2 Local parameter extraction procedure [69]
Step
1
2
3
4
5
6

Data Used
Cgg Vgs
Ids Vgs , g m
Ids Vgs , g m
Ids Vds , g ds
Cgg Vgs

Bias
Vds = 50 mV
Vds = 50 mV
Vds = 0.8 V
Various Vgs
Vds = 0.8 V

Description
Initialize process and model control parameters
Extract parameters related to quantum mechanical effects
Extract parameters related to subthreshold slope and mobility
Extract parameters related to DIBL and velocity saturation
Extract parameters related to output conductance
Extract parameters related to channel length modulation for
capacitance

In Step 3, parameters related to the subthreshold slope at low drain bias are extracted using
the Id Vg (drain current vs gate-source voltage) graphs with logarithmic scale. The mobilityrelated parameters are extracted from the simultaneous observation of the Id Vg and Gm Vg
(transconductance vs. gate-source voltage) graphs through the refinement process. In Step
4 of Table 4.2, the parameters related to the DIBL effect, and velocity saturation at Vd =
0.8 V are extracted. The initial estimates of the velocity saturation related parameters are
obtained from the Id Vg and Gm Vg graphs and are later refined from the Id Vd characteristics.
In Step 5, the Id Vd curves and the output conductance curves at different Vgs values are
used to extract the related parameters. Iterations between this step and the previous one
results in optimized results. Therefore, the impact of each parameter variation on the
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characteristics should be observed simultaneously. Finally, in Step 6, the gate capacitance
at the saturation bias is used for extracting the related parameters that affect Cgg and the
graph curvature at high Vgs values [69].
The extracted HSPICE model parameters are utilized in circuit-level simulations within the
defect characterization setup to develop appropriate fault models and obtain the test
patterns that can detect the GOS defect.

4.2

GOS Defect Injection Strategy
The GOS defect is introduced as a pinhole with a specific size on the gate dielectric.

In the literature, the pinhole shapes of cube [60] or cylinder [64] with the side or diameter
size of 2.5 nm to 10 nm are reported. Therefore, in this research cuboid pinholes of
2 nm × 2 nm, 4 nm × 4 nm, and 8 nm × 8 nm are simulated on distinct locations of the
fin. It should be noted that 1 nm × 1 nm pinhole was initially simulated; however, due to
its very close results to those of 2 nm × 2 nm it is not reported. The pinhole is simulated
by removing a small cuboid of the gate dielectric and filling it with the gate material.

4.2.1

GOS in Rectangular and Trapezoidal Fins
The complete FinFET structure with the rectangular fin shape is presented in Figure

4.4. A small pinhole is inserted on the fin top (Top), sidewall, and along the channel. Since
the fin height is 35 nm and the fin corners have roundings, considering a maximum size of
8 nm × 8 nm pinhole, the defect center is chosen to be located at depth of 10 nm (Up),
17.5 nm (Mid), and 25 nm (Low), as shown in Figure 4.4 (b) to (e). The defect might also
happen along the channel length, closer to drain or source, located 8 nm apart from the
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center as depicted in Figure 4.4 (f) and (g). The extension letters D, C, and S stand for
closer to drain, center, and closer to source, respectively.

Figure 4.4 (a) Bulk NFinFET with rectangular fin shape, with injected 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 pinhole at the (b)
fin top center (Top-C), (c) upper sidewall of the fin (Up-C), (d) middle sidewall (Mid-C), (e) lower
sidewall (Low-C), (f) fin top close to drain (Top-D), and (g) fin top close to source (Top-S)

In a similar manner, the GOS defects are introduced to the trapezoidal fin with Wtop =
10 nm. The transistor behavior is also studied under the same pinhole scenarios. It is
expected to observe different defect impacts on the sidewalls of the trapezoidal fin due to
the difference in the surface crystal orientation.

4.2.2

GOS in Triangular Fins
Triangular fins are more practical to realize in the manufacturing process since

having non-vertical sidewalls results in easier ion implantation of S/D extensions, easier
etching of the gate spacer, and better trench filling [72]. Due to these advantages, Intel
67

brought this fin geometry to high-volume production at the 22 nm node for the first time
in 2011 [8]. Moreover, in fins with smaller top widths the gate has better control over the
channel that results in lower subthreshold slopes. Therefore, in this work the GOS defect
models are obtained for the FinFET with triangular fin shape (Wtop = 5 nm).
Since the GOS defect might occur at any location of the fin sidewall, the defect injection
scenarios are extended to the areas closer to the source or the drain on the fin sidewall.
Figure 4.5 shows different injection scenarios of the sidewall pinhole.

Figure 4.5 Pinhole injection scenarios at the a) Up-D, b) Up-C, c) Up-S, d) Mid-D, e) Mid-C, f) Mid-S,
g) Low-D, h) Low-C, and i) Low-S

The simulation conditions for simulating the effect of GOS defect in the FinFET structure
and the defect characterization setup are explained in the next section.
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4.3

Defect Characterization Setup
The experiment setup for simulating the GOS defect involves the introduction of a

pinhole with a specific size in the gate dielectric. The pinhole provides a low-resistance
path from the gate to the channel and affects the device behavior at all bias conditions. In
the device level simulations, the transistor DC behavior is examined at three different bias
situations: (a) VDD = 0.05 V to ensure the operation at the linear region, (b) VDD = 0.8 V
for the saturation region, and (c) VDD = 0.8 V and gate voltage of 0.0 V for operating at the
cut-off mode with maximum leakage. The dynamic behavior of the transistor is also studied
at different bias voltages by performing small signal AC analysis at the frequency of
100 MHz in the mixed mode to extract the FinFET capacitances.
In the circuit-level simulations, the experimental setup shown in Figure 4.6 is used to
examine the circuit under test (CUT). It consists of single-fin inverters used as input driver
and output unit load. The supply voltage of the driver and CUT is separate from the rest of
the circuit to consider the impact of leakage due to GOS on the driver stage. Also, the DC
current of the driver and the CUT are measured at both low and high CUT output states as
IdqL and IdqH , respectively.

Figure 4.6 Simulation setup for defect characterization
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The Voltage Transfer Characteristics (VTC) is used to obtain the noise margin as shown
in Figure 4.7. For an inverter, two critical points on the VTC where the slope of the curve
is equal to −1, are indicated by VIL and VIH . VIL is the maximum input voltage that generates
a valid logic 1 state at the output, and VIH is the minimum input voltage that produces a
valid logic 0 at the output. VOH is the largest output voltage where the VTC slope is equal
to −1, and VOL is the smallest output voltage that the VTC slope is equal to −1.

Figure 4.7 The voltage transfer characteristics and noise margins [73]

Considering two cascaded inverters such as M and N, the output voltage of inverter M must
reside in the valid range to be recognized as a proper input. The noise margins are obtained
from Equation 4.1,
NML = VIL − VOL

(4.1.a)

NMH = VOH − VIH .

(4.1.b)

The percentage of the noise margin reduction in the defective logic gate compared to a
defect-free one is obtained from Equation 4.2,
%∆𝑁𝑀 =

NMdefective −NMdef−free
NMdef−free

× 100.

(4.2)
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The threshold values that are considered in the defect characterization process [38], are
presented in Table 4.3. The absolute values of the noise margins are used in the table.
Depending on the circuit under test and the injected pinhole scenario, the noise margin that
is reduced due to the defect impact, either NMH or NML , is used in fault modeling.
Table 4.3 Noise margin fault classification for GOS defect scenarios
Condition (%)
20 < ∆NML ≤ 50
∆NML > 50
20 < ∆NMH ≤ 50
∆NMH > 50

Fault
VTC_L1
VTC_L2
VTC_H1
VTC_H2

In an inverter, the effective drive current (Ieff ) provides an estimate of the propagation
delays, even in sub-nanometer FinFET technologies [74]. The effective current is obtained
from Equation 4.3,
1

Ieff = 2 (IH + IL )

(4.3)

in which IL = Id (Vgs = 0.5VDD , Vds = VDD ) and IH = Id (Vgs = VDD , Vds = 0.5VDD ).
The approximate propagation delay (τpd ) for the inverter output to reach 0.5VDD is
obtained from Equation 4.4,
τpd =

Cout VDD
2Ieff

(4.4)

where Cout is the total capacitance at the CUT output.
The transient simulations are performed by applying a piecewise linear pulse with rise/fall
time of 1 ps and pulse width of 110 ps. The loading effect of the CUT on the driver stage
is considered by measuring the delay from the driver’s input to the CUT output, as shown
with t d in Figure 4.6. The number of load inverters is varied from 1 to 5 to examine the
impact of the load capacitance on the delay specifications. Trise and Tfall are the time
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periods for the CUT output to change from 10% to 90% of its maximum swing when rising
and falling respectively. PDrise and PDfall are the propagation delays between 50% of the
driver’s input to the same signal level at the CUT output, respectively. The percentage of
the delay change with respect to the defect-free case, calculated from Equation 4.5, used
for fault modeling is
%∆PD−rise =

PDrise−defective −PDrise−deffree
PDrise−deffree

× 100.

(4.5)

The delay faults are categorized by comparing the percentage of delay variations to the
threshold values in Table 4.4. It should be noted that the propagation delays may decrease
or increase due to the GOS defect, hence the (+) sign is used for the latter case.
Table 4.4 Delay fault categories for GOS defect scenarios
Condition (%)
−50 < ∆PD−rise ≤ −20
∆PD−rise ≤ −50
20 < PDrise ≤ 50
50 ≤ ∆PD−rise
−50 < ∆PD−fall ≤ −20
∆PD−fall ≤ −50
20 < ∆PD−fall ≤ 50
50 ≤ ∆PD−fall

Fault
PD_R1
PD_R2
PD_R1(+)
PD_R2(+)
PD_F1
PD_F2
PD_F1(+)
PD_F2(+)

The mentioned metrics are used to construct the fault models for the defective devices. The
combinational circuits that are used to develop the GOS fault models include INV, 4-input
AOI, and 3:1 MUX. The simulations utilize the HSPICE model parameters that are
extracted for the Synopsys FinFET template based on the procedure defined in [69].

4.4

Summary
In this chapter, the 3D FinFET template provided by Synopsys is investigated

including the 14nm FinFET generic process and device models. These models are used in
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TCAD device simulations to develop the GOS defect models. To perform circuit-level
simulations, HSPICE device model parameters of the FinFET are extracted based on the
extraction procedure in the BSIM-CMG compact model. The GOS defect injection
scenarios on various fin shapes that are implemented in this research are covered. Finally,
the defect characterization setup used for obtaining the appropriate fault models for the
circuits under test is explained.
Next chapter presents the TCAD simulation results for the defect-free and defective
FinFETs in various pinhole scenarios that lead to constructing the GOS defect models.
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Chapter 5: Device Level Simulation and Defect Modeling
The GOS defect is introduced as a pinhole at the gate oxide of the 3D structure of
the FinFET in Sentaurus TCAD Process. The procedure is performed by placing these
pinholes at various locations of different fin shapes including rectangular, trapezoidal, and
triangular ones. The Sentaurus Device is appropriately modified to assess the ramification
of the defect injection on the DC and transient behavior of the transistor.
The first section covers the defect-free transistor behavior with different fin geometries. In
the second and third sections, behavior of the transistors with rectangular and trapezoidal
fin geometries are studied in the presence of the pinholes. The impact of defect on the DC
behavior of these FinFETs is investigated considering the HD transport model. This is
followed by a comparison between the results obtained by incorporating HD and DD
models. Due to the advantages of DD model, it is applied in the device simulations of the
triangular fin with extended pinhole scenarios. Next, the dynamic behavior of the FinFET
in the presence of the defects is also considered in developing accurate GOS defect model.
Also, the HSPICE model parameters are extracted from TCAD FinFET template, and the
transistor’s DC and transient behavior are compared with TCAD results. Finally, the GOS
compact model is applied to an NFinFET in the inverter circuit and its behavior is
compared with Sentaurus results for verification of the models.

5.1

Defect-Free FinFET
In this work, single-fin and double-fin FinFETs are simulated and their DC

characteristics and capacitances are extracted. Due to the importance of investigating
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various defect sizes and locations in both device and circuit level simulations, further
research on double-fin was recommended as a future work.
The 3D FinFET process is simulated by Sentaurus Process tool, generating the devices
structure with aforesaid specifications in Table 4.1.

5.1.1

Single-fin Defect-Free FinFET
Sentaurus Device simulates the FinFET electrical characteristics and generates the

Id Vg curves, shown in Figure 5.1 (a), and the Id Vd curves, shown in Figure 5.1 (b). The
graphs are plotted for different fin shapes with Wbot = 15 nm and Wtop = 15, 10, and
5 nm, which are referred to as Wt15, Wt10, and Wt5, respectively.

Figure 5.1 (a) 𝐈𝐝 𝐕𝐠 , and (b) 𝐈𝐝 𝐕𝐝 curves of bulk NFinFET with different fin top widths

Results show that as the fin shape changes from a rectangular to trapezoidal form, the
saturation current, Ion , degrades due to the reduction of the fin effective width and thinlayer mobility degradation effect. For the leakage current, Ioff , as the fin shape becomes
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closer to the triangular form (Wtop = 5 nm), the control of gate over the fin depth
increases, therefore, lower leakage current and improved DIBL effect and smaller
subthreshold slopes (S) are obtained with the triangular fin shape. It is observed that the
triangular fin (Wtop = 5 nm) has a higher Ion ⁄Ioff ratio, and hence, higher performance.
The electrical characteristics of the bulk FinFETs with various Wtop values are summarized
in Table 5.1.
Table 5.1 Electrical characteristics of the bulk FinFET
𝐖𝐭𝐨𝐩 (nm)
𝐈𝐨𝐧 (μA)
𝐈𝐨𝐟𝐟 (pA)
𝐕𝐭𝐡 (V)
𝐒 (mV/dec)

15
55.83
15.00
0.525
79.62

10
50.90
10.94
0.518
75.18

5
45.11
9.34
0.515
72.69

There are different methods of threshold voltage extraction at linear and saturation bias
conditions in MOSFET. Linear extrapolation methods [70], constant current method [70],
and derivative of g m ⁄Id [71] are examples of linear methods, while finding the maximum
slope of Id0.5 Vg [70] is one of the saturation-bias methods. In constant-current method, the
gate voltage at which the drain current reaches a typical value of W⁄L ∗ 10−7 is considered
as the threshold voltage. Although this method may not be accurate due its dependence on
the channel width (W) and length (L), it is widely used in the initial steps of the HSPICE
model parameter extraction procedures due to its simplicity [69]. In the transconductance
(g m ) linear method, the gate voltage (Vg ) at which g m Vg is maximum is found. Then, a
tangent line is drawn at that specific point of the Id Vg curve to extract the Vg -axis intercept
as the threshold voltage by linear extrapolation [70]. The g m ⁄Id method finds the gate
voltage at which the gate-channel capacitance is maximum, which is insensitive to the
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mobility degradation and series resistance issues [71]. Although this method is reported in
the literature as the most precise one [71], it may be sensitive to the simulation step-size.
The saturation-bias methods such as Id0.5 Vg suffers from DIBL effect. In overall, the g m
method, which is widely used in extraction algorithms in Sentaurus tools [68], is utilized
through our work.
The transient behavior of the defect-free FinFET is studied through AC analysis. Sentaurus
Device tool extracts transistor capacitances by small-signal analysis at a specific frequency
and bias conditions in mixed-mode simulations. Figure 5.2 shows the gate capacitance at
two bias conditions of Vd = 0.0 V and Vd = 0.8 V at a frequency of 100 MHz.

Figure 5.2 Total gate capacitance of FinFETs at (a) zero bias, (b) saturation bias

Since the triangular fin with the top width of 5 nm is later used for GOS defect modeling,
all FinFET capacitances of this geometry are extracted. Figure 5.3 shows the defect-free
FinFET capacitances at the mentioned bias conditions.
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Figure 5.3 Defect-free FinFET capacitances at (a) zero bias, (b) saturation bias

In the above figure, Cds is the drain-source capacitance, Cgd , Cgs , Cgb , Cgg are the gatedrain, gate-source, gate-bulk, and the total gate capacitance respectively. In the zero-bias
condition, Cgd and Cgs capacitances are almost the same as in the planar MOSFET. Cgg is
equal to the sum of Cgs , Cgd , and Cgb capacitances. The Cgb capacitance of the FinFET in
the assumed bias 0.0 V and 0.8 V is negligible. Therefore, the zero-bias capacitance Cgg is
almost twice the Cgs and Cgd at strong inversion. While at Vd = 0.8 V, Cgd becomes almost
2/3 the of zero bias Cgd value [75]. Figure 5.4 shows the defect-free FinFET capacitance
variations with the drain voltage at Vg = 0.8 V.
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Figure 5.4 Defect-free FinFET capacitances at maximum gate voltage

5.1.2

Double-fin Defect-Free FinFET
The characteristic curves of the double-fin FinFET at different bias conditions are

compared with the single-fin FinFET in Figure 5.5. It shows that the drain current almost
doubles in double-fin structure due to the increase in transistor effective width.

Figure 5.5 (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐈𝐝 𝐕𝐝 characteristic curves of the double-fin FinFET
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The electrical characteristics of both transistors are summarized in Table 5.2. It shows that
the saturation drain current has increased due to the increase in the effective width of the
transistor. However, it is not twice the saturation current of the single-fin transistor, due to
the effect of parasitic resistances at S/D regions of the double-fin structure.
Table 5.2 Electrical characteristics of the single-fin and double-fin NFinFETs with 𝐖𝐭𝐨𝐩 = 𝟓 𝐧𝐦
# Fins
Ion (µA)
Ioff (pA)
Vth (V)
S (mV/dec)

1
2
49.97 71.61
3.83 6.98
0.49 0.50
72.54 72.97

The capacitances of the double-fin structure are almost twice those of the single-fin device,
as plotted in Figure 5.6.

Figure 5.6 Double-fin FinFET capacitances

The defect-free FinFET results will be used as a reference for comparison with the
characteristics of each defect scenario to characterize the defective transistor behavior.
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In the following section, the realization methods of the GOS defect by injecting a pinhole
and subsequent filling material are discussed.

5.2

GOS Defect Injection Methods
The Sentaurus Process is modified in a manner that introduces the defect as a

pinhole on the gate dielectric. The pinhole is simulated by removing a small cuboid of the
dielectric and filling it with an appropriate material. From the literature, the pinhole is
either filled with the channel material [76], or the metal-gate material [61], [64].
Accordingly, both options are investigated by obtaining the Id Vd characteristics of the
defective FinFET with 4 nm × 4 nm pinhole, as plotted in Figure 5.7. It shows the pinhole
filling material has a minimal impact, about 6% , on the transistor saturation current.
Therefore, in this work it is chosen to fill the pinhole with the metal-gate material [64].

Figure 5.7 The impact of Channel-Filled (CF) vs. Gate-Filled (GF) pinholes on 𝐈𝐝 𝐕𝐝 characteristics

The GOS impact on rectangular fin transistors is presented in the following section.
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5.3

GOS Impact on Rectangular Fin Transistors
The DC behavior of the rectangular fin-shape FinFET is investigated at the

saturation and linear bias conditions. Based on the defect injection scenarios discussed in
Section 4.2.1, a pinhole is introduced at top of a rectangular fin as shown in Figure 5.8.
When a small pinhole is applied on the fin top, it changes the electron density and mobility
in a manner that increases the saturation current. Looking at the electron density of the
defect-free transistor in Figure 5.8 (a), it confirms that the saturation current is maximum
below the fin top surface. When a 2 nm × 2 nm pinhole is placed at the fin top, as observed
in Figure 5.8 (b), the holes flowing directly to the channel cause the electron density to
increase below the entire fin surface, specifically at the fin top. Figure 5.8 (c) and (d)
display the electron density of the defective transistors with 4 nm × 4 nm and
8 nm × 8 nm pinholes, respectively. As the pinhole size increases, the larger number of
holes entering the channel cause the electron density to decline, which causes a reduction
in the saturation current.

Figure 5.8 Electron densities at saturation bias at the fin center of (a) defect-free, and defective
transistors with (b) 𝟐 𝐧𝐦 × 𝟐 𝐧𝐦, (c) 𝟒 𝐧𝐦 × 𝟒 𝐧𝐦, and (d) 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 pinholes

The drain currents of 2 nm × 2 nm and 8 nm × 8 nm pinhole cases are plotted in Figure
5.9 (a) and (b) along with the defect-free transistor results. The orange lines show the
defect-free Id Vd curves at different gate voltages, while the blue lines belong to defective
transistors. It is observed that at the maximum gate voltage, the drain saturation current in
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Figure 5.9 (a), with 2 nm × 2 nm pinhole, has increased by about 45% with respect to that
of defect-free transistor. While in Figure 5.9 (b), with 8 nm × 8 nm pinhole, it is 14%
below the defect-free drain current.

Figure 5.9 𝐈𝐝 𝐕𝐝 of rectangular FinFET with (a) 𝟐 𝐧𝐦 × 𝟐 𝐧𝐦, (b) 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 Top-C pinholes

The leakage current in the defect-free FinFET flows in the fin depth due to the reduced
control of the gate on that region, as shown in Figure 5.10. However, applying a pinhole at
different locations of the fin increases the leakage current by several orders of magnitude
with its maximum density occurring below the fin top surface. Figure 5.10 shows the
absolute value of the electron leakage current density at the fin center of the defective
transistor with 8 nm × 8 nm pinhole applied at the top and sidewall center of the
rectangular fin.
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Figure 5.10 The leakage electron current density at the fin center of the defect-free FinFET

Figure 5.11 The leakage electron current density of the FinFET with an 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 pinhole on
(a) Top-C, (b) Up-C, (c) Mid-C, and (d) Low-C of the fin

At low drain voltages, the large number of holes injected into the fin top causes the
electrons move from drain and source to the gate which results in negative drain current.
The magnitude of the negative drain current is exponentially related to the gate voltage, as
observed in Figure 5.9. To study the effect of pinhole location on drain current in the linear
bias, the electron current density along the fin length is plotted for a specific pinhole size
in Figure 5.12. Figure 5.12 (a) shows in defect-free device, the electron current density at
the drain side (specified by D) is positive in the linear bias. However, as a pinhole is
injected on the fin top, Figure 5.12 (b), the direction of electron flow changes toward the
gate which results in negative drain currents observed in Figure 5.9. In all other cases that
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the pinhole is applied on the fin sidewall, Figure 5.12 (c) to (e), the electron current density
at drain remains positive.
The characteristic curves of the defective FinFET with sidewall pinholes are plotted in
Figure 5.13. They show that in the linear bias the drain current is positive, and the saturation
current of defective transistor has increased about 50% with respect to the defect-free
transistor at the maximum gate voltage. Comparing Figure 5.13 (a) with (b) shows that
increasing the pinhole size from 2 nm × 2 nm to 8 nm × 8 nm does not affect the
characteristics significantly. It has also been observed that all the sidewall pinhole locations
produce the same characteristics; therefore, just the Mid-C pinhole results are plotted in
Figure 5.13.

Figure 5.12 Electron current densities along the fin length in (a) defect-free FinFET, and FinFETs with
𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 pinhole on the, (b) Top-C, (c) Up-C, (d) Mid-C, and (e) Low-C of the fin in linear bias.
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Figure 5.13 𝐈𝐝 𝐕𝐝 curves of FinFETs with (a) 𝟐 𝐧𝐦 × 𝟐 𝐧𝐦, (b) 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 Mid-C pinholes

The leakage and saturation currents for different pinhole scenarios are plotted in Figure
5.14. Every group indicates a specific pinhole size in nanometer scale, and each bar in a
group shows the location of the defect on the rectangular fin. The top pinhole has the
highest leakage current at the maximum pinhole size. As for the sidewall pinholes, the
leakage increases with the pinhole location moving from the upper sidewall to the lower
side since the gate control over the channel is reduced. The defect-free transistor has a
leakage current of 72.31 pA, that is almost zero on the scale of the plot. The saturation
currents are compared with the defect-free case in Figure 5.14 (b). The solid line at
157.9 uA indicates the saturation current of the defect-free rectangular fin. As previously
mentioned, the sidewall pinhole size and location do not affect the saturation current
considerably, while for the top pinhole, the current is reduced significantly as the pinhole
size increases.
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Figure 5.14 (a) Leakage, (b) Saturation currents of the rectangular fin FinFET with different scenarios
of sidewall pinholes comparing to the top pinhole

To investigate the impact of pinhole along the channel length, the defect is applied close
to the source and close to the drain at the top of the fin, as shown in Figure 4.4 (f) and (g).
It is observed that in these cases, the saturation current does not change considerably with
the location of the defect especially at small pinhole sizes. However, the leakage current
increases dramatically as the pinhole moves closer to the source, due to its strong impact
on electron current density in that area. Figure 5.15 shows the results for 4 nm × 4 nm,
and 2 nm × 2 nm pinholes along the fin length. It shows that for 4 nm × 4 nm pinhole, as
the pinhole moves closer to the source (Top-S), the leakage current almost doubles with
respect to the top center case. It should be noted that for 8 nm × 8 nm pinhole, which is
not plotted in Figure 5.15, the leakage current increases to 7.25 uA.
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Figure 5.15 (a) Leakage, (b) Saturation currents of rectangular fin FinFET with top pinholes close to
the source (Top-S), at the fin center (Top-C), and close to the drain (Top-D)

5.4

GOS Impact on Trapezoidal Fins
GOS defects are introduced in the trapezoidal fins in the same manner as those in

the rectangular fins. The fin thickness at the top is selected to be 10 nm. From simulations,
it has been noticed that the trapezoidal fin shaped transistor with top pinhole manifests
similar behavior as that of a rectangular geometry. However, in the case of sidewall
pinholes due to different surface crystal orientation of the sidewalls, the transistor behavior
differs from what has been presented in Figure 5.13. Figure 5.16 shows the effect of the
size and location of the side pinhole on Id Vd curves at maximum gate voltage. As the
pinhole moves towards the fin top, the saturation current decreases since it flows mainly
below the fin top surface, and as the defect occurs closer to that region the injected holes
weaken the channel.
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Figure 5.16 𝐈𝐝 𝐕𝐝 curves of FinFETs with (a) 𝟒 𝐧𝐦 × 𝟒 𝐧𝐦, (b) 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 sidewall pinholes

The leakage and saturation currents of different scenarios are plotted in Figure 5.17. It
should be noted that 8 nm × 8 nm pinhole on the fin top, with the top width of 10 nm, is
not a practical scenario, hence ignored. The results show that lower side pinhole has larger
leakage current than other sidewall locations due to weak control of the gate over the
channel at the fin bottom. The 2 nm × 2 nm pinhole saturation current is almost the same
at all locations, same as in the rectangular geometry. While, for other sizes the saturation
current decreases as the pinhole becomes larger or moves toward the fin top since electron
and hole mobilities weaken with these changes. The defect-free leakage current is
19.14 pA, almost zero at the plot scale, while the saturation current is 144.6 uA, shown by
the solid line on Figure 5.17 (b).
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Figure 5.17 15 (a) Leakage, (b) Saturation currents of trapezoidal fin FinFET showing the impact of
pinhole size and location

Moving the pinhole along the channel length of the trapezoidal fin affects the saturation
and leakage currents in a similar manner as in the rectangular fin, though with smaller
magnitude. The simulation results plotted in Figure 5.18 show that pinholes close to source
(Top-S) increase the leakage current significantly.

Figure 5.18 Leakage, (b) Saturation currents of trapezoidal fin FinFET with pinholes close to the
source (Top-S), at the fin center (Top-C), and close to the drain (Top-D)
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5.5

Hydrodynamic vs. Drift-Diffusion Transport Models
The defect-free FinFET template provided by Synopsys is based on the drift-

diffusion model with adjusted velocity saturation. To compare it with hydrodynamic
model, the transistor characteristics are simulated with both carrier transport models at
saturation bias. The Id Vg characteristics of the defect-free triangular FinFET are plotted in
logarithmic scale in Figure 5.19 (a).

Figure 5.19 𝐈𝐝 𝐕𝐠 curves of the (a) defect-free, (b) defective FinFET with 𝟒 𝐧𝐦 × 𝟒 𝐧𝐦 pinhole with
different carrier transport models

A specific defect scenario, for example 4 nm × 4 nm pinhole on the middle sidewall of
the triangular fin, is also simulated with both models. The simulations show both models
result in similar FinFET behavior, though with different magnitude of currents. The
platform specification used for these simulations are listed in Table 5.3.
Table 5.3 Simulation Platform Specification
CPU
Number of Cores
Memory
Operating System

Intel® Xeon® E5-2687W @ 3.1 GHz
32
252.4 Gigabytes
Linux CentOS release 6.10
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The Process simulation CPU time ranges from 45 minutes to 2 hours, which mostly consists
of the structure and mesh generation time and the dopant diffusion simulation time. The
Device simulation time varies in a wider range due to the complexity of the physical
models, the mesh spacing, and the convergence behavior of the system of equations to be
solved at each mesh point. The Device simulation times for the above-mentioned scenarios
are provided in Table 5.4 for further comparison.
Table 5.4 Total CPU time of Device simulations with different carrier transport models

Model
HD
DD

Total CPU time (𝐡𝐡: 𝐦𝐦)
Defect-Free
Defective
49: 35
64: 32
6: 29
9: 12

Although HD model considers the impact of lattice and temperature variations in the
Device simulations, which might be more accurate for GOS-impacted transistors, it suffers
from degraded convergence and longer simulation times. Therefore, the DD model is used
in all the subsequent device simulations and GOS defect model development.

5.6

GOS Impact on Triangular Fins
In triangular FinFET, the pinhole injection scenarios are extended to the fin

sidewall closer to source and drain areas in addition to the previous locations, as shown in
Figure 4.5. Moreover, the transient behavior of FinFET in the presence of GOS defect is
investigated in this section.
First, a 2 nm × 2 nm pinhole is introduced on the fin top. Figure 5.20 shows the absolute
value of the electron leakage current density at the fin center. The leakage current in the
defect-free FinFET flows in the fin depth due to the reduced control of the gate on that
region, as shown in Figure 5.20 (a). However, applying a 2 nm × 2 nm pinhole on the fin
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top increases the leakage by three orders of magnitude with its maximum density occurring
below the fin top surface, as observed in Figure 5.20 (b). At saturation bias, the depletion
regions of the top and sidewall gates merge into each other and result in volume inversion
effect [77], as observed in Figure 5.20 (c). When a 2 nm × 2 nm pinhole is placed at the
fin top, the holes are flowing directly to the channel, changing the electron density and
mobility in a manner that increases the saturation current. Figure 5.20 (d) shows 3 times
increase in the electron current density in the presence of the defect.

Figure 5.20 Leakage current densities at the fin center of (a) defect-free, and (b) defective FinFETs,
saturation current densities at the fin center of (c) defect-free, and (d) defective transistors

The impact of top pinhole on DC characteristics is same as in the previous geometries but
with different current magnitudes. Figure 5.21 (a) shows the Id Vg curves at linear and
saturation bias in logarithmic scale. It is observed that at the maximum gate voltage, the
drain saturation current is doubled with respect to that of the defect-free transistor. This is
because, recalling Figure 5.8, the pinhole causes an increase in the electron density of the
channel, especially below the fin top and next to the sidewalls. The transistor leakage
current has increased more than three orders of magnitude in the presence of the defect.
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The Id Vd curves at gate voltages of 0.4 V, 0.6 V, and 0.8 V are plotted in Figure 5.21 (b).
At low drain voltages, the large number of holes injected into the fin top causes the
electrons to move from drain and source to the gate, which results in negative drain current.

Figure 5.21 (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐈𝐝 𝐕𝐝 curves of the FinFET with 𝟐 𝐧𝐦 × 𝟐 𝐧𝐦 Top-C pinhole vs. defect-free

In the next step, the impact of pinhole on the fin sidewall is investigated considering the
defect scenarios in Figure 4.5 with defect size changing from 2 nm × 2 nm to
8 nm × 8 nm. First, a pinhole on the midside center of the sidewall is simulated, Mid-C
in Figure 4.5 (e). The DC characteristic curves plotted in Figure 5.22 show that the pinhole
doubles the saturation current, though for larger pinhole sizes the amount of increase is
slightly lower. Comparing Figure 5.22 (a) with (b) shows that increasing the pinhole size
significantly increases the magnitude of negative drain current at low drain bias, since large
number of holes are injected to the channel causing more electrons to move from drain and
source to the gate. It has also been observed that the magnitude of the negative drain current
is exponentially related to the gate voltage.
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Figure 5.22 𝐈𝐝 𝐕𝐝 curves of FinFETs with (a) 𝟐 𝐧𝐦 × 𝟐 𝐧𝐦, (b) 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 Mid-C pinholes

Figure 5.23 shows the effect of the location of the sidewall pinhole on Id Vd curves at
maximum gate voltage. At high drain voltage, as the pinhole moves toward the upper
sidewall, Figure 5.23 (a), the saturation current decreases as it flows mainly below the fin
top surface. The defect closer to that region weakens the channel due to the injected holes.
In Figure 5.23 (b), the drain current variations when the pinhole moves closer to source
and closer to drain are plotted for a pinhole on the middle sidewall. It is observed that at
low drain bias, moving the pinhole close to source, drives more electrons from the drain
and results in larger negative drain current.
The impacts of pinhole size and location on the leakage and saturation currents are obtained
and plotted in Figure 5.24. The defect-free transistor has a leakage current of 3.83 pA,
which is almost zero on the scale of the plot. The 8 nm × 8 nm upside pinhole has the
highest leakage current since the maximum current density flows below the fin top surface.
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It should be noted that 2 nm × 2 nm pinhole is the only practical defect scenario for the
fin top shown in blue bars.

Figure 5.23 𝐈𝐝 𝐕𝐝 curves of FinFETs with (a) 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 sidewall center pinhole (a) moving along
the fin height, (b) moving along the fin length

The saturation currents are compared with the defect-free case in Figure 5.24 (b). The
2 nm × 2 nm pinhole saturation current is almost the same at all locations. While, for
other sizes the saturation current decreases as the pinhole becomes larger or moves toward
the fin top, since electron and hole mobilities weaken with these changes. The line at 45 μA
indicates the saturation current of the defect-free transistor.
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Figure 5.24 (a) Leakage, (b) Saturation currents of triangular fin with pinholes on the center of fin top
and sidewall locations

Figure 5.25 shows the impact of the defect on the leakage and saturation currents when an
8 nm × 8 nm pinhole is applied close to the source and close to the drain on the fin
sidewall. The groups indicate the location of the pinhole along the channel length, while
the bars in each group show the vertical position of the pinhole on the fin sidewall. As
previously observed in Figure 5.23 (b), close to source defects result in higher leakage
currents among which the upside close to source has the highest leakage current, Figure
5.25 (a). In all GOS-impacted transistors, the leakage current flows below the fin top
surface. Therefore, an 8 nm × 8 nm pinhole on the upper sidewall closer to source
enhances the electron current density that flows to the drain. At saturation bias, the drain
currents for the center and close to source cases are almost similar in values, Figure 5.25
(b). However, under the strong electric field near the drain region, a pinhole close to drain
results in lower drain current than other scenarios.
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Figure 5.25 (a) Leakage, (b) Saturation currents of triangular fin with different defect scenarios close
to source/drain

Other important characteristic curves that show the impact of the defect on the device
behavior are the Ig Vg curves, which demonstrate the gate current variations with the gate
voltage. To study the impact of pinhole location along the fin length, an 8 nm × 8 nm
pinhole is placed at the middle sidewall of the fin, closer to the source and closer to the
drain. These scenarios are simulated at two bias conditions.
Figure 5.26 shows the Id Vg and Ig Vg curves at linear bias. Although the Id Vg curves at
logarithmic scale such as Figure 5.21 (b) show the leakage, the curves are plotted in linear
scale to clearly show the negative drain current, Figure 5.26 (a). A pinhole closer to the
source results in the highest current density of electrons flowing from the drain, creating a
larger negative drain current similar to Figure 5.23 (b). The gate leakage current
exponentially increases with the gate voltage, as shown in Figure 5.26 (b). At low drain
bias, the gate leakage current in close to source pinhole scenario is almost equal that in
close to drain pinhole, since the source and drain voltages are almost equal.
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Figure 5.26 (a) 𝐈𝐝 𝐕𝐠 curves, (b) 𝐈𝐠 𝐕𝐠 curves of FinFETs with 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 middle sidewall pinhole,
moving close to drain and source at linear bias

The Id Vg and Ig Vg characteristic curves are also plotted in Figure 5.27 for saturation bias.
Figure 5.27 (a) shows that the drain current for close to drain pinhole is lower than the
other scenarios. This is because the large number of holes injected into the region under
high electric field weakens the channel. The gate leakage current plotted in Figure 5.27 (b)
confirms that close to drain pinhole results in the largest flow of holes to the channel.
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Figure 5.27 (a) 𝐈𝐝 𝐕𝐠 curves, (b) 𝐈𝐠 𝐕𝐠 curves of FinFETs with 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 middle sidewall pinhole,
moving close to drain and source at saturation bias

The Id Vg and Ig Vg characteristic curves are used in developing GOS defect models in
Section 5.8.
The impact of 2 nm × 2 nm pinhole, introduced to the fin top and sidewall, on the FinFET
gate capacitances at saturation bias are shown in Figure 5.28. There is a maximum of 4 fF
increase in Cgd due to the defect. The pinhole changes the electron density of the channel
and volume inversion occurs at lower gate-source voltages, as shown in the Cgs graph. This
effect results in the reduction of threshold voltage, which is also observed in the Id Vg graph,
for example in Figure 5.27 (a), where the defective transistors turn on at lower gate
voltages. The location of 2 nm × 2 nm pinhole does not affect the gate capacitances.
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Figure 5.28 (a) The impact of 𝟐 𝐧𝐦 × 𝟐 𝐧𝐦 pinhole on (a) 𝐂𝐠𝐝 , (b) 𝐂𝐠𝐬 capacitances

The gate capacitances of defective transistors with 4 nm × 4 nm pinholes on various
locations of the fin sidewall are plotted in Figure 5.29. As the pinhole size increases, the
excessive holes injected to the channel reduce the gate-source capacitance at maximum
gate voltage compared to the smaller pinhole cases. While the gate-drain capacitance does
not have considerable change compared to the that in 2 nm × 2 nm pinhole scenarios
since the charge variations does not affect the pinch-off region close to drain.
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Figure 5.29 The impact of 𝟒 𝐧𝐦 × 𝟒 𝐧𝐦 pinhole on (a) 𝐂𝐠𝐝 , (b) 𝐂𝐠𝐬 capacitances

The close to drain pinhole cause the largest degradation in Cgs , in the above figure, at
maximum gate voltage compared to other sidewall locations. This reduction is exacerbated
in 8 nm × 8 nm pinholes as shown in Figure 5.30 (b). This may be due to the excessive
gate leakage current in Mid-D scenario that is depicted in Figure 5.27 (b).

Figure 5.30 The impact of 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 pinhole on (a) 𝐂𝐠𝐝 , (b) 𝐂𝐠𝐬 capacitances
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5.7

GOS Impact on Double-fin FinFET
Before constructing the GOS defect model for single-fin FinFETs, it is important

to investigate the impact of defect on a double-fin structure. The 8 nm × 8 nm pinhole is
simulated on the inner sidewall of the double-fin transistor shown in Figure 4.3. The Id Vg
and Id Vd curves of the single-fin and double-fin defective transistors are compared at
different bias conditions in Figure 5.31.
The saturation current of the double-fin transistor in presence of GOS defect is almost twice
the single-fin FinFET. Considering the defect-free characteristics in Figure 5.5, the impact
of defect on the saturation currents are summarized in Table 5.5.
Table 5.5 Saturation current in double-fin vs single-fin FinFET

Def. Free
Mid-C8x8

𝐈𝐨𝐧 (𝛍𝐀)
Single-fin Double-fin
45.11
76.57
85.39
161.79

Figure 5.31 (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐈𝐝 𝐕𝐝 curves of double-fin FinFET with 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 sidewall pinhole

The results show that the GOS impact on the saturation current is not weakened as the
number of fins is doubled and the proposed defect modeling methodology is extendable to
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double-fin transistors. However, in multi-fin FinFETs with large number of fins, the
percentage of current variation due to the defect will likely decrease. Further investigation
of the GOS impact on double-fin and multi-fin transistors is considered as future work.

5.8

GOS Defect Model
GOS defect is one of the defects that is complex to analyze and model. Therefore,

constructing an accurate compact model is crucial in fault modeling and testing
applications. Figure 5.32 shows a flow diagram of extracting GOS defect models for each
defect size and location by performing DC simulations in TCAD environment. A similar
procedure is used to extract the model capacitances by performing AC simulations.

Figure 5.32 GOS Defect model extraction flow diagram
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The differences between the DC behaviors of the defective and defect-free FinFETs are
extracted, as presented in Equation 5.1,
∆Ig = Ig,def − Ig

(5.1a)

∆Id = Id,def − Id .

(5.1b)

The procedure is shown for a specific defect scenario; however, it is extended to other
defect sizes and locations. Considering an 8 nm × 8 nm pinhole on the fin middle
sidewall, the difference in currents, ∆Ig and ∆Id , are obtained at different bias voltages,
some of which are plotted in Figure 5.33 (a) and (b) respectively.

Figure 5.33 (a) The difference in (a) gate currents, (b) drain currents of a FinFET with 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦
Mid-C pinhole and the defect-free FinFET at various bias voltages

The difference currents are nonlinear functions of the gate voltage and can be modeled by
nonlinear voltage-dependent current sources. However, adding two current sources to the
defect-free transistor does not reflect the impact of variations on the drain current as it
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happens in the defective device. Therefore, the proposed model consists of three nonlinear
current sources depicted as functions f1 to f3 in Figure 5.34.

Figure 5.34 Preliminary GOS compact model

The difference currents are obtained from Equation 5.2,
∆Ig = Igs − Igd

(5.2a)

∆Id = Ids + Igd .

(5.2b)

The current sources are modeled by analytical functions [60] represented by a family of
polynomials with appropriate order in Equations 5.3 to 5.5,
2
Igs = a2 Vgs
+ a1 Vgs + a0

(5.3)

4
3
2
Ids = b4 Vgs
+ b3 Vgs
+ b2 Vgs
+ b1 Vgs + b0

(5.4)

3
2
Igd = c3 Vgd
+ c2 Vgd
+ c1 Vgd + c0 ,

(5.5)

to satisfy Equation 5.2. Although in planar MOSFET the maximum order of these
polynomials is 3, realizing the defective FinFET currents require higher orders as stated in
Equations 5.4 and 5.5. Since the nonlinear voltage-dependent current source is not
available as a built-in model in Sentaurus Device, an interface is provided for user-defined
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compact models that are implemented in C++ and linked to the tool. The user-defined
model is represented by time-domain equations based on the definitions in [78]. Sentaurus
Device solves the system of equations in the form presented in Equation 5.6,
d
dt

q(t, z(t)) + f(t, z(t)) = 0

(5.6)

where z is the vector of electrode voltages (u1, u2, ..), thermal variables, and internal
variables (i1, i2, . . ); q is the vector consisting of the coefficients of derivative components
so called transient right-hand side; and f is the vector of non-derivative coefficients also
called DC right-hand side.
Based on the above definitions, the nonlinear current source model is built and linked to
the device simulations of the proposed GOS compact model in Figure 5.34. The DC
characteristic curves of the compact model are obtained and compared to the defective
device at two of the bias voltages as shown in Figure 5.35.

Figure 5.35 (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐈𝐠 𝐕𝐠 curves of the compact model vs. defective transistor at linear and
saturation bias
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Considering the drain and gate currents of the defective transistor with 8 nm × 8 nm midC pinhole as a reference, the errors of the compact model currents are calculated at the
mentioned bias conditions as presented in Table 5.6.
Table 5.6 Error of the compact model currents

𝛍
𝛔

𝐕𝐃 = 𝟎. 𝟎𝟓 𝐕
𝐈𝐃
𝐈𝐆
−2.1e − 7 −6.4e − 7
7.2e − 7
2.5e − 6

𝐕𝐃 = 𝟎. 𝟖 𝐕
𝐈𝐃
𝐈𝐆
−2.2e − 7 −9.5e − 8
1.4e − 6
4.1e − 7

Increasing the order of polynomials in Equations 5.3 to 5.5 would reduce the error, though
with computational overhead. This procedure is repeated for all bias conditions with the
step of 0.05 V as shown in Figure 5.33; however, smaller steps could be applied as required
by the precision of the model.
In order to enhance the transient behavior of the GOS compact model, the gate capacitances
of the defect-free and defective FinFETs are extracted at different bias conditions shown
in Figure 5.36.

Figure 5.36 𝐂𝐕 characteristics of the defective and defect-free FinFETs at (a) linear, (b) saturation bias
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The capacitance differences at various bias voltages are obtained, some of them plotted in
Figure 5.37. The voltage steps could be increased as required by the precision of the model.

Figure 5.37 The difference in the (a) gate-source capacitances, (b) gate-drain capacitances of a FinFET
with 𝟖 𝐧𝐦 × 𝟖 𝐧𝐦 Mid-C pinhole and the defect-free FinFET at various bias voltages

We have modeled the impact of GOS defect on FinFET dynamic behavior by incorporating
nonlinear capacitors, Cgs and Cgd , represented by functions f4 and f5 in our proposed
compact model, as shown in Figure 5.38.

Figure 5.38 The proposed GOS compact model for FinFET
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The procedure is repeated for other pinhole sizes and locations in NFinFET at all steps of
bias voltages to construct accurate defect models for each scenario. The impact of GOS
defect on PFinFET is also investigated by simulating different pinhole scenarios on the
triangular fin shape transistor. The defect models are used in circuit-level simulations to
obtain appropriate fault models at a higher level of abstraction.

5.9

HSPICE Model Parameter Extraction
To perform circuit level simulations, HSPICE model parameters for n- and p-type

FinFETs are required. These parameters are extracted from TCAD simulation results of the
triangular FinFET template. The DC characteristic curves of FinFET and the transient
behavior of a defect-free inverter are compared with corresponding TCAD results to
evaluate their accuracy.

5.9.1

HSPICE Model Parameters
The HSPICE model parameters are extracted based on the local extraction

procedure presented in Table 4.2. The initialization process includes setting the model
control and process parameters such as HFIN, TFIN, NBODY, L, PHIG which are the fin
height, fin width, channel doping concentration, channel length, and the gate work-function
respectively. According to the Synopsys FinFET-14nm template in Sentaurus process
simulations, these parameters are set to HFIN = 35 nm , TFIN = 15 nm, NBODY =
2 × 1018 ⁄cm3 . The gate work function is set to the value used in TCAD simulations,
PHIG = 4.623 eV. According to [69], Matlab scripts are used to calculate the required
initial values. Since some of the parameters to be extracted are length-dependent, the
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channel length L, is set to different values of 140 nm, 100 nm, 80 nm, 60 nm, 40 nm, and
25 nm. ∆L is the overlap/underlap between the gate and the source/drain diffusions, and in
long channel devices it is equal to LINT. To estimate the initial values of LINT and S/D
series resistance (RDSW), the

Vd (~0.05V)
Id (Vg ,L)

is plotted in Figure 5.39. It should be noted that

Vov = Vgs − Vth is the gate overdrive voltage.

Figure 5.39 Output resistance at 𝐕𝐝 = 𝟎. 𝟎𝟓 𝐕 and different overdrive voltages

The markers show the output resistance of transistors at different gate overdrive voltages
simulated in TCAD environment. The intersection of the fitting lines provides the ∆L,
R series [69], that can be used to initialize the mentioned parameters as LINT =

∆L
2

≈

−5nm, and RDSW which is equal to R series ≈ 100Ω. All the other parameters are set to
their default values during the extraction procedure, while at each step some of them are
refined accordingly.
To extract the parameters related to Vth roll-off, the constant-current method is used in
subthreshold region [69]. The threshold voltage roll-off depends on short-channel effects,
DIBL, reverse SCE, and temperature [69]. Assuming the nominal temperature to avoid
further complications, at low drain bias the parameters related to short-channel effects are
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extracted by curve-fitting using the TCAD data. The threshold voltage roll-off based on
the extracted parameters is compared with TCAD results in Figure 5.40 (a). A similar
procedure is applied to extract the estimated parameters related to DIBL from the saturation
region data. Figure 5.40 (b) shows the threshold voltage roll-off due to DIBL effect.

Figure 5.40 Threshold voltage roll-off due to (a) SCE, (b) DIBL effects

The capacitance optimization is performed using Cgg Vgs curve at linear bias. First, a long
channel device capacitance is considered to obtain an estimate of the mentioned parameters
in Step 2 of Table 4.2, then the parameters are refined for the short channel device.
Recalling from section 4.1.1, the FinFET template has a 2-layer gate dielectric of SiO2 and
HfO2 with a total thickness of 2.3 nm. While in the extraction procedure, the dielectric
constant of SiO2 is used and the oxide thickness parameters might not represent the physical
respective values. The related parameters are EOT, effective oxide thickness, and TOXP,
physical oxide thickness, that control the height of the rising edge in the CV characteristics.
The quantum mechanical related parameters are also refined for the short channel device.
The optimized capacitance graph from HSPICE simulation at low drain bias is plotted in
Figure 5.41. The red curve is the HSPICE result and the blue one is from TCAD simulations
as the reference.
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Figure 5.41 Optimized 𝐂𝐠𝐠 𝐕𝐠𝐬 characteristics at 𝐕𝐝 = 𝟎. 𝟎𝟓 𝐕

In Step 3 of Table 4.2, the parameters related to the subthreshold slope at low drain bias
are optimized using the Id Vg graphs with logarithmic scale. The initial values of SCErelated parameters are refined as well as those related to the subthreshold leakage and
subthreshold slope, S. The optimized Id Vg curve from HSPICE is plotted in red in Figure
5.42, while the respective curve from TCAD simulation is shown in blue.

Figure 5.42 Optimized (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐆𝐦 𝐕𝐠 graphs at 𝐕𝐝 = 𝟎. 𝟎𝟓 𝐕

In Step 4 of Table 4.2, the parameters related to DIBL effect, and velocity saturation at
Vd = 0.8 V are refined. The related parameters are extracted from the simultaneous
observation of the Id Vg and Gm Vg graphs through the refinement process.
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On the Id Vg graph at saturation bias and logarithmic scale, the gate induced drain leakage
GIDL-related parameters are extracted by appropriate curve-fitting starting from their
default values. The DIBL-related parameters and those affecting the subthreshold slope at
high Vds are extracted as well. The optimized Id Vg graph in logarithmic scale is plotted at
saturation bias in Figure 5.43 (a). The initial estimates of the parameters related to velocity
saturation are obtained from the Id Vg and Gm Vg graphs and later refined from the Id Vd
characteristics. The optimized graphs at Vd = 0.8 V are plotted on Figure 5.43 (b).

Figure 5.43 Optimized (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐆𝐦 𝐕𝐠 graphs at 𝐕𝐝 = 𝟎. 𝟖 𝐕

In Step 5 of Table 4.2, the Id Vd curves and the output conductance curves at different Vgs
voltages are used to extract the related parameters. Iterations between this step and the
previous one results in optimized results. Therefore, the impact of each parameter variation
on the characteristics should be observed simultaneously. The parameters that affect the
channel length modulation and the slope of the output characteristics are extracted at this
step. The variations in these parameters might also affect the Gm Vg and Id Vg curves and
should be considered in the refinements. Figure 5.44 shows the optimized output
characteristic curves at three different gate voltages.
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Figure 5.44 Optimized (a) 𝐈𝐝 𝐕𝐝 , (b) 𝐆𝐝𝐬 𝐕𝐝 graphs at 𝐕𝐠𝐬 = 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖 𝐕

Finally, in Step 6 of Table 4.2 the gate capacitance at saturation bias is used for extracting
the related parameters that affect Cgg value and the graph curvature at high Vgs . The
optimized capacitance at saturation bias is plotted in Figure 5.45. The HSPICE result at
maximum Vgs has 0.01 fF difference with the TCAD, that might be related to the
parameters related to quantum mechanical effects, since the thickness of the charge
centroid in the FinFET affects the effective gate capacitance.

Figure 5.45 Optimized 𝐂𝐠𝐠 𝐕𝐠𝐬 characteristics at 𝐕𝐝 = 𝟎. 𝟖 𝐕

A similar procedure is applied to extract the PFinFET model parameters and the optimized
characteristic curves are presented in Appendix A .
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5.9.2

Model Verification
To investigate the DC and transient behavior of the extracted model, a defect-free

inverter is simulated in both TCAD and HSPICE environments. The load capacitance is
3 fF and the input pulse has a rise/fall time of 10 ps and duration of 150 ps. Figure 5.46
shows the VTCs and the transient responses from TCAD and HSPICE simulations.

Figure 5.46 (a) VTC, (b) Transient response of the defect-free inverter from TCAD and HSPICE

From the VTC characteristics, the inverter threshold voltage, VM , at which the logic
transition occurs is obtained as shown in Table 5.7. The threshold voltage from HSPICE
simulation slightly deviates from the TCAD results with an error of −2.5%.
Table 5.7 The inverter threshold voltage for logic transition

TCAD
HSPICE
Error

𝐕𝐌 (𝐕)
0.437
0.426
−2.5%

The transient simulation results show that this error has no impact on the inverter dynamic
behavior. Therefore, the extracted model parameters can appropriately model the FinFET
in further circuit level simulations.
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At the next step, the GOS defect models are applied to the transistors in a standard circuit
structure such as AOI to investigate the circuit behavior in presence of defect and develop
appropriate fault models.

5.10 Summary
This chapter presents the TCAD Sentaurus simulation results for different fin
geometries. It covers the impact of various pinhole scenarios on the DC and dynamic
behavior of FinFET by obtaining the IV and CV characteristics of the transistor in presence
of GOS defect. The results are compared with corresponding characteristics of defect-free
transistor to extract the differences in currents and capacitances and develop accurate
defect models. Also, the HSPICE model parameters of the FinFET template are extracted.
In the next chapter, the GOS compact models are applied on selected transistors in standard
circuit structures including Inverter, AOI, and MUX. The results are used to obtain
appropriate fault models that represent the impact of defect on circuit behavior and to
identify input patterns that can detect the GOS defect.
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Chapter 6: Circuit Level Simulation and Fault Modeling
In this chapter, circuit-level simulations are performed with the aid of extracted
HSPICE model parameters for triangular-fin FinFET and the developed defect models for
various pinhole scenarios. First, the simulation strategy is discussed. Next, the GOS defect
models are incorporated to selected transistors in complex gates such as AOI and 3:1 MUX,
that have stack of transistors and multiple stage structure, respectively. The circuit behavior
in the presence of GOS defects based on our models is studied and compared with the
behavior of the same defective circuit using CAT models.

6.1

Simulation Strategy
Among the six defect types considered in the CAT methodology, only the Bridge

and Tleak may represent the GOS. With Tleak, any transistor defect that will switch a
transistor partially on is modeled as a resistor in parallel with source and drain. A logic
input 0 to the defective transistor will not turn off the drain-source path completely and this
is in contrast to the GOS behavior. Therefore, it is not included in this chapter. However,
the simulation results are available in Appendix B .
The Bridge defect may occur between Gate-Drain (GD) or Gate-Source (GS) which is
modeled by various resistor values inserted between these terminals. This scenario is
thoroughly investigated in the subsequent sections and are compared to our GOS model.
The following GOS defect scenarios are used in the circuit simulations; however, the
methodology is applicable to the other pinhole size and locations.
•

2 nm × 2 nm pinhole at the fin Top-C, Top-S, Top-D, Mid-C, Mid-S

•

4 nm × 4 nm pinhole at the fin Up-C, Mid-C, Mid-S, Mid-D, Low-C
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•

8 nm × 8 nm pinhole at the fin Up-C, Mid-C, Mid-S, Mid-D, Low-C

The flow diagram in Figure 6.1 shows the important steps in generating the FinFET fault
models. For each GOS defect scenario, the defect model is defined as a Verilog-A module.
The modules are added to the HSPICE netlist for the specific transistor in the pull-down or
pull-up network of the CUT in the experimental setup presented in Section 4.3.

Figure 6.1 FinFET fault model generation flow diagram

The DC and transient analysis are performed on the CUT and the results are used in tool
command language (TCL) scripts to extract the required characteristics. The transient
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simulations are repeated for up to five unit loads. Although larger load capacitance
increases the propagation delays, the percentage of delay variations due to GOS defect are
almost the same; hence the results for 3 unit loads are only presented. In fault classification
step, if the extracted characteristics deviate from those of the defect-free circuit by more
than the specified thresholds, the defect is considered as detectable. The results are
compared to the CAT approach to demonstrate the effectiveness of the modeling technique
proposed in this thesis.

6.2

Inverter
An inverter with single-fin transistors, shown in Figure 6.2, is considered as the

CUT. The defect models of the mentioned pinhole scenarios are applied to the circuit
simulations.

Figure 6.2 Inverter circuit diagram

According to Figure 5.24 and Figure 5.25, the GOS defect in transistor M1, increases the
saturation current between 55% to 140% depending on the pinhole size and location.
Transistor M1 turns on at lower input voltage, and there is a shift to left in the VTC. Figure
6.3 compares the VTC of the defect-free inverter with that of 4 nm × 4 nm Up-C scenario
as example.
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Figure 6.3 VTC of the (a) defect-free (b) defective inverter with Up-C4x4 pinhole

The DC characteristics of the defect-free inverter are summarized in Table 6.1.
Table 6.1 DC characteristic of the defect-free inverter
Scenario
Def. Free

Idq-L (A)
21.06 p

Idq-H (A)
21.06 p

NM-L (V)
0.385

NM-H (V)
0.330

All pinhole scenarios cause significant reduction in the low noise margin due to the shift
left in the VTC, as listed in Table 6.2.
Table 6.2 Noise margins of CUT with different defect scenarios in transistor M1
Scenario
Low-C4x4
Mid-S8x8
Mid-D4x4
Mid-C8x8
Mid-C2x2
Up-C4x4
Top-D2x2
Top-C2x2
Mid-C4x4
Top-S2x2
Mid-S2x2
Low-C8x8
Mid-D8x8
Up-C8x8
Mid-S4x4

NM-L (V)
-54.69
-54.79
-54.82
-54.85
-54.90
-54.90
-55.21
-55.21
-55.31
-55.39
-55.39
-55.60
-58.61
-60.54
-61.60

NM-H (V)
44.37
42.03
42.91
41.88
44.55
42.88
44.34
44.16
44.64
43.28
43.16
45.25
38.79
41.31
42.64

121

The GD short and GS short impact on the DC behavior of the inverter is different from the
GOS defects. Considering hard defect resistance values, the GD short results in the output
stuck-at input fault. For resistance values that represent soft defect, both noise margins are
reduced. The GS short in transistor M1 may result in the input stuck-at 0 fault or reduced
voltage swing at the CUT input.
The steady-state currents of the driver and CUT at both output states are listed in Table 6.3.
When a high input is applied to the defective transistor, the pinhole provides a direct current
path to the channel and IdqL is increased by 6 orders of magnitude. The supply current at
high output state also raises by 3 orders of magnitude in the presence of pinholes. The GD
or GS short models cannot cause the same current variations as the GOS defect due to their
linear impact.
Table 6.3 DC characteristics of CUT with different defect scenarios in transistor M1
Scenario
Def. Free
Top-D2x2
Top-S2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Idq-L (A)
21.06 p
11.07 u
11.09 u
14.54 u
16.53 u
21.21 u
27.32 u
33.02 u
36.90 u
37.34 u
39.35 u
40.22 u
45.96 u
47.20 u
47.75 u
50.12 u

Idq-H (A)
21.06 p
13.17 n
15.24 n
13.35 n
13.06 n
17.09 n
13.27 n
13.04 n
14.00 n
44.15 n
12.57 n
13.35 n
13.71 n
779.0 n
16.93 n
11.25 n

The transient analysis of the inverter is performed by applying a piecewise linear pulse
with the rise/fall time of 1 ps to the driver input and finding the delay at the CUT output.
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Since the effective drive current provides an estimate of propagation delay, Ieff of the
transistor with all defect scenarios are extracted, as shown in Figure 6.4.

Figure 6.4 Effective current of transistor M1

The 2 nm × 2 nm pinholes cause the largest increase in the drive current and hence, more
reduction in the falling delay of the inverter is expected, Figure 6.5. As the pinhole size
becomes larger, the increase in Ieff becomes smaller.

Figure 6.5 Percentage of falling delay variations for different pinholes in transistor M1

123

When input A is high, GS short with resistance smaller than 9 kΩ keep transistor M1 off
and the output is stuck-at 1. For resistance values larger than 11.4 kΩ, the falling delay
increases. The GD short results in the output stuck-at input fault for resistance values
smaller than 8 kΩ. With resistance values larger than 12 kΩ, the defect does not result in
logical faults and causes the falling propagation delay to increase. The results show that
GS or GD short cannot model the GOS defect.
In order to reduce clutter in the figures and tables due to the large number of pinhole
scenarios and input patterns in complex logic gates, only important ones are included in
the following sections.

6.3

AND-OR-Inverter (AOI)
A transistor level representation of the 4-input AOI is shown in Figure 6.6. Since

the circuit has symmetric structure, it is sufficient to investigate the impact of defect in
Branch 1 of the pull-down network, transistors M1 and M2. Similarly, in the pull-up
network, the GOS defect is introduced to transistors M5 and M7.
The input patterns that can detect these defects are obtained using the D Algorithm [79].
Although this algorithm is usually used to detect stuck-at faults at the gate level, the concept
is applicable to the transistor-level representation of the AOI with GD and GS short defects.
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Figure 6.6 4-input AOI circuit

Considering a GD short in transistor M1, the input combinations that activate the faulty
behavior should generate a logic 1 at input A. The other inputs should be set in a manner
that makes the output zero in the defect-free circuit. There are two possible discharge paths
in the pull-down network, therefore, the input patterns should either activate Branch 1, 2
or both. These input combinations are presented in Table 6.4.
Table 6.4 The input patterns that detect GD short defect in M1
𝐀
1
1
1
1

𝐁
1
1
0
1

𝐂
0
×
1
1

𝐃
×
0
1
1

𝐙
0
0
0
0

The first two patterns can also detect GS short in transistor M1. Since they activate Branch
1 and keep the transistors in Branch 2 off, the defect impact propagates to the output.
Considering a GD short in transistor M2, the input combinations that activate the faulty
behavior should generate a logic 1 at input B. To propagate the defect impact to the output,
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transistor M1 should be on. Therefore, the first two rows of Table 6.4 detect GD short in
M2. A similar analysis shows that the same patterns can detect GS short in M2.

6.3.1

Defect in NMOS Transistor M1
To realize the first two rows in Table 6.4, both C and D inputs are considered as 0

and the input pulse is applied to the defective transistor while the other input is held at logic
1, and vice versa, as listed in Cases 1 and 2 of Table 6.5, respectively. In row 3 of the table,
the defective transistor is not on the signal path, as the input signal is applied to input C.
However, the defective transistor has a high input gate voltage, providing a leakage path
to the output; hence, considered as the case of discharge through Branch 2. The last row
corresponds to discharging the load capacitance through both branches.
Table 6.5 AOI input combinations applied for GOS in transistor M1
Case
1
2
3
4

Input Pattern
A: 0 → 1, B = 1, CD = 00
A = 1, B: 0 → 1, CD = 00
AB = 10, C: 0 → 1, D = 1
A = 1, BC: 00 → 11, D = 1

I. Case 1 (A:0->1, B=1, CD=00)
a) GOS Analysis
When the input signal is applied to the defective transistor M1, the GOS leakage
reduces the voltage swing of both the driver stage and AOI. The input pattern will cause
the AOI behave as an inverter, for which the voltage transfer characteristics is similar to
Figure 6.3. The defect reduces the voltage swing of both the driver and AOI. When the
driver output is high, which is less than 0.8 V, the AOI output voltage is nonzero due to the
GOS leakage current passing through the stacked transistors in this branch. All pinhole
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scenarios have the same impact on VTC same as in the inverter and reduce the low noise
margin from 55% to 60%.
All GOS defects in transistor M1 increase the supply current IdqH about 3 orders of
magnitude and IdqL about 6 orders of magnitude. The close to drain pinholes cause the
largest increase in the supply current.
The transient response of AOI considering 3 unit loads is plotted in Figure 6.7 (a). It is
observed that the GOS defect results in smaller falling propagation delay and reduced
output swing. The CUT output voltage at the low state increases as the defect size increases
or when it occurs closer to the source. Since the maximum acceptable voltage for logic 0
input for a FinFET inverter is 0.398 V, the CUT output cannot not be correctly recovered
by the load in 8 nm × 8 nm Mid-S scenario at this frequency of operation, as shown in
Figure 6.7 (b).

Figure 6.7 Transient response of (a) AOI, (b) load inverter, Case 1

The transition and propagation delays of the defect-free AOI are presented in Table 6.6 for
further reference.
Table 6.6 The transition and propagation delays of the defect-free AOI, Case 1
Scenario
Def. Free

PD-rise (ps)
17.32

PD-fall (ps)
23.53

T-rise (ps)
21.87

T-fall (ps)
36.64
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Except the 8 nm × 8 nm close to drain pinhole scenarios, the GOS results in the reduction
of falling propagation delay ranging from 7% to %37. The percentage of delay variations
are plotted in Figure 6.8. Recalling the impact of GOS defect on the transistor IV
characteristics, small pinhole results in almost doubling the saturation current comparing
to that of defect-free transistor. As the pinhole becomes larger, the amount of increase in
the drain current is smaller. Therefore, the percentage of PD-fall reduction of
8 nm × 8 nm Mid-C pinhole is less than 2 nm × 2 nm Mid-C scenario.

Figure 6.8 Percentage of falling delay variations for different pinholes in transistor M1, Case 1

Since the defect is applied in the pull-down network, the falling delays are considered for
fault classification. Also, the output low level voltage and hence the rising delays depend
on the input pulse width. Recalling the percentage of delay variations in Table 4.4, and
based on the above results, the delay fault categories are listed in Table 6.7.
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Table 6.7 Delay fault categories for transistor M1, Case 1
Scenario
Top-S2x2
Top-D2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Fault
PD_F1
PD_F1
PD_F1
PD_F1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_R2
PD_R2
PD_F2(+), PD_R2

b) Comparison with CAT-based Modeling
The defect models used in CAT methodology including GS and GD shorts are applied
to transistor M1 to examine whether these models reflect the impact of GOS defect on the
circuit DC and transient behavior. Figure 6.9 shows the circuit diagram of the AOI with
respective defect resistors.

Figure 6.9 AOI with (a) GS short, (b) GD short defect in transistor M1
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The GS short may result the output stuck-at 1, or limited output swing as shown in Figure
6.10 (a). It increases the supply current IdqL about 6 orders of magnitude, however, unlike
GOS has no impact on IdqH . The impact of GD short on the VTC is also different from
GOS scenarios. The defect may cause the output stuck-at input, or reduction in both noise
margins, Figure 6.10 (b). Unlike GOS, the GD short increases both IdqL and IdqH about 6
orders of magnitude. Due to the linear nature of GS and GD short defect models, they
cannot represent the GOS impact on the circuit DC current behavior.

Figure 6.10 VTC of defective AOI with (a) GS short, (b) GD short defect on transistor M1, Case 1

The transient responses of AOI and the load inverter considering GS short defect in
transistor M1 are plotted in Figure 6.11.

Figure 6.11 Transient Response of (a) AOI, (b) the load inverter with GS short on M1, Case 1
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When input A is high, resistance values smaller than 12 kΩ keep transistor M1 off and the
output is stuck-at 1. With resistors larger than 19.5 kΩ values (soft defect), the voltage at
the internal node X increases, which cause transistor M1 turn on at higher input voltages.
Therefore, the falling propagation delay increases significantly, and the output cannot reach
its full swing at the low level. The percentage of delay variations for a wide range of defect
values are shown in Figure 6.12.

Figure 6.12 Percentage of delay variations in AOI with GS short in transistor M1, Case 1

Next, the transient responses of AOI and the load inverter considering GD short defect in
transistor M1 are plotted in Figure 6.13.

Figure 6.13 Transient Response of (a) AOI, (b) the load inverter with GD short on M1, Case 1

Depending on the GD short resistance value, the output might be stuck-at input for
resistance values smaller than 9.5 kΩ. With resistance values larger than 23.5 kΩ, the
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defect does not result in logical faults and causes the falling propagation delay to increase.
The percentage of delay variations are plotted in Figure 6.14.

Figure 6.14 Percentage of delay variations in AOI with GD short in transistor M1, Case 1

According to the delay variation results, the GS and GD short can only model the
8 nm × 8 nm Mid-D scenario.

II. Case 2 (A=1, B:0->1, CD=00)
a) GOS Analysis
In this case, the input signal is applied to the defect-free transistor M2. The DC
behavior of AOI is different from the previous case since transistor M1 is acting as an
active load for M2. When input B transitions to high causing M2 to turn on, the GOS
leakage current passing through the channel resistance of M2 sets the internal node X and
the output to a nonzero voltage. As the pinhole size increases, the output swing is
significantly reduced as shown in Figure 6.15. The GOS defect results in 20% to 80%
reduction in the low noise margin, and 50% to 80% reduction in the high noise margin.
Since the defect is not on the transistor driven by the input signal, its impact is not reflected
in the Idq current measurements.
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Figure 6.15 VTC of AOI, Case 2

The defect-free propagation delays have a slight increase of up to 5% compared to those
in Table 6.6 since the input signal is applied to the lower transistor in the stack. The
transient response of defective AOI is similar to Figure 6.7; hence, not repeated.
The GOS defect has the same impact on the delays as with the previous input pattern,
though with smaller magnitude of falling propagation delays. It results in 12% to 27%
reduction in the falling delay. The delay fault categories are listed in Table 6.8.
Table 6.8 Delay fault categories for transistor M1, Case 2
Scenario
Top-S2x2
Top-D2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Fault
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_R1
PD_F1, PD_R1
PD_R1
PD_R2
PD_R2
PD_F2(+), PD_R2
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b) Comparison with CAT-based Modeling
The GS short defect with resistance values smaller than 12 kΩ keeps transistor M1
off, and the AOI output is stuck-at 1. With resistors larger than 19.5 kΩ values, both
transistors gradually turn on when input B increases to 0.8 V. However, the output cannot
reach zero voltage due to the resistive connection of the internal node X to the high voltage.
The transient behavior of AOI is similar to that in the previous case plotted in Figure 6.11,
as well as the percentage of delay variations. The GD short in transistor M1 increases the
falling delay similar to the GS short impact, but with smaller magnitude.
The GS or GD short models can only represent the 8 nm × 8 nm Mid-D pinhole scenario.

III. Case 3 (AB=10, C:0->1, D=1)
a) GOS Analysis
In this case, the input pattern that is applied to the AOI will turn transistors M3 and
M4 on to discharge the load capacitance, while the input of the defective transistor M1 is
high. The VTCs of AOI with different pinhole scenarios are approximately similar to the
Figure 6.15. The GOS defect results in 22% to 86% reduction in the low noise margin,
and 23% to 64% reduction in the high noise margin. Since the input is applied to the
transistor M3, there is no significant changes in the Idq currents.
The discharge of load capacitance occurs through non-defective Branch 2, so the falling
delay is not affected by the pinhole. However, by applying a second transition to input C,
the rising propagation delay is reduced between 30% to 55% as shown in Figure 6.16.
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Figure 6.16 The percentage of rising delay variation for different pinholes in transistor M1, Case 3

Except 8 nm × 8 nm Mid-S pinhole that is categorized as PD_R2, all other scenarios are
categorized as PD_R1.
b) Comparison with CAT-based Modeling
The transient behavior of AOI for a wide range of GS resistor values shows it has no
impact on the falling delays as the discharge occurs via the defect-free branch. However,
it affects the rising delays as depicted in Figure 6.17.

Figure 6.17 Percentage of delay variations in AOI with GS short in transistor M1, Case 3

135

The GS short defect values that result in the same AOI behavior as GOS defect correspond
to the 2 nm × 2 nm Top-C, Top-S, Top-D, Mid-C, 8 nm × 8 nm Mid-D and the Low-C
pinhole scenarios.
Unlike the GOS defect, the GD short in transistor M1 increases the falling delay.

IV. Case 4 (A=1, BC:00->11, D=1)
a) GOS Analysis
In this case, the input pattern activates both branches to discharge the load
capacitance. The GOS defect results in 15% to 67% reduction in the low noise margin,
and 29% to 85% reduction in the high noise margin. Since the input is applied to the
transistor M3, there is no significant changes in the Idq currents. When all the AOI inputs
are at high voltage, all transistors in the pull-down network conduct. Therefore, in the
defect-free circuit the falling propagation delay is reduced by 33% compared to that in
Table 6.6, and the rising propagation delay is accordingly increased by 28%. The impact
of different pinhole scenarios on the transient response is similar to that in Case 3. Except
8 nm × 8 nm Low-C pinhole that is not detectable and 8 nm × 8 nm Mid-S pinhole that
is categorized as PD_R2, all other scenarios are categorized as PD_R1.
b) Comparison with CAT-based Modeling
Both the GS and GD short defects in transistor M1 increase the falling propagation
delay that is in contrast to the GOS impact.
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6.3.1.1

Discussion

The reduction in the falling propagation delay can be explained by applying Elmore
delay model [80], [81] to the AOI circuit which is plotted in Figure 6.18. Each transistor is
replaced by a switch and a resistor whose value depends on its channel resistance. The
capacitance at each node depends on the source/drain capacitances connected to the node,
as well as the corresponding gate-source and gate-drain capacitances for which the
equivalent Miller capacitance is used.

Figure 6.18 Equivalent RC model of the AOI

The Elmore delay in the RC chain is given by Equation 6.1 [81], as
N

N

τDN = ∑ Ci ∑ R j
i=1

(6.1)

j=1

where N is the number of nodes, Ci is the node capacitance to ground, and 𝑅𝑗 is the
resistance between consecutive nodes.
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Based on the assumed input pattern, switches C and D are open. Therefore, in the pulldown network the internal node capacitance, CX , and the load capacitance, Cout , are those
important in the falling propagation delay calculation [81] in Equation 6.2,
PDfall = 0.69(R 2 CX + (R1 + R 2 )Cout )

(6.2)

where the node capacitances are calculated from Equations 6.3 and 6.4,
CX = Cd2 + Cs1 + 2Cgd2 + 2Cgs1

(6.3)

Cout = Cd1 + 2Cgd1 + 2Cd5 + 2 × 2Cgd5 + Cd3 + 2Cgd3

(6.4)

in which Cdi , Csi are the junction capacitances of drain and source, and Cgsi , Cgdi are the
gate-source and gate-drain capacitances of transistor Mi connected to each node, assuming
that PMOS transistors have equal capacitances.
Recalling the GOS compact model from previous chapter, it is observed that the Cgs and
Cgd difference capacitances have nonlinear behavior. For example in Figure 5.37, at Vd =
0.8 V and maximum gate voltage, Cgs1 of the defective transistor is about 14 fF smaller
than the defect-free counterpart, and Cgd1 is about 4 fF larger than the defect-free one.
Therefore, applying GOS defect in transistor M1 would result in smaller CX and larger
Cout , which in overall reduces the falling propagation delay. This approximate analysis
gives an intuition of how the GOS in transistor M1 has reduced the falling delay. The
exception pinhole scenario that increases the falling delay is 8 nm × 8 nm Mid-D, in
which large number of holes are injected to the region with high electrical field density.
The major component of the channel current is the excessive gate leakage current, Figure
5.27 (b), that reduces the gate control over the channel and prevents transistor M1 to turn
on.
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6.3.2

Defect in NMOS Transistor M2
The input patterns that discharge the load though Branch 1 or both branches are

applied to the AOI, as listed in Table 6.9. The input conditions that satisfy the discharge
through only Branch 2 is not applicable since the defective transistor would not affect the
output node when transistor M1 is off.
Table 6.9 The AOI input combinations applied for GOS in transistor M2
Case
1
2
3

Input Pattern
A: 0 → 1, B = 1, CD = 00
A = 1, B: 0 → 1, CD = 00
A = 1, BD: 00 → 11, C = 1

I. Case 1 (A:0->1, B=1, CD=00)
a) GOS Analysis
The gate of the defective transistor M2 is at high state and the input is applied to M1
through the driver inverter. When input A is low, the output is connected to the supply
through the PMOS branch including transistors M7 and M5. While the defective transistor
M2 is always on, increasing the input voltage turns M1 on and into linear region. The defect
increases the voltage of the internal node X, which causes transistor M1 turn on at a higher
input voltage. It causes a shift to right in the VTC and results in 3% to 23% reduction in
the low noise margin, and 3% to 29% reduction in the high noise margin. The defect
scenarios do not considerably change Idq currents, except the 8 nm × 8 nm pinholes which
increase the low supply current IdqL up to 3 orders of magnitude.
The transient response of the CUT with different pinhole scenarios on the transistor M2 is
plotted in Figure 6.19. In 8 nm × 8 nm Mid-S scenario, increasing the input pulse width
to 180 ps would let the AOI output reach its steady-state value of 0.183 V.
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Figure 6.19 Transient response of (a) AOI with pinholes in transistor M2, (b) load inverter, Case 1

The delay characteristics of the defect-free AOI with this input pattern was presented in
Table 6.6. By applying the GOS scenarios in transistor M2, the percentage of delay
variations are plotted in Figure 6.20.

Figure 6.20 Percentage of falling delay variations for different pinholes in transistor M2, Case 1

Based on the above results, the delay fault categories are listed in Table 6.10.

140

Table 6.10 Delay fault categories for transistor M2, Case 1
Scenario
Top-S2x2
Top-D2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Fault
PD_F1(+)
PD_F1(+)
PD_F1(+)
PD_F2(+), PD_R1
PD_F2(+)
PD_F1(+)

b) Comparison with CAT-based Modeling
The percentage of the delay variations for GS short defects are plotted in Figure 6.21.
Although there are resistors that could result in the same falling delay as GOS scenarios,
their VTC characteristics is the same as defect-free AOI. This could cause different circuit
behavior if the next stage is a pass transistor logic gate.

Figure 6.21 Percentage of delay variations in AOI with GS short in transistor M2, Case 1
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The GD short resistance directly increases the internal node voltage, VX , therefore, the AOI
output when the pull-down branch is conducting becomes nonzero. However, any GD short
resistance that results in the same falling propagation delay as a specific pinhole scenario
generates different steady-state output voltage. The output is stuck-at 1 for resistance
values smaller than 15.2 kΩ. With resistance values larger than 20.7 kΩ, the defect does
not result in logical faults and causes the falling propagation delay to increase. The
percentage of the delay variations are plotted in Figure 6.22.

Figure 6.22 Percentage of delay variations in AOI with GD short in transistor M2, Case 1

II. Case 2 (A=1, B:0->1, CD=00)
a) GOS Analysis
The circuit behavior is similar to when the input was applied to the defective
transistor M1. When the driver input is low, extensive leakage current passes through the
gate of M2 and prevents the driver output to remain at high voltage. The GOS defect results
in 50% to 80% reduction in the low noise margin. The defect in transistor M2 increases
the supply current IdqL by 6 orders of magnitude and IdqH between 3 to 5 orders.
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The transient response of the AOI in presence of GOS defect is similar to Figure 6.19. In
the defect-free AOI, applying the input signal to the transistor closer to the output in the
pull-down stack results in smaller delays. Despite this, in the defective AOI the falling
delay of 8 nm × 8 nm Mid-S scenario, for example, is 40% less than in Case 1. The reason
is that in the previous case the defective transistor M2 is always on and extreme GOS
leakage increases the internal node voltage and the delays. The delay fault categories are
listed in Table 6.11.
Table 6.11 Delay fault categories for transistor M2, Case 2
Scenario
Top-S2x2
Top-D2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Fault
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_F1(+), PD_R1
PD_F2(+), PD_R2
PD_F1(+), PD_R1
PD_F1(+), PD_R1

b) Comparison with CAT-based Modeling
The GS short prevents input B from reaching the high voltage for resistance values
below 8 kΩ. The defect causes the PMOS transistor M6 to conduct and the output is stuckat 1. Larger resistance values allow M2 to turn on and the PMOS transistor turns off, so
the AOI output becomes zero while input B has limited swing. In the transient simulation
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of the defective AOI, the falling delay is increased similar to the GS short in transistor M2,
Case 1.
The GD short defect in transistor M2 results in output stuck-at 1 with resistance values
smaller than 14 kΩ. When input B is low and M2 is off, the conducting PMOS transistor
M6 provides a path to charge the load capacitance. As the input voltage increases, and
transistor M2 turns on its low drain voltage brings the input voltage down through the GD
resistor which holds M6 on. Resistance values larger than 19.8 kΩ increase the internal
node voltage, VX , and the falling propagation delay consequently, same as Figure 6.22.
The results show although GD and GS defect models could generate same falling delays
as in 8 nm × 8 nm pinhole scenarios, their output low state have significant difference.

III. Case 3 (A=1, BD:00->11, C=1)
a) GOS Analysis
The input pattern activates both branches to discharge the load capacitance. Since all
transistors in the pull-down network conduct when the inputs transition to the high state, it
results in smaller equivalent resistance and lower output voltage than Case 2. The GOS
defect results in 50% to 65% reduction in the low noise margin. The defect in transistor
M2 increases the supply current IdqL by 6 orders of magnitude and IdqH between 3 to 5
orders.
The pinholes have a similar impact on the transient behavior as in Case 1. However, the
falling delay increases up to 20%, since both branches in the pull-down network conduct.
The 8 nm × 8 nm Mid-S pinhole is the only detectable scenario and is categorized as
PD_F1(+) delay fault.
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b) Comparison with CAT-based Modeling
The GS short resistor keeps transistor M2 off despite having a high input. Although
transistor M2 remains off, the load capacitance is discharged through Branch 2. Therefore,
the output transitions to low state with larger falling propagation delay than the defect-free
circuit, with an increase of up to 70%. The GD short defect values smaller than 400 Ω
cause the AOI output stuck-at 0. As the defect resistance becomes larger than 4 kΩ, the
defect increases the internal node voltage and the falling delay will increase up to 30%.
Comparing with GOS results, the GS and GD short can only model the 8 nm × 8 nm MidS pinhole scenario.

6.3.2.1

Discussion
By approximate delay analysis with Elmore model and recalling the GOS impact

on the transistor capacitances, it is observed that the defect in transistor M2 results in
smaller gate-source capacitance and larger Cgd2 at saturation bias. However, Cgs2 has no
impact on the node capacitances in Equations 6.3 and 6.4. Therefore, the delay would
increase due to the larger internal node capacitance. The other reason is the non-zero
voltage at the source of transistor M1 that increases the threshold voltage of transistor M1
and the falling delay consequently.

6.3.3

Defect in PMOS Transistors M5 and M7
Due to symmetric structure of the AOI circuit, the defect is applied to one of the

PMOS branches, Branch 1 including transistors M5 and M7. The load capacitance is
charged through any of the branches or both. Hence the input pattern must be applied in a
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manner that at least one transistor from each parallel pair conducts. Also, the defective
transistor should have 0 input or transition in all cases. Since the AOI circuit has a
complementary implementation, the pull-up and pull-down networks are dual [81].
Therefore, a limited number of pinhole scenarios on PMOS transistors are investigated to
show that the defect impact is consistent with those in the pull-down network.
•

2 nm × 2 nm pinhole at the fin Top-C, Mid-C

•

8 nm × 8 nm pinhole at the fin Mid-C

The impact of the pinholes on the rising propagation delay are similar to the falling delays
in the corresponding cases in the pull-down network. As an example, the simulation results
of transistors M5 and M7, with the input applied to the defective transistor, are included in
Appendix C .

6.4

3:1 Multiplexer (MUX)
The 3:1 MUX schematic diagram is depicted in Figure 6.23. Each 2:1 MUX is

realized with a 4-input AOI.

Figure 6.23 Schematic diagram of 3:1 MUX

The simplified output equations of MUX1 and MUX2 are presented in Equations 6.5 and
6.6,
Y ′ = S0 D1 + S0′ D0

(6.5)

Z ′ = S1 D′2 + S1′ Y ′ .

(6.6)
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The 3:1 MUX is a three-level logic circuit shown in Figure 6.24. In the AOI investigation,
it was shown that several GOS defect scenarios in transistor M1 decrease the falling delay.
On the other hand, transistor M9 in MUX is in the longest delay path. Since GS and GD
shorts can represent the scenarios that increase the falling delay, transistor M9 is selected
for the investigation.

Figure 6.24 MUX consisting of two 4-input AOIs and the required inverters

Considering a GD short in transistor M9, for small resistance values Z is stuck-at Y.
Therefore, the input combination that activates the faulty behavior should generate a logic
1 at node Y. If the circuit was defect-free this would have caused the discharge of load
capacitance though Branch 3 and the output became zero. However, the GD short defect
provides a short path from Y to out and makes it logic 1. The other inputs should be set in
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a manner that results in a zero output in the defect-free circuit. The input combinations that
lead to a logic 1 at node Y are presented in Table 6.12.
In the first two rows, since Branch 4 has no effect on the output when S1 is zero, the input
D′2 is considered as a don’t care. In the last row, the discharge path is through Branch 4.
However, the GD short brings the output voltage to the high state.
Table 6.12 The input patterns that detect GD short defect in M9
𝐒𝟏
0
0
1

𝐒𝟎
0
1
1

𝐃′𝟐
×
×
1

𝐃𝟏
×
0
0

𝐃𝟎
0
×
×

𝐙
0
0
0

The GS short in transistor M9 keeps the transistor in the off state. Therefore, to propagate
the defect impact to the output, the transistors in Branch 4 must be off and M10 should turn
on, same as in the first two rows of the above table. Also, node Y should be at logic 1. Since
M10 is on, the GS defect provides a short path to node Y and reduces its voltage. Therefore,
the charging path through M13 and M16 to the supply keeps the output at the high state.
While, in the defect-free circuit, logic 1 at node Y activates the discharge path through
Branch 3 and makes the output zero. The analysis shows that the first two input patterns in
Table 6.12 are also used to detect the GS short defect in M9.
In the following section, the defect models for different pinhole scenarios are applied to
transistor M9 to investigate the MUX behavior and compare it to the CAT-based GD and
GS short defects.
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6.4.1

GOS Defect in Transistor M9
In Table 6.12, any of the zero inputs can be considered as the input signal with

falling transition. One of the possible scenarios in the first row is having a falling transition
in input S1. The don’t care inputs are set to zero. This input combination is listed as Case
1 in Table 6.13. In the second row of Table 6.12, it is assumed that the falling transition is
applied to input D1 , and the other inputs are set to the values listed in Case 2. In the last
row of Table 6.12, any of the inputs can have a rising transition, from which D′2 is chosen
in Case 3. Recalling the defective AOI simulations, Cases 1 and 2 in Table 6.13 cause
discharging through Branch 1 with the input signal applied to one of the NMOS transistors
and logic 1 to the other. Case 3 results in discharging through Branch 2. The scenario of
discharging through both branches cannot be realized in this AOI due to its logic function
presented in Equation 6.6.
Table 6.13 The input combinations considered for detecting the defect in M9
Case
1
2
3

𝐒𝟏
↓
0
1

𝐒𝟎
0
1
1

𝐃′𝟐
0
1
↑

𝐃𝟏
0
↓
0

𝐃𝟎
0
1
0

𝐙
↓
↓
↓

Since the propagation delays are pattern-dependent, the rising and falling delays of the
defect-free MUX are listed in Table 6.14 for further comparison with the defective circuit
behavior.
Table 6.14 The propagation delays of the defect-free MUX for each input combination
Scenario
Case 1
Case 2
Case 3

PD-rise (ps)
29.64
36.76
30.37

PD-fall (ps)
35.01
37.17
32.91

T-rise (ps)
28.56
29.95
28.30

T-fall (ps)
37.70
39.67
40.89
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I. Case 1 (𝐒𝟏 : 𝟏 → 𝟎, 𝐒𝟎 𝐃′𝟐 𝐃𝟏 𝐃𝟎 = 𝟎𝟎𝟎𝟎)
a) GOS Analysis
The GOS defect results in 25% to 72% reduction in the low noise margin and 58%
to 85% reduction in the high noise margin. The pinholes increase the high supply current
IdqH about 5 orders of magnitude.
The transient response of the MUX with GOS defect is similar to the AOI response with
GOS defect in transistor M1, Case 1. The pinholes on the fin top, middle sidewall, and
close to source cause reduction in the falling propagation delay. The percentage of delay
variations are similar to the AOI delay variations in Figure 6.8, but with smaller range from
−20% to 42%. The delay fault categories are listed in Table 6.15.
Table 6.15 Delay fault categories for MUX, Case 1
Scenario
Top-S2x2
Top-D2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Fault
PD_F1
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_R1
PD_F1(+)

b) Comparison with CAT-based Modeling
The input pattern makes transistor M10 turn on while node Y is at high state. The GS
short with resistance values smaller than 14.0 kΩ causes a hard defect that keeps transistor
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M9 off and the output stuck-at 1. While, resistance values larger than 22 kΩ increase the
falling propagation delay same as Figure 6.12. The GD short defect results in the output
stuck-at 1 fault for resistance values smaller than 14 kΩ, since it provides a short path from
node Y to the output. For defect resistance larger than 20.5 kΩ, the circuit behavior is
modeled by delay fault.
The results show that a GS or GD short resistance can be found to generate the same falling
delay variation as the 8 nm × 8 nm Mid-D pinhole scenario. The other pinhole scenarios
that decrease the falling delay cannot be represented by a GS or GD short model.

II. Case 2 (𝐃𝟏 : 𝟏 → 𝟎, 𝐒𝟏 𝐒𝟎 𝐃′𝟐 𝐃𝟎 = 𝟎𝟏𝟏𝟏)
a) GOS Analysis
The GOS defect results in 55% to 64% reduction in the low noise margin. The
pinholes increase the high supply current IdqH up to 5 orders of magnitude.
In this case, the input S0 is at high state and a falling transition in D1 provides a path to
charge node Y to the supply voltage. The toggling signal is applied to the defective
transistor, closer to the output. The transient response is similar to the previous case. The
percentage of delay variations for all pinhole scenarios are plotted in Figure 6.25 and the
delay fault categories are listed in Table 6.16.
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Figure 6.25 Percentage of the falling delay variations in the MUX with GOS defect, Case 2

Table 6.16 Delay fault categories for MUX, Case 2
Scenario
Top-S2x2
Top-D2x2
Top-C2x2
Mid-C2x2
Mid-S2x2
Low-C4x4
Mid-C4x4
Up-C4x4
Mid-S4x4
Mid-D4x4
Low-C8x8
Mid-C8x8
Mid-S8x8
Up-C8x8
Mid-D8x8

Fault
PD_F1
PD_F1
PD_F1
PD_F1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_R1
PD_F1, PD_R1
PD_F1, PD_R1
PD_R1
PD_R1
PD_F1(+), PD_R2

b) Comparison with CAT-based Modeling
The GS short with resistance values smaller than 16.0 kΩ keep transistor M9 off and
the output is stuck at 1. As the GS resistance increases, transistor M9 turns on. However,
the high voltage at the internal node X results in a larger threshold voltage in M9 and
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increases the falling propagation delay at the output node, similar to Figure 6.12. The GD
short with resistance values smaller than 11.0 kΩ in transistor M9 provides a path from the
input signal at node Y to the output node, that is modeled by output stuck-at input. As the
GD short resistance increases above 23.0 kΩ, it is represented by the delay fault. The GD
short reduces the output swing in both signal level, and has different behavior comparing
to the GOS defect.
Except for the pinhole scenarios that increase the falling delay which can be replaced with
a GS short resistor (although with different rising delay behavior), the other pinholes have
different impact on the MUX transient behavior and cannot be represented by CAT-based
models.

III. Case 3 (𝐃′𝟐 : 𝟎 → 𝟏, 𝐒𝟏 𝐒𝟎 𝐃𝟏 𝐃𝟎 = 𝟏𝟏𝟎𝟎)
a) GOS Analysis
The GOS defect results in 26% to 86% reduction in the low noise margin and 10%
to 63% reduction in the high noise margin. The pinholes increase the high supply current
IdqH up to 5 orders of magnitude.
The input combination is such that node Y is kept at high voltage, and the changing signal
is applied to transistor M11. Therefore, the discharging occurs through Branch 2, while a
logic 1 is applied to the defective transistor. Since Branch 2 is conducting in the discharge
cycle, the defect in M9 has no impact on the falling transition. However, the leakage
through the gate-oxide-short prevents the output to reach zero voltage and affects the rising
delay. The percentage of rising delay variations are shown in Figure 6.26.
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Figure 6.26 Percentage of the rising delay variations in the MUX with GOS defects, Case 3

Based on the above results, all scenarios are categorized as PD_R1.
b) Comparison with CAT-based Modeling
The GS short defect increases the voltage at the internal node and M9 acts as an active
load for the discharging branch. The percentage of rising delay variation is similar to Figure
6.17. The results show that the GS short resistor can model 2 nm × 2 nm Top and Mid-C
pinholes, and 4 nm × 4 nm Low-C and Up-C scenarios. The GD short defect provides a
low resistive path from node Y to the output. For resistance values smaller than 10.0 kΩ,
the output is stuck-at 1, while for larger defect resistance values the falling delay increases.
Therefore, the circuit behavior is different from the GOS-impacted MUX.

6.4.1.1

Discussion
The GOS defect characterization in the MUX circuit shows that any input

combination that cause a rising transition at node Y, for example Case 2, results in
significant reduction in the output falling delay. Therefore, that input pattern can detect
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most of the pinhole scenarios in transistor M9. When the input signal is applied to the
defect-free transistor M10, there is no significant change in the falling delays. Also, when
the input signal activates the discharge path through Branch 4 the falling delay is not
affected by the defect and a second input transition should be applied to evaluate the output
rising delays.

6.5

Summary
In this chapter, the input patterns that can detect different pinhole scenarios are

discussed and the impact of GOS defect on Inverter and AOI behavior are studied. The DC
analysis of the GOS defect model shows that there are significant changes in the noise
margins and Idq currents. It is shown that CAT-based defect models cannot represent the
GOS defect in most cases. The GOS defect is also introduced to the selected transistor in a
3:1 MUX. It is shown that despite larger delays on the signal path compared to a single
AOI, very few pinhole scenarios can be represented by the CAT-based models.
Based on the simulation results, the comparison of the GOS-impacted CUT with the CATbased defect models are summarized in the next chapter.
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Chapter 7: Results and Discussion
This chapter presents an analysis of the simulation results from the previous chapter
to determine the effectiveness of the proposed GOS defect models in fault modeling of
complex logic gates in comparison with the existing CAT-based models.

7.1

Transient Results
The simulation results of the applied defects in the inverter, AOI, and MUX are

summarized in Table 7.1 to Table 7.4. The test patterns that can detect the GD and GS
defects are listed in the first column. The pinhole scenarios that each pattern can detect, as
well as those that are missed are listed in separate rows for GOS, GS and GD short. The
“Comments” column provides a short description of the defect impact on the delays. If the
percentage of delay variations exceed the specific threshold values listed in Table 4.4, the
defect is considered as detectable. The important arguments about simulation analysis for
each transistor are listed after the corresponding table.
Table 7.1 Simulation results of the INV, transistor M1
Input

Defect
Model

GOS
0→1
GS-CAT
GD-CAT

1

Detectable
Defect Type1

No

TS2, TC2, TD2, MC2,
MS2, LC4, MS4, MC4,
MD4, UC4, LC8, MC8,
MS8, UC8
MD8

Yes

---

No

All

Yes

---

No

All

Yes

Comments
These scenarios except MD8 decrease
the falling delay.
The delay change is not significant.
The GS increases the falling delay.
The GD has no significant impact in the
falling delays.

In this table, the short names of the pinholes are used (e.g. MC4 instead of 4 nm × 4 nm Mid-C).
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•

The GS short in transistor M1 increases the falling delay and cannot represent any
GOS scenarios. The GD short reduces the output low and high voltage swings and
the reduction in falling delay is not significant to model any GOS scenarios.

Table 7.2 Simulation results of the AOI, transistor M1
Pattern
𝐀𝐁𝐂𝐃

Defect
Model

GOS
Case 1
0100→1100

GS-CAT
GD-CAT

GOS
Case 2
1000→1100

GS-CAT
GD-CAT
GOS

Case 3
1001→1011
1011→1001

GS-CAT
GD-CAT
GOS

Case 4
1001→1111

GS-CAT
GD-CAT

2

Detectable
Defect Type2

No

TS2, TC2, TD2, MC2,
MS2, LC4, MS4, MC4,
MD4, UC4, LC8, MC8,
MD8
UC8, MS8

Yes

MD8

No

All others

Yes

MD8

Yes

No

No
Yes
No
Yes
No
Yes

All

No

---

Yes
No
Yes
No
Yes
No
Yes
No
Yes
No

These scenarios except MD8 decrease
the falling delay.
The delay changes are not significant.
GS and GD can model MD8 which
causes significant increase in the falling
delay.

All others
TS2, TC2, TD2, MC2,
MS2, LC4, MS4, MC4,
UC4, LC8, MD8
MD4, MS8, MC8, UC8
MD8
All others
MD8
All others

Yes

Comments

TS2, TC2, TD2, MC2,
LC4, LC8, MD8
All others
--All
--All
--All
--All

These scenarios except MD8 decrease
the falling delay.
The delay changes are not significant.
GS and GD can model MD8 which
causes significant increase in the falling
delay.
No change in falling delays. Additional
pattern is applied to use rising delays for
detection.
No change in falling delays. Additional
pattern is applied to use rising delays for
detection.
Unlike GOS, GD increases the falling
delay and cannot model any scenario.
No significant reduction in the falling
delays.
Unlike GOS, GS and GD increase the
falling delay and cannot model any
scenario.

In this table, the short names of the pinholes are used (e.g. MC4 instead of 4 nm × 4 nm Mid-C).
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•

The GS and GD shorts in transistor M1 increase the falling delay. The former
increases the voltage of the node X (M1 source) which in turn increases the
transistor threshold voltage. The latter provides a resistive path from the driver’s
pull-up network to the AOI output.

•

When the input signal is applied to the GOS-impacted transistor, the delay
variations are more significant than those cases in which the transitioning signal is
applied to the defect-free transistor. This is due to the GOS impact on the transistor
capacitances that makes the transistor turn on faster.

•

In Case 3, the non-defective branch discharges the load capacitance; therefore, the
GOS in transistor M1 does not affect the falling delay. Using an additional input
pattern, the GS short can model a few scenarios. Since GD short increases the
falling delay, it cannot represent the circuit behavior with the GOS defect.
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Table 7.3 Simulation results of the AOI, transistor M2
Pattern
𝐀𝐁𝐂𝐃

Defect
Model

Detectable
Defect Type3
Yes

GOS
No

Case 1
0100→1100

Yes
GS-CAT
No
Yes
GD-CAT
No
Yes
GOS
No

Case 2
1000→1100

Yes
GS-CAT

No
Yes

GD-CAT

GOS
Case 3
1001→1111

GS-CAT
GD-CAT

•

No
Yes
No
Yes
No
Yes
No

MS4, LC8, MS8, MC8,
MD8, UC8
TS2, TC2, TD2, MC2,
MS2, LC4, MC4, MD4,
UC4
MS4, LC8, MS8, MC8,
MD8, UC8
TS2, TC2, TD2, MC2,
MS2, LC4, MC4, MD4,
UC4
MS4, LC8, MS8, MC8,
MD8, UC8
TS2, TC2, TD2, MC2,
MS2, LC4, MC4, MD4,
UC4
MS8, MC8, MD8, UC8
TS2, TC2, TD2, MC2,
MS2, LC4, MS4, MC4,
MD4, UC4, LC8
MS8, MC8, MD8, UC8
TS2, TC2, TD2, MC2,
MS2, LC4, MS4, MC4,
MD4, UC4, LC8
MS8, MC8, MD8, UC8
TS2, TC2, TD2, MC2,
MS2, LC4, MS4, MC4,
MD4, UC4, LC8
MS8
All others
MS8
All others
MS8
All others

Comments
These scenarios increase the falling
delay.
The delay change is not significant.

GS and GD can model scenarios that
cause significant increase in the falling
delay. However, the low signal level
and the rising delays are different from
GOS.

These scenarios increase the falling
delay.
The delay change is not significant.

GS and GD can model scenarios that
cause significant increase in the falling
delay. However, their output low signal
level is different from GOS.

Except MS8, the falling delay changes
are not significant.

All GOS scenarios in transistor M2 increase the capacitance of internal node X.
Therefore, the falling delays are increased, and both GS and GD shorts can model
some GOS scenarios.

3

In this table, the short names of the pinholes are used (e.g. MC4 instead of 4 nm × 4 nm Mid-C).

159

Table 7.4 Simulation results of the MUX, transistor M9
Pattern
𝐒𝟏 𝐒𝟎 𝐃′𝟐 𝐃𝟏 𝐃𝟎

Defect
Model
GOS

Case 1
10000→00000

GS-CAT
GD-CAT

GOS
Case 2
01111→01101
GS-CAT
GD-CAT
GOS
Case 3
11000→11100
11100→11000

GS-CAT
GD-CAT

•

Detectable
Defect Type4
Yes

TS2, MD8

No

All others

Yes

MD8

No

All others

Yes

MD8

No

All others

Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No

TS2, TC2, TD2,
MC2, MS2, LC4,
MS4, MC4, UC4,
LC8, MC8, MD8
MD4, MS8, UC8
MD8
All others
All
All
TS2, TC2, TD2,
MC2, LC4, UC4
All others
All

Comments
Except TS2 and MD8, the falling delay
changes are not significant.

GS and GD can model MD8 which causes
significant increase in the falling delay.

These scenarios except MD8 decrease the
falling delay.
The delay changes are not significant.
GS can model MD8 which causes significant
increase in the falling delay.
GD reduces the swing in both signal levels and
cannot model any GOS scenario.
No change in falling delays. Additional pattern
is applied to use rising delays for detection.
No change in falling delays. Additional pattern
is applied to use rising delays for detection.
Unlike GOS, GD increases the falling delay
and cannot model any scenario.

Since two AOI stages are cascaded in the MUX, the overall delays are increased.
Therefore, the impact of GOS on the delay variations is reduced.

•

Same as transistor M1 in AOI, the input pattern that applies the toggling signal to
the GOS-impacted transistor, detects more scenarios than the patterns in which the
transitioning signal is applied to the defect-free transistor.

•

Similar to transistor M1 in AOI, the GOS in transistor M9 does not affect the falling
delay in Case 3. Using an additional input pattern, the GS short can model a few

4

In this table, the short names of the pinholes are used (e.g. MC4 instead of 4 nm × 4 nm Mid-C).
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pinhole scenarios. Since the GD short increases the falling delay, it cannot represent
the GOS defect.

7.2

DC Results
The GS and GD short resistors cause a linear and non-realistic change in the circuit

current that cannot represent the GOS defect.
In contrast, the DC simulation results of various GOS defect scenarios show that when the
input signal is applied to the defective transistor, there is at least 3 order of magnitude
increase in IDDQ currents as listed in Table 7.5. No significant change in the current is
represented by NC in the table.
Table 7.5 GOS impact on 𝐈𝐃𝐃𝐐
× 𝟏𝟎∧
INV

AOI

MUX

M1, Case 1
M1, Case 2
M1, Case 3
M1, Case 4
M2, Case 1
M2, Case 2
M2, Case 3
M9, Case 1
M9, Case 2
M9, Case 3

𝐈𝐝𝐪𝐋
6
6
NC
NC
NC
3
6
6
NC
NC
NC

𝐈𝐝𝐪𝐇
3
3
NC
NC
NC
NC
3
3
5
5
5

The GS and GD short impact on the VTC do not result in the expected voltage transfer
characteristics as GOS defect (except a few cases).
In contrast, the GOS defect has consistent behavior in all scenarios and decreases the low
noise margin, Table 7.6. The findings about noise margin and IDDQ could be used to
improve the GOS fault model.
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Table 7.6 GOS impact on the noise margins
%
△NM-L

△NM-H

AOI

M1, Case 1
M1, Case 2
M1, Case 3
M1, Case 4
M2, Case 1
M2, Case 2
M2, Case 3

-54 to -61
-55 to -60
-20 to -80
-22 to -86
-15 to -67
-3 to -23
-50 to -80
-43 to -87

38 to 45
15 to 40
-50 to -80
-23 to -64
-29 to -85
-3 to -29
45 to 87
34 to 64

MUX

M9, Case 1
M9, Case 2
M9, Case 3

-25 to -72
-55 to -64
-26 to -86

-58 to -85
37 to 45
-10 to -63

INV

7.3

Discussion
Our analysis has shown that the GOS defect cannot be modeled by stuck-at fault,

and its effect on the circuit behavior is modeled with parametric in the AOI, the CAT-based
models that might be able to represent the GOS impact on transistors M1 and M2 are GS
short in M1 and GD short in M2, as they affect the voltage of internal node X. The DC
analysis shows that when the toggling signal is applied to the GOS-impacted transistor, the
VTC is shifted to the left which results in the reduction of low noise margin and increase
in the high noise margin. This is different from the impacts of GS short on M1 and GD
short on M2, as stated in Table 7.7. It is also observed that the GOS defect affects the IDDQ
currents different from the CAT-based models.
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Table 7.7 Comparison of GOS vs CAT-based models’ impact on DC behavior
Transistor

Defect Model

M1 (INV)

GOS
GS
GOS
GS
GOS
GD
GOS
GS

M1 (AOI)
M2 (AOI)
M9 (MUX)

𝐈𝐝𝐪𝐋 × 𝟏𝟎∧

𝐈𝐝𝐪𝐇 × 𝟏𝟎∧

△NM-L (%)

△NM-H (%)

6
6
6
6
6
6
NC
NC

3
NC
3
NC
3
6
5
5

-54 to -61
NC
-55 to -60
0 to -43
-50 to -80
0 to -64
-55 to -64
0 to -22

38 to 45
NC
15 to 40
0 to -38
45 to 87
0 to -82
37 to 45
0 to -19

From the transient analysis, our GOS defect models result in fault models that by
using them more pinhole scenarios are detected with a smaller number of test patterns, as
shown in Table 7.8.
Table 7.8 Comparison of GOS vs CAT-based models’ impact on transient behavior
Transistor
M1 (INV)
M1 (AOI)
M2 (AOI)
M9 (MUX)

Number of Detectable Defects
CAT-based Models GOS Model
0
14
7
13
6
6
6
12

Percentage of Defect Detection
CAT-based Models GOS Model
0
93.3
46.7
86.7
40
40
40
80

For example, from a total of 15 pinhole scenarios in transistor M1 of the AOI, 13 scenarios
reduce the falling delay below the threshold by applying 2 consecutive input vectors. While
the CAT-based models cannot represent most of the pinhole defect scenarios, the GOS
model results in 40% improvement in detecting defects in the upper transistor of the pulldown networks.
The number of required consecutive patterns to achieve the detection rates in the above
table are listed in Table 7.9. The CAT-based models can only represent 7 pinhole scenarios
by applying 3 consecutive input patterns and considering the rising delay.
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Table 7.9 Number of patterns required for defect detection
Transistor
M1
M2
M9

Number of Required Patterns
CAT-based Models GOS Model
3
2
2
2
3
2

In Table 7.2 and Table 7.4, using two input patterns GS and GD shorts can model one
pinhole defect (Case 1 and Case 2). In Case 3, by applying additional input pattern more
pinhole scenarios can be detected. While, GOS model achieves the defect detection rates
in Table 7.8 using two input patterns, and all 15 pinhole scenarios can be detected by
applying the 3rd input pattern.
We have shown that in a stack of transistors, that the internal nodes capacitances are
important in the propagation delays, simple resistive components cannot accurately model
the GOS behavior.
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Chapter 8: Conclusion and Future Work
The complexity of FinFET manufacturing process has caused challenges in reliable
device testing. Gate oxide short (GOS) is one of the dominant defects that has significant
impact on circuit reliability. Defect-based fault modeling is the main approach in CAT
methodology which extracts the parasitic data for each library cell. The layout data
provides accurate information about the potential bridging and open defects inside the cell.
Although the CAT methodology is extended to FinFET testing, its 2D layout-based
approach cannot accurately capture the defect models in the 3D transistor structure. The
existing methods suffer from applying simplistic resistive defect models for a complex
defect such as GOS.
This study is performed, for the first time, at the level of device structure, rather than layout.
We have based our analysis on 3D bulk FinFET template provided by Synopsys. This work
has investigated the impact of GOS defect on the FinFET characteristics for different
locations and sizes of the pinhole on various fin shapes. It is shown that small pinhole
doubles the saturation current. As the pinhole size becomes larger, the saturation current
degrades due to the large number of charge carriers (holes) injected into the channel. Also,
the magnitude of negative drain current at linear bias significantly increases in presence of
larger pinhole. Pinhole being closer to the source region on the upper sidewall of the fin
results in the highest leakage current. The impact of defect on the transistor capacitances
are also captured through small signal analysis at various drain voltages according to the
required precision.
The comprehensive investigation of GOS defect has led to the development of a GOS
defect model that accurately reflects the behavior of the defective FinFET. To apply the
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GOS defect model in circuit-level simulations, the differences in the defective transistor
currents and capacitances with those of defect-free device are extracted in appropriate
voltage steps to build Verilog-A modules for 15 pinhole scenarios. The other important
step was extracting the HSPICE model parameters for the FinFET template based on the
BSIM-CMG local extraction procedure. These models are used in the circuit-level
simulation of complex logic gates including 4-input AOI and 3:1 MUX.
To compare the proposed fault modeling methodology with the existing approach, the
defect models used in the CAT methodology are applied to the circuits under test, as well
as the extracted GOS models. Among the transistor defect models used in the CAT
methodology, the GD short and GS short are the defects of interest that might be able to
represent the GOS behavior. Comprehensive DC and transient analysis are performed
using these models with the specific transistors in one of the pull-down and pull-up
branches of the CUT due to its symmetric structure. The investigation of GOS impact on
the supply current can lead to the improvement of GOS fault models in IDDQ tests. The
application of noise margin in test methodologies could be a subject of future research.
In the AOI circuit, the defect is first introduced to the upper transistor in the pull-down
stack. It is shown that the two input patterns that activate the defective branch and detect
GD or GS defects can only detect one pinhole scenario. This is because most GOS
scenarios on this transistor increase the saturation current and reduce the internal node
capacitance; and hence, the falling delay. While the GS and GD models result in increased
falling delays. The test pattern that activates the defect-free branch requires 3 consecutive
input patterns to consider the rising delay for fault detection. In this case, the proposed
GOS model detects all pinhole scenarios, and has 50% to 60% improvement compared to
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the CAT-based models. Applying additional patterns, as performed in the N-detect
approach, that activate both branches in the pull-down network does not improve the defect
detection rate.
In the AOI circuit, the defect injection in the lower transistor of the pull-down branch shows
that the GS or GD short defects result in the same delay behavior as the GOS model. This
is due to the fact that the GOS on the lower transistor increases the internal node voltage
and hence, the falling delay, same as the former models.
Finally, the improvement of defect detection is validated by applying the GOS and CATbased models to a specific transistor in the MUX. Despite larger circuit delays, with the
two input patterns that activate the defective branch, the GS or GD models can represent
only one pinhole scenario, while 12 scenarios are detectable with the GOS model. By
applying additional input and using the rising delay for fault detection, the CAT-based
models can only represent 7 pinhole scenarios, while all 15 scenarios are detectable with
the GOS model.
Our proposed defect and fault modeling approach contributes to the state-of-the-art CAT
methodology by detecting more FinFET-related defects with smaller number of test
patterns; and hence, reducing the test time and cost. This methodology could also improve
the ability of identifying the location of defect in physical failure analysis. Moreover, our
proposed methodology is not limited to standard library cells, as the defect models are
developed at the device 3D structure instead of layout. Although the superiority of our
proposed approach is shown in complementary MOSFET logic, it could also be applicable
to other logic family circuits such as PTL, and other circuit designs such as SRAM.
Applying the accurate defect models to any transistor in a design module could be a subject
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of future research. Moreover, our proposed approach is applicable to double-fault detection
algorithms that analyze the propagation path of single faults to find other single-faults that
block their propagation path [81]. The fault pairs that mask each other’s propagation paths
are considered as uncovered fault pairs, hence, the complexity of finding undetected faults
are significantly reduced [81].

8.1

Contributions
Major contributions of this thesis to the area of fault modeling in FinFETs are

summarized in the following.
•

Proposed a novel methodology for defect and fault modeling in FinFETs
o Based the model on 3D structure of FinFET
o Analyzed GOS impact on FinFET behavior
o Developed accurate GOS defect models

•

Applied and evaluated the models, and compared with the state-of-the-art
o Developed fault models for complex logic gates (AOI and MUX)
o Compared with CAT and demonstrated superiority

8.2

Future Work
The work presented in this thesis covers the main research objectives. However,

the areas that need further research to enhance this work are the following:
•

Extending this research to multiple-fin FinFETs.

•

Using the TCAD-to-HSPICE extraction tools, to improve the model parameters for
various temperatures.
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•

Investigating extracted models for process and voltage variations.

•

Investigating more defect scenarios for P-channel FinFETs.

•

Analysis of run time and test time.

•

Development of comprehensive fault models.

•

Developing 4D models for finding the defect locations.

8.3

Publications
•

Dibaj R., Al-Khalili D., Shams M., "Comprehensive investigation of gate oxide
short in FinFETs," Proc. IEEE VLSI Test Symp. (VTS), pp. 1-6, 2017.

•

Dibaj, R., Al-Khalili, D., & Shams, M., "Gate Oxide Short Defect Model in
FinFETs," Journal of Electronic Testing, vol. 34, no. 3, pp. 351-362, 2018.
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Appendices
Appendix A PFinFET Characteristic Curves

Figure A.1 Optimized 𝐂𝐠𝐠 𝐕𝐠𝐬 characteristics at 𝐕𝐝 = −𝟎. 𝟎𝟓 𝐕

Figure A.2 Optimized (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐆𝐦 𝐕𝐠 graphs at 𝐕𝐝 = −𝟎. 𝟎𝟓 𝐕
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Figure A.3 Optimized (a) 𝐈𝐝 𝐕𝐠 , (b) 𝐆𝐦 𝐕𝐠 graphs at 𝐕𝐝 = −𝟎. 𝟖 𝐕

Figure A.4 Optimized (a) 𝐈𝐝 𝐕𝐝 , (b) 𝐆𝐝𝐬 𝐕𝐝 graphs at 𝐕𝐠𝐬 = −𝟎. 𝟒, −𝟎. 𝟔, −𝟎. 𝟖 𝐕

Figure A.5 Optimized 𝐂𝐠𝐠 𝐕𝐠𝐬 characteristics at 𝐕𝐝 = −𝟎. 𝟖 𝐕
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Appendix B AOI with Tleak Defect in Transistor M1

Figure B.1 VTC of defective AOI with Tleak defect on M1, Case 1

Figure B.2 Transient response of (a) AOI with Tleak defect on M1, (b) the load inverter, Case 1
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Appendix C GOS in PMOS Transistors
Table C.1 AOI input combinations applied for GOS in transistor M5
Case
1
2
3

Input Pattern
A: 1 → 0, BCD = 101
AB = 01, CD: 1 → 0
ABCD: 1111 → 0000

Figure C.1 Percentage of delay variations in AOI with GOS defect in transistor M5, Case 1

Figure C.2 Percentage of delay variations in AOI with GD short in transistor M5, Case 1
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Figure C.3 Percentage of delay variations in AOI with GS short in transistor M5, Case 1

Table C.2 AOI input combinations applied for GOS in transistor M7
Case
1
2
3

Input Pattern
A: 1 → 0, BCD = 101
AB = 01, CD: 1 → 0
ABD: 111 → 000, C = 0

Figure C.4 Percentage of delay variations in AOI with GOS defect in transistor M7, Case 3
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Figure C.5 Percentage of delay variations in AOI with GD short in transistor M7, Case 3

Figure C.6 Percentage of delay variations in AOI with GS short in transistor M7, Case 3
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