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In integrated circuits, time-dependent dielectric breakdown, hot carrier injection, and
electromigration are primary die-level wear-out failure mechanisms. Failure models for these
mechanisms can be used to assess and compare the parts based on their ability to withstand these
failure mechanisms. The failure models require electrical input parameters: gate voltage, drain
current, and current through interconnect, as well as dimensional input parameters: gate oxide
thickness, gate length, and die metallization dimensions. These input parameters are unavailable
in traditional documentation, such as datasheets and application notes. As a result, part users face
difficulty using the failure model for part assessment. This thesis presents methodologies to obtain
die-level electrical and dimensional input parameters for individual parts. The approach developed

to find the input parameters uses the process technology information of a part and literature on



process technology. The electrical input parameters for the time-dependent dielectric breakdown
and hot carrier injection failure model are determined from transistor-level voltage-current
characteristic curves provided in the literature on process technologies. The methodologies to
determine the electrical input parameters are developed by utilizing transistor circuit information

and the associated characteristic curves.

Part manufacturers use different technologies and design rules, leading to differences in input
parameters such as die-level dimensions and electrical and environmental loads. These variations
affect the ability of parts to withstand die-level failure mechanisms. Therefore, a die-level
comparative assessment should be performed to compare and select the parts. Comparative
assessment refers to quantifying and comparing the influence of die-level input parameters on
time-to-failure of parts for individual die-level failure mechanisms using simulation-based design
of experiments. Identifying the parameters that affect the part’s time-to-failure using a simulation-
based design of experiments supports decision-making for derating considerations, acceptable
manufacturing variations, and part selection. This thesis provides guidelines for extracting input
parameters for die-level failure mechanisms and a methodology to perform comparative part

assessment based on the application load condition of the system.
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1. Introduction

The manufacturing technology used in making transistors of the die with specific design rules
and the size a transistor achieves is referred to by various names, such as process technology or
node size. Manufacturers employ various manufacturing technologies and design rules, resulting
in differences in die-level dimensions such as gate oxide thickness, electrical loads such as gate
voltage, environmental loads such as temperature, and materials across different process
technologies and within the same process technology. Additionally, the materials and dimensions
can differ between manufacturers, even at the same process technology level. As a result of these
differences in dimensions and materials, the influence of environmental parameters such as
temperature, electrical parameters, and dimensional parameters on a part’s time-to-failure can vary.
These variations affect the ability of parts to withstand die-level failure mechanisms. Therefore,
die-level assessment should be performed on parts for comparison and part selection, including
when parts of the product are updated because of market trends, new materials, obsolescence risk,
or a change of supplier. Comparative assessment refers to evaluating parts by ranking the

influencing parameters for individual die-level failure mechanisms on individual parts.

Part manufacturers provide reliability in terms of FIT (Failure in Time) rates or MTBF (Mean
Time Between Failures) using data from tests such as high temperature operating life (HTOL). The
FIT rates comprise all kinds of failures where the dominant failure mechanisms are not known.
The part manufacturer may claim that the part is qualified and tested for die-level failure
mechanisms according to standards such as JEDEC and AEC-Q100. However, qualification

criteria are not provided in the standards.



Nevertheless, FIT rates and MTBF are based on constant failure rate assumptions, which do
not account for damage accumulation or wear-out mechanisms such as the ones covered in this
study [1] [2]. Wear-out mechanisms, such as a die-level failure mechanism, do not have a constant
failure rate. These mechanisms typically exhibit an increasing hazard rate. Therefore, even if
reliability information is provided in terms of FIT and MTBEF for the die-level failure mechanisms,

it is irrelevant and not a good representation of die-level failure mechanisms [3].

Part users can perform die-level assessment using physics-of-failure mechanisms and
corresponding failure models. Failure mechanisms are physical processes by which a combination
of physical, electrical, mechanical, chemical, and magnetic stresses damage the material of the
device, inducing failure in a device where failure is recognized by degradation of specific
parameters and the failure model of a failure mechanism is the representation of degradation of a
device parameter based on time and stresses. This thesis covers the following die-level failure
mechanisms: electromigration (EM), hot carrier injection (HCI), and time-dependent dielectric
breakdown (TDDB), as these are the commonly reported die-level failure mechanisms in
integrated circuit devices [4] [5]. Negative Bias Temperature Instability (NBTI) is not included in
the scope of this study due to the recoverable nature of the degradation it induces. The available
failure models for NBTI provide time-to-failure (TTF) predictions based on DC stress [11], [12].
However, in practical applications, devices are predominantly subjected to AC stress conditions,
under which the degradation is recoverable once the stress is removed, and the time to reach the
failure criteria is significantly longer. In addition, NBTI is critical for process technologies below
the 90 nm node, including where gate oxide thicknesses fall below approximately 1.4 nm, or the

gate oxide is doped with another material, or where high-k dielectrics are used instead of gate



oxide [6] [7] [8]. The case study has only one part that is below 90 nm (Multicore ARM-28 nm,

gate oxide thickness 1.5 nm).

Figure 1 shows the failure sites of TDDB, HCI, and EM. TDDB occurs in the gate oxide, HCI
is in the channel region of the transistor between source and drain, and EM occurs in the metal

interconnects. Table 1 lists these failure modes and stresses for die-level failure mechanisms.

" Metal Level 2 «—Metal line
g /
=
§—= EM — Metal Via
W
=
Metal Level 1 \
- P _— Contacts
Gate Oxide—— | |~ TDDB
HCI N-Well
Channel
Region
P-substrate
n-MOSFET p-MOSFET
Figure 1: Failure sites for die-level mechanisms in CMOS transistors
Table 1: Die-level failure mechanisms, stresses, and modes
Failure mechanism Failure modes Stresses
Resistance change of interconnects, Current density in the interconnect
Electromigration (EM) open circuit (voids), or short circuit Y
. and temperature
(hillock)
Time-dependent dielectric Change in gate leakage current and Electric field over oxide and
breakdown (TDDB) threshold voltage shift temperature
Threshold voltage shift, increased . .
L -y Current in the channel region and
Hot carrier injection (HCI) gate leakage current, and switching
. temperature
frequency degradation




However, there is not sufficient information in the part documentation for modeling the
reliability of parts for die-level failure mechanisms. Critical die-level input parameters, such as
gate voltage (electrical) and gate oxide thickness (dimensional), required for these models, are not
provided in part-related documentation. Additionally, the test conditions for mechanisms such as
TDDB, HCI, and EM, including temperature, applied electrical loads, and device dimensions, are
not disclosed by the part manufacturers. There is limited guidance available on how to obtain or

estimate these input parameters for die-level failure models in integrated circuits.

Information about failure models is available in standards such as JEDEC [9] and VITA[10].
However, methods for determining input parameters for failure models are undefined. The limited
reliability information provided by manufacturers for die-level failure mechanisms leaves
component engineers without adequate support for part assessment regarding die-level failure
mechanisms. As a result, part users face challenges obtaining reliability data and evaluating parts
for die-level failure mechanisms to support part assessment, reliability assessment, or part
selection and management. There is extensive literature on dominant die-level failure mechanisms
and their associated failure models for reliability assessment. However, this literature cannot be
used for part-level reliability assessment as information about input parameters is not consistently

available, and the literature cannot be directly linked to a part.

This thesis offers guidelines for gathering information about the die-level dimension and
electrical parameters using the part datasheet and literature on performance analysis of process
technologies. It also presents a methodology to assess parts based on the application load
conditions for die-level failure mechanisms using failure models and design of experiments (DoE).
The methodology enables the identification and differentiation of parts by highlighting dominant

input parameters influencing their time-to-failure with respect to individual failure mechanisms.

4



The approach includes identifying the effects of input parameters and their interactions on the
time-to-failure of parts for individual failure mechanisms. Identifying die-level dominating
parameters for individual parts that have unique environmental, electrical, and dimensional
parameter ranges can help in comparative part assessment, decision-making for derating

considerations, and acceptable manufacturing variations.

The remainder of this thesis is organized as follows. Chapter 2 reviews the limitations of
existing industry standards in providing input parameters for die-level failure models. Chapter 3
presents the underlying physics and failure models for time-dependent dielectric breakdown
(TDDB), hot carrier injection (HCI), and electromigration (EM). Chapter 4 surveys literature
sources for obtaining electrical, dimensional, and environmental input parameters. Chapters 5
through 7 describe the methodologies developed to extract dimensional, electrical, and
environmental parameters, respectively. Chapter 8 introduces the simulation-based design of
experiments (DOE) framework, followed by Chapter 9, which outlines the experimental plan and
parameter categorization. Chapter 10 describes the simulation procedure. Chapter 11 discusses the
DOE results for each failure mechanism and identifies dominant and interacting parameters.
Chapter 12 estimates an arbitrary scale factor for the EM failure model to extend its utility. Finally,

Chapter 13 summarizes the key findings and implications for part selection and management.



2. Lack of information about input parameters in industry

standards

There are standards for semiconductors from organizations such as the JEDEC (Joint Electron
Device Engineering Council) Solid State Technology Association that provide testing procedures
and failure models for ICs for die-level failure mechanisms, and the AEC (Automotive Electronics
Council) that provides testing and qualification procedures for ICs for die-level failure
mechanisms. This section will explain that while these standards may serve their purpose, they do
not provide guidance on how to obtain the die-level input parameters required for using the failure

models.

Among the users of semiconductor parts, there is a perception that the use of the AEC-Q
qualification methodology is more quality and reliability-conscious and more demanding. Some
manufacturers use AEC-Q standards to show that their parts are more robust. The requirements of
AEC-Q100 [11] are used to demonstrate the scarcity of information on the die-level failure
mechanism. The qualification requirements concerning die-level failure mechanisms, including
acceptance criteria for the parts, are not clearly explained, unlike many of the package-level test
procedures, as shown in Figure 2. It also does not mandate the manufacturer to provide failure
data, test methods, and acceptance criteria. According to AEC-Q100, “successful completion and
documentation of the test results from requirements outlined in this document allow the supplier
to claim that the part is AEC-Q100 qualified.” There is no mandate to provide this data to the

customer.



TEST GROUP C - PACKAGE ASSEMBLY INTEGRITY TESTS
SAMPLE | NUMBER | ACCEPT TEST

STRESS ABV # NOTES SIZE | LOT OF LOTS CRITERIA METHOD ADDITIONAL REQUIREMENTS
H,P.B AEC
Wire Bond Shear WBS Cc1 0. G‘I Cex >1.67 Q100-001 At appropriate time interval for each bonder to be used.
! AEC Q003
fi
mi;umr:?nn?;:':vs:as Condition C or D. For Au wire diameter =1mil, minimum pull
LP B CPT))F’I .?7 MIL-STD8g3 | Strength after TC = 3 grams. For Au wire diameter <1mil. refer
" . or ails to Figure 2011-1 in MIL-STD-883 Method 2011 as a guideline
Wire Bond Pull wer c2 D, GI after TC Method 2011 | o i pull strength. For Au wire diameter <1mil, wire
(test #A4) AEC QOO3 bond pull shall be performed with the hook over the ball bond
and not at mid-wire.
. H,P. B, per JEDEC If bum-in screening is normally performed on the device before
Solderabili SD C3 R 15 1 shipment, samples for SD must first undergo bumn-in_or
ty D.G.E 4STD-002 | J-STD-002 | couivalent bigh baking,
TEST GROUP D - DIE FABRICATION RELIABILITY TESTS
SAMPLE NUMBER ACCEPT TEST
STRESS ABV # NOTES SIZE / LOT OF LOTS CRITERIA METHOD ADDITIONAL REQUIREMENTS
The data, test method, calculations and internal criteria should
Electromigration EM D1 - be available to the user upon request for new technologies.
Time Dependent TDDB D2 The data, test method, calculations and internal criteria should
Dielectric Breakdown - - - - - be available to the user upon request for new technologies.
: P The data, test methed, calculations and internal criteria should
Hot Carrier Injection HCl D3 - - - - - be available to the user upon request for new technologies.

Figure 2: Unclear requirements for die-level failure mechanisms

However, meeting the requirements of AEC-Q100 does not explicitly make a part reliable
according to a specific application condition. AEC-Q100 states that parts are expected to meet a
“certain level” of quality or reliability upon using their qualification criteria. The phrase “certain
level” mentioned in AEC-Q100 lacks specificity. The standard does not define stress tests,
minimum stress test-driven qualification requirements, or reference test conditions for qualifying
integrated circuits for die-level failure mechanisms. This AEC standard does not require
manufacturers to provide customers with details about sample size, number of lots, acceptance
criteria, or test methods for “stresses” for die-level failure mechanisms. AEC-Q100 recommends
that manufacturers provide test data and technology methods for die-level failure mechanisms if

customers request them.

A review of JEDEC standards related to the three failure mechanisms of interest was made to
review the guidance and requirements about reliability assessment parameters, including input
parameters, sample size, lot size, failure criteria, acceptance criteria, and test conditions. It was

found that the JEDEC standards for die-level failure mechanisms are focused on testing procedures
7



and estimation of model constants and do not offer information on input parameters for failure
models and reliability assessment criteria. The standards lack consistency in reliability assessment
parameters, and the testing methods focus on wafer-level, not part-level, evaluations. As a result,
the JEDEC standards listed in Table 2 cannot be applied to part-level testing and reliability
assessments, even when all necessary parameters are included. Table 2 lists the relevant JEDEC
standards and a summary of observations by type of information related to the die-level failure
mechanisms, such as sample size, lot size, failure criteria, acceptance criteria, and test conditions.
In Table 2, “Yes” indicates that the standard contains specified information about the category,
while “No” signifies that no specific information is provided about that category. For example,
JESD61A.01 [12] covers electromigration (EM) and includes data on failure criteria and test

conditions, but lacks details on sample size, lot size, and acceptance criteria.

JESD202 [13] and JESD63 [14] provide sample size information for electromigration, but do
not include details on lot size, failure criteria, or acceptance criteria. JESD263 [15] refers to
JEPOO1 [16] for sample size and lot size information. JEPOO1, which addresses both time-
dependent dielectric breakdown (TDDB) and hot carrier injection (HCI), includes comprehensive
information on sample size, lot size, and test conditions but does not provide specific details on
acceptance criteria. For HCI, in addition to JEP0O1, JESD28-A [17], JESD28-1 [18], and
JESD60A [19] were reviewed. Overall, all the standards mentioned here do not provide
information about acceptance criteria. This review highlights the variability in the completeness

of the standards concerning key reliability assessment parameters.



Table 2: Overview of coverage of key reliability assessment parameters in JEDEC standards for die-level failure

mechanisms
Standard / Failure Sample Lot Failure Acceptance Test Test
Publication Mechanism Size Size | Criteria Criteria Conditions Method
JES?S]A 01 EM No No Yes No Yes Yes
JESD202 [13] EM Yes No No No No Yes
JESDG63 [14] EM Yes No No No No Yes
JESD263 [15] TDDB No* No* Yes No Yes Yes
JEPOO1 [16] TDDB Yes Yes No No Yes Yes
JEPOO1 [16] HCI Yes Yes Yes No Yes Yes
JESD28-A [17] HCI No No Yes No Yes Yes
JESD28-1[18] HCI No No No No Yes Yes
JESD60A [19] HCI No No Yes No No No

* JESD263 refers to JEP0O1 for information about sample size and lot size

The standards mentioned in Table 2 for each failure mechanim are expected to be used together.

As an example, Figure 3 shows the relation between JEDEC standards and publications for HCI.

Testing procedure for HCI is available in JESD28A and JESD60A, and examples of data analysis

techniques that may be useful in analyzing MOSFET n-channel hot-carrier-induced degradation

data are available in JESD28-1. Information about the sample size and lot size for testing is

available in JEPOO1. However, even after a review of the connected documents, complete details

on the part-level reliability of a packaged semiconductor device for those mechanisms cannot be

established.

JESD28A — Procedure for measuring n-channel MOSFET
hot-carrier-induced degradation under DC stress

l

JESD60A — A Procedure for measuring p-channel
MOSFET hot-carrier-induced degradation under DC stress

I

JESD28-1 — N-Channel MOSFET hot carrier data analysis

JEP001-2A-Foundry

process qualification

guidelines — front-end
transistor level

JEP122H-Failure
mechanisms and models for
semiconductor devices

Figure 3: Relationship between JEDEC standards and publication for testing for HCI




Two standards, VITA 51.2 [10] and JEP122H [9], were reviewed for failure models related to
EM, TDDB, and HCI, and the models in JEP122H are used in this study. While more up-to-date
and detailed than VITA 51.2, JEP122H does not provide information on obtaining environmental
and electrical input parameters for the die-level failure mechanisms. JEP122H does not incorporate
dimensional parameters independently and builds them into electrical stress parameters, such as

current density and electric field over the gate oxide.

Electrical stresses are used in failure models to generalize the breakdown strengths of
materials. In addition, electrical stresses such as current density in interconnects, defined as the
current flowing through the interconnect divided by its cross-sectional area (J = Igm/A), are
preferred for reporting time-to-failure data. This is because they allow easier comparison of time-
to-failure and breakdown strength across different materials and geometries. However, when stress
parameters like current density (J) are used instead of loads such as current (Iem) and dimensional
parameters, the individual effects of electrical loads and variations in dimensions cannot be
distinguished. Furthermore, the influence of other stresses, such as temperature, may be
overshadowed due to the high order of magnitude of current density, which is typically on the
order of 10° A/m?. Therefore, in this study, electrical and dimensional parameters are treated

independently and are not combined into stress parameters.

There are relative variations in dimensions emanating from the manufacturing processes, and the
tolerance values are dependent on the process technology [20], [21], [22], [23]. The sources of
information for the electrical and dimensional parameters are independent of each other, and the
dimensional parameter changes can lead to failures regardless of the scaling of operational
parameters [24], [25]. Therefore, it is necessary to include electrical and dimensional parameters

in the die-level failure models independently to compare their individual effects. In this study, the

10



electrical and dimensional parameters are identified separately before incorporating them into an

electrical stress parameter.
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3. Die-level failure mechanisms and their failure models

The physics and process of failure mechanisms that are covered in this study are explained in
this section. The failure models and the parameters of the failure models of TDDB, HCI, and EM

are explained.

3.1. Time-dependent dielectric breakdown

Time-dependent dielectric breakdown (TDDB) occurs when an electric field, below the gate
oxide’s breakdown strength, degrades its insulation property over time. As the gate oxide is
stressed under an electric field and temperature, defects, such as oxygen vacancies or dangling
bonds, begin to accumulate in it. The accumulation of these defects accelerates with an increase in
the electric field and temperature across the oxide. These defects act as localized conduction sites,
creating conduction paths, which can result in a short between the gate and the substrate, as shown

in Figure 4. Equation 1 is the time-to-failure model for TDDB, and all the parameters of the failure

model are listed in Table 3.
Conductive path
Gate duc to defect

Gate
Gate Oxide . - Oxide
Thickness ——T———1 |
accumulation
P-substrate Gi{te
i | Oxide

Y Y

n-MOSFET p-MOSFET

N-Well

Figure 4: Time-dependent dielectric breakdown in the gate dielectric of a transistor
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YTox) o\~ KT
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Table 3: Input parameters for the TDDB failure model
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Parameter Description Unit Value

By Scaling factor A unit of time | Experimental results
Field acceleration M Industry standards or literature.

14 constant ¢ v Range in 2.5<y<4.9
Literature and process family
Vys Gate to source voltage v documentation corresponding to

process technology
Literature and process family
Ty Gate oxide thickness nm documentation corresponding to
process technology
Industry standards or literature.

Apparent activation

Eaa_toDB energy for TDDB eV Range in 0.6< Eaa tops <0.9
. Power  dissipation, thermal
T Junction temperature K dissipation, and part datasheet
k Boltzmann’s constant eV/K 8.6173303 x 107> eV/K

3.2. Hot carrier injection

Hot-carrier injection (HCI) occurs when electrons or holes traveling through a transistor’s (n-
MOSFET or p-MOSFET) channel region (i.e., la) gain enough kinetic energy to get injected into
the gate oxide as they travel along the channel length from source to drain. Additionally, near the
drain, where the channel electric field is the strongest, these energized ‘hot carriers (electrons or
holes) can get redirected towards the gate dielectric due to impact ionization, as shown in Figure
5. Impact ionization is the phenomenon by which the carriers (in this case, hot carriers) collide
with the bound electron-hole pairs in the substrate, thereby generating additional free electrons
and holes through the separation of the pair. The electron from the electron-hole pair can also get
injected into the gate dielectric. HCI can lead to changes in transistor parameters such as drain
current, substrate current, gate current, or threshold voltage, and it also degrades the gate dielectric.
The time-to-failure model for HCI is given in Equation 2, and all the parameters of the model are

in Table 4.
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Figure 5: Hot carrier injection in the channel region of a transistor
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Table 4: Input parameters for the HCI failure model

Parameter | Description Unit Value
. A unit of time .
Co Scaling factor x (A/m)" Experimental results
Literature and process family documentation
Iq or Iy Drain current pA corresponding to the part process technology and
gate voltage levels
. Literature and process family documentation
Waae Gate width Hm corresponding to the part process technology
Empirical Function of stress voltage, temperature, and
n P Dimensionless | effective transistor channel length. The typical
exponent .
range is between 2 and 4
Industry standards or literature.
. Apparent v For n-MOSGET: -0.2 < Eqy nc1 < 0.4
aa_HCI activation © For p-MOSFET: L > 0.25 um :-0.1 < Eaq 1101 < -0.2,
energy for HCI -
For L <0.25 pym: 0.1 <Eaa 5cr < 0.4
Junction Power dissipation, thermal dissipation, and part
T K
temperature datasheet
k Boltzmann’s eV/K 8.6173303 x 107° eV/K
constant
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3.3. Electromigration

Electromigration is the migration of metal atoms due to momentum transfer between current-
carrying electrons and metal atoms within interconnects of integrated circuits. The migration
process accelerates due to the increase in the current density and temperature in the interconnects.
This metal atom migration in interconnects can lead to agglomeration of metal at one site, forming
hillocks that may cause short circuits or create voids in the metal, which may result in open circuits,
as shown in Figure 6. The time-to-failure model for electromigration is in Equation 3, and all the

parameters related to it are listed in Table 5.

g Metal Level 2 «—Metal line Metal

@

=

§ -« Mectal via

2 .

2 Hillock turned

= Width (w) . . .

Metal Level 1 Thickness () into a bridge

/Contacts

Void
Metal atoms
(C0G
Metal
Figure 6: Electromigration in the interconnects
Igy " EaaEM
TTF = A (—) e KT (3)
wt
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Table 5: Input parameters for the electromigration model

Parameter Description Unit Value
Ay Scaling factor A unit of time | Experimentally determined from life
x (A/m?)" testing for technology by product
developers.
Tem Currept flowing mA Part datasheet
through interconnects
w Interconnect width pm Literature and process family
documentation corresponding to process
technology
t Interconnect thickness pum The interconnect thickness is assumed to
be equal to the aspect ratio of the
interconnect X w
n Exponent Dimensionless | Experimentally determined, dependent on
interconnect ~ material,  experimental
conditions, and junction failure mode.
Range lies between 1.1 <n <2,
in common, Aluminum: n = 2,
Copper:n=1.1
Eaa em Apparent activation eV Experimentally determined, dependent on
energy conductor diffusion pathways.
Al + %Si: 0.5 < E,y gm < 0.6
Al+ %Cu: 0.7 < E;, gm < 0.8
Cu: 0.85 < E,, gm < 0.95
T, Junction temperature K Power dissipation, thermal dissipation,
and part datasheet
k Boltzmann’s constant eV/K 8.6173303 x 1075 eV/K
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4. Literature review on failure model input parameters

There is extensive literature on TDDB, HCI, and EM failure mechanisms as well as their
associated failure models. However, inadequate information is available on obtaining the

necessary values of input parameters to use as model inputs.

4.1. Electrical input parameters

This section reviews the electrical parameters considered and reported in the literature for
TDDB, HCI, and EM. The critical die-level electrical input for TDDB is voltage between gate and
source (Vgs), for HCI, it is drain current (Id), and for EM, it is current flowing through interconnects
(Iem). These electrical parameters are discussed in detail in subsequent sections. Additionally, this
section examines the range of values for these parameters as applied in time-to-failure modeling

for the three failure mechanisms.

4.1.1. Time-dependent dielectric breakdown

While different failure models are utilized for time-to-failure modeling for TDDB, all of them
include the material type and thickness of the dielectric material. The TDDB time-to-failure model
from the JEP122H standard is used in this study. Literature provides information about electrical
input parameters for TDDB failure models in terms of gate voltage or electric field over gate oxide

thickness.

Yang et al. [26] characterize gate dielectric breakdown at 150°C by analyzing time-dependent
trap generation in n-MOSFETs and p-MOSFETs under the TDDB failure mechanism. The study

considers gate voltage as an input parameter with values in the range of 1-3.5 Volts, but does not
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explain how these values were determined for time-to-failure modeling. Additionally, it lacks

information on gate oxide thickness for both transistor types.

Park et al. [27] present a time-to-failure model for TDDB by combining various existing
models. The electric field across the gate oxide thickness (Eox) is used as an input parameter to
compare the individual old models with the proposed hybrid model. Eox values used for
comparison range from 0.5 V/nm to 1.2 V/nm for a MOSFET with a gate oxide thickness of 9.9

nm. However, no method for determining the Eox values has been provided in the article.

Failure models require part-specific electrical parameters, particularly gate voltage, for TDDB.
However, gate voltage values from the literature for test structures and simulation models are
unsuitable as they cannot be linked to specific process technologies or parts. So, gate voltage

values from the literature on time-to-failure modeling for TDDB cannot be used.

4.1.2. Hot carrier injection

Dimopoulos ef al. [28] proposed a search-based method for identifying model parameters for
fitting a MOSFET degradation model from public domain data, which includes data from fabs and
measurement of test devices. They validated results by estimating lifetime statistics through a
Monte Carlo simulation and compared them against 65 nm process technology from TSMC [29].
They compare the time-to-failure statistical distribution of the 65 nm process technology under an
operating condition that initiates the HCI mechanism to the results they obtained. The drain current
(Ia) at 0.5V gate voltage, used as an electrical input parameter in their HCI failure model for the
65 nm process technology, was sourced from Fakhruddin et al. [30], which is shown in Figure 7.

Dimopoulos et al. [28] utilized HCI time-to-failure data for the 65 nm process technology provided
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by TSMC in their study. However, it is impractical to assume that such data will be available for

all other process technologies.

30

I4 (mA)

Figure 7: The 14 values are taken from Fakhruddin et al. [30], who discuss the electrical characteristics of 65nm
process technology by Dimopoulos ef al. [28]

Mahapatra and Sharma [31] review parametric shifts in threshold voltage and drain current at
different gate voltage conditions for n-MOSFETs. The review takes into consideration channel
length from ~2 pm to ~20 nm and oxide thickness (Tox) scaling from ~20 to ~1 nm for drain
voltage (Vq) variation from ~8 to ~1 V and gate voltage (V) chosen to achieve a maximum
degradation due to hot-carrier injection. Substrate current and gate current values are considered

and reported in their article for different MOSFET dimensions.

Studies that simulate HCI degradation for various gate geometries generally do not detail how
the electrical input parameters are derived. Some studies also model time-to-failure using drain
current, while others incorporate substrate and drain currents. For initial-level analysis, simulating
the exact geometries of the process technology is neither practical nor necessary. Dimopoulos et
al. [28] demonstrate that once input parameters are sourced appropriately, they can be applied to

devices based on their process technology, streamlining the time-to-failure modeling process.
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4.1.3. Electromigration

The literature on electromigration can be divided into three broad categories: testing performed
at the wafer level, testing at interconnect lines, and simulation of current density through the
interconnects. The current density in the interconnect (J) is used as an electrical input parameter in
the electromigration failure model. The current density values in the literature reviewed vary from
1 mA/pum?to 100 mA/um?. These typical values of current density for electromigration testing in
the literature match the JEDEC standards. For the time-to-failure modeling for electromigration, a
modified version of Black’s equation given in Equation 4 (which had a fixed exponent of n = 2) is

widely used [32].

TTF = AOJ‘”e% (4)

Zhang et al. [33] report typical current values on the order of 100 mA running through
interconnects. Shaviv et al. [34] discuss electromigration testing of a two-metal-level copper dual
damascene test structure under AC, pulsed-DC, and DC test conditions with a typical current
density of 25 mA/um?. Hua ef al. [35] propose a method for electromigration failure modeling
using simulation, specifically a finite element model of interconnect lines. Their study employs
electronic design automation and finite element analysis to analyze the current density distribution
in the interconnect and predict the electromigration lifetime. The current density values they report

range from 0.1 to 1 mA/pum?.

The reported literature here considers the current density as an input parameter using the test
structure or FEA model, not the current supply to the interconnects of a part. Such analysis is time-
consuming for initial-level analysis in evaluating the suitability of parts for application conditions.

Also, the literature on EM cannot be used if it cannot be linked to the process technology of the
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part. Information about the current that flows through the interconnect and interconnect

dimensions of a part is required for the assessment of parts for application conditions.

Liu et al.[36] propose a method to estimate current (I) for the electromigration failure model
using part-level information. They propose capacitive load (Cvr), supply voltage (Vdd), and half of
the rise time to calculate the peak current values or the average time between high and low
switching events (1) for average current calculations, as shown in Equation 5. These parameters
can be extracted from part datasheets, and Equation 5 is presented as a viable method to determine
current for electromigration analysis. The procedure to obtain these parameters from datasheets is

discussed later.

CVaa
T

I =

(5)
4.2. Literature sources for input parameters

To cover the gaps related to input parameters, we have referred to literature that provides
information about die-level dimensions and electrical parameters for different process technology
levels. The critical die-level dimensional input for TDDB is gate oxide thickness (Tox), for HCI, it
is gate length (Lgate) and gate width (Wgate), and for EM, they are the interconnect width (w) and
the thickness (7). These dimensional parameters are discussed in detail in subsequent sections.
Literature used as a source for parts with different process technologies evaluates the performance

of different process technologies through the transistor-level electrical characteristics.

Breil et al. [37] demonstrate a new etching procedure to integrate new materials for the source
and drain of a MOSFET device with 120 nm process technology. This paper provides electrical
input parameters related to 120 nm process technology. Ryndin et al. [38] reported on developing

CMOS devices with 120 nm process technology for signal processing in micromechanical
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accelerometers. Their research mentions the value of dimensional parameters for 120 nm process
technology, where the gate length (Lgate) is 120 nm, and the gate oxide thickness (7,x) is 3 nm.
Bohar ef al. [39] provide Vg, g, Lg, and Tox values related to 250 nm process technology, and
Seshan et al. [40], in their article in Intel’s technology journal, provide information about the
interconnect dimensions of 250 nm process technology. Yang et al. [41], in their paper on 180 nm
process technology, provide V, and I4 and dimensional input parameters. Tomimatsu et al. [42]
mention Vg and Iq4 values and dimensional input parameters in their work on developing a 28 nm
process technology. Sun et al. [43] developed a 400 nm process technology for CMOS logic
devices; they mention Vg and 4 values with Lerrand Tox values in their paper. Thompson et al. [44]
describe Intel’s 130 nm CMOS logic technology used to make high-performance microprocessors.
They provide information about various characteristics and specifications, which include Vg and
I4 values and dimensional input parameters. The literature mentioned here is the source for
electrical and dimensional input parameters. Table 6 shows the literature sources referred to for
gathering information about the electrical input parameters and dimensional parameters. For parts
with process technology of 130 nm and above, process technology family documents for
manufacturers and literature on process technology can be used to obtain dimensional and
electrical parameters for die-level failure models. However, for process technology below 130 nm,
manufacturers no longer adhered to commonly accepted design rules, making literature on process

technology a more reliable source for obtaining input parameters.
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Table 6: Literature sources to gather information about the electrical input parameters, and the dimensional

parameters
Process Ia Letr or Lgat T

e gate ox

Y | am/may | am) | om)
400 35[42] | 440[42] | 380[42] | 10[42]
250 18[39] | 700[39] | 180[39] | 4.5[39]
180 15[41] | 950[41] | 130[41] | 3[41]
130 1.4[44] | 1300[44] | 60[44] | 1.5[44]

120 12[37] | 180[37] | 120[37] | 3[37]
28 0.8[45] | 100[45] | 28[42] | 1.4[46]

4.3. Environmental input parameter

Temperature is the environmental parameter for failure models of TDDB, HCI, and EM.
Different types of temperatures are used for die-level failure models in the literature. Yang et al.
[26] used ambient temperature as an input parameter in their model for TDDB. Jin et al. [47]
consider “transistor junction temperature in the channel” as an input parameter and include the
effect of self-heating temperature increase in the HCI failure model. However, this method is
resource- and time-intensive and not practical for part-level assessment. Similarly, Furuya et al.
[48] investigate the relationship between junction temperature and HCI degradation. They estimate
junction temperature using thermal resistance from simulations, and details of the simulations are

not provided.

The literature on time-to-failure determination for electromigration failure mechanisms
focuses on wafer-level, interconnect lines, or simulation of interconnects, considering the

temperature of the wafer, test structures, or simulated geometries in failure models [12] [34] [35]

[49].

Liet al. [50] investigated how device operating parameters, such as switching speed and power
dissipation, behave with voltage and temperature. They provide a method to estimate power

dissipation and junction temperature. Where power dissipation is determined using Equation 6 and
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junction temperature is determined using Equation 7. They use the junction temperature estimated
by Equation 6 in Li et al. [50] and Li et al. [51] for HCI and TDDB time-to-failure models for
circuit reliability modeling using different simulation tools.
Py = CViaf (6)
where P4 is the device’s power dissipation and f is the switching frequency.
T) = RjaPg+ Ty (7)

where Tj is the junction temperature, R4 is the junction to ambient thermal resistance, and Ta is

the ambient temperature.
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5. Methodology to obtain dimensional input parameters

This section discusses die-level dimensional input parameters in relation to the failure
mechanisms of interest. It demonstrates how these parameters can be obtained utilizing the process

technology of the part.

5.1. Process technology

The first step to gathering information about dimensional parameters is to find the process
technology level of the part. Process technology relates to the photolithography level used in
semiconductor manufacturing and associated design rules. The associated design rules dictate the
size of various dimensions of a transistor [52]. As shown in Figure 8, historically, “process
technology” referred to gate length (Lgate), or the metal level 1 half-pitch. Traditionally, gate length
was a reference parameter for process technology of microprocessor units, while for DRAM, it

was the metal level 1 half-pitch [53].

Metal Level 2

Metal Level 1
Pitch
Metal Level 1

~

Interconnects

sate Length =|:__. 4
. Gate Metal Level 1_L—" [ Gate
Gate Oxide = Half Pitch
N-Well
P-substrate
n-MOSFET p-MOSFET

Figure 8: Physical representation of process technology or feature size in terms of gate length and in terms of metal
level 1 half pitch
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Process technology is referred to by various names: minimum feature size, node size,
technology node, process node, and node. The relationship of gate length and metal 1 half pitch to
process technology is lost due to marketing moves and differences in terminology used among
foundries. The change in meaning became pronounced since the introduction of 45 nm, which was
around 2007, and smaller node sizes. Process technology below 45 nm usually refers to the
generations of chips made with a certain lithography process and it does not necessarily correspond
to the gate length or metal level 1 half-pitch and scaling of dimensions from previous process
technology to next generation process technology. However, it can be used to obtain die-level

dimensional and electrical parameters [54].

Sangepu [55] developed a methodology for obtaining process technology. Information about
the process technology level of the part is not necessarily directly available from the part
manufacturer. Sources, such as the original component manufacturer’s (OCM) website, user guide,
production part approval process document (PPAP), product change notification (PCN), parts
qualification, and reliability report, can provide information on process technology. The process
technology might be mentioned in the part’s datasheet. Specific fab produces wafers with a
particular process technology or wafers at a specific range of process technology levels (e.g., 90-
45 nm). If the process technology information is available on the webpage of the foundry, then it
can be accepted according to the time when it was published. However, suppose the information
about the fab location and process technology being manufactured at that location is taken from
other documentation, such as qualification or reliability reports published a while ago. In that case,
the information should be verified based on the document’s release date and current time.

Technological roadmaps from the industry can also be used to find the process technology level of
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the part based on the part introduction period. News articles on part manufacturers and foundries

can also lead to process technology information [56], [57].

When identifying and validating the process technology of parts that have been stored for
extended periods, refer documentation corresponding to the time of procurement. Relevant
documents include the datasheet, qualification reports, reliability reports, Production Part
Approval Process (PPAP) documentation, Product Change Notifications (PCNs), and user guides,
each reflecting the specifications and manufacturing details at the time the part was produced. Part
users should maintain a clear record of the procurement timeline, including the manufacturing date
code and lot code, as these are critical for determining the part’s original fabrication timeframe. It
is important to note that information available on the manufacturer’s website or based on current
fab capabilities may not accurately represent the historical process technology used at the time of

manufacture.

Therefore, users should proactively collect and archive all relevant documentation during the
initial procurement phase, prior to placing the parts in storage. In many cases, manufacturers may
be unable to provide time-specific documentation retrospectively. However, the methodology
proposed in this study can be used by part users or manufacturers to estimate the process
technology by mapping available historical documentation to the likely process technology. If
assumptions are required, such as those based on fabrication site information, press releases, or
industry roadmaps, they should be carefully aligned with the manufacturing date code and lot code

of the part to maintain temporal relevance and accuracy.

To manage the impact of frequent part or material changes, part users should use Process
Change Notification (PCN) documents along with all part-related documentation. These PCN

documents, issued by the manufacturer, are intended to communicate all changes to a part,
27



including updates to process technology and die-metallization. By actively monitoring and
archiving PCNs, users can track the evolution of a part over time and update their input parameters
accordingly. This approach would be an addition to the methodologies developed in this study and
the overall part selection and management process. As a future scope, a data collection format and
a management system should be created for ease of access to information, and updates should be

made to this system based on PCNs.

5.2. Die-level dimensions

The die of an integrated circuit (IC) part is made of many transistors and interconnects.
Differences in transistors’ critical dimensions between and within process technologies create
differences in the ability of parts to withstand die-level failure mechanisms. Information about the
die-level dimensions associated with TDDB, HCI, and EM is not provided in the part datasheet.
However, information about die-level dimensions for a part can be obtained from literature that
analyzes or evaluates the performance of a part’s process technology. As shown in Figure 9, the
associated dimensional parameter for TDDB is gate oxide thickness (Tox) of the transistor; for HCI,
it is the gate length and gate width, and for EM, the critical dimensions are interconnect width (w)

and thickness (t).
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Figure 9: Vertical cross-section of a CMOS transistor and critical dimensional parameters for die-level failure
mechanisms

5.2.1. Gate oxide thickness

The gate oxide is an insulating material positioned between the gate and a doped region. The
critical dimension of gate oxide that is used in the TDDB model is its thickness, referred to as gate

oxide thickness (Tox), as shown in Figure 10.

Gate
Gate oxide
thickness Gate oxide
- =3
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Figure 10: Gate oxide thickness of a MOSFET transistor

29



5.2.2. Gate Length

Gate length (Lgate) is the length of the gate, as shown in Figure 11. The apparent activation
energy of the HCI failure model (Eaa ncr) for p-MOSET depends on gate length. For Lgaee greater
than or equal to 0.25 um, the Eaa ncris between -0.1 and -0.2 eV, and for Lgae less than 0.25um,
the Eaa ner is between 0.1 and 0.4 eV. The Eaa ner for n-MOSFET is between -0.2 and 0.4 eV. There
are multiple parameters related to Lmask, Leh, and Lesr, which are shown in Figure 11. The Lmask 1S
the length of the etch mask reproduced as Lgae on the wafer through lithography and etching
processes. Lgae can be longer or shorter than Liask, depending on the lithography and etching
process. For the same Lmask design, Lgae may vary among transistors on the same wafers, between
wafers, and between manufacturing runs because of manufacturing variations. L, known as
channel length, is the distance between the metallurgical junctions of the source and drain, and it
is usually shorter than Lgace. Lefr is the length of the inversion layer formed at the gate and substrate
interface between the drain and source ends. It represents how effectively the MOSFET delivers
the current [58]. The Lesr changes with respect to drain to source voltage (Vgs) values, and it
decreases when Vs is greater than Vg - Vi. The gate width (Wgae), as shown in Figure 12, is the

dimensional input parameter in the HCI failure model.
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Figure 11: Parameters related to the gate length of a CMOS transistor
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Figure 12: Gate width of the CMOS transistor
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5.2.3. On-die metallization interconnect dimensions

Interconnects in an IC are physical connections between two transistors of the IC, and they
link various other components, such as capacitors and resistors, within the chip. Interconnects
carry electrical signals between these components, facilitating communication and power
distribution across the circuit. Interconnect lines comprise multiple layers called interconnect
levels. The geometric properties of an interconnect include the width (w) and thickness (t) of the
metal lines, the spacing (S) between adjacent lines, and the pitch, which is the center-to-center
distance between two interconnect lines, as illustrated in Figure 13. The aspect ratio, defined as

the ratio of thickness to width (t/w), is also an important dimensional characteristic for

interconnects.
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Figure 13: Vertical cross-section of metal interconnects

5.3. Methodology to determine the range of dimensions

The methodology to determine the range of die-level dimensional parameters incorporates a
methodology to find process technology. By identifying the process technology, die-level
dimensional parameters related to the process technology and die-level failure mechanisms can be
extracted from the literature, as illustrated in Figure 14. For instance, when determining the range

of die-level dimensional parameters for a part with 180 nm technology, literature assessing the
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performance and electrical characteristics or current vs. voltage curves of 180 nm MOSFETs
should be referenced. For gate length, gate width, and channel length symbols, such as Lgate, Wate,
and Lcn, should be searched in the literature. For gate oxide thickness, symbols such as 7,. are
relevant. For interconnect dimensions, search for notations such as Metal 1 or M1 for width,
thickness, and aspect ratio. In this study, Metal Level 1 is considered for electromigration time-to-
failure calculations; similar dimensional data should be sourced for other levels (e.g., Metal 2,

Metal 3) as needed.

Table 7 lists the minimum and maximum values of Lgae and Tox found in the literature related
to 180 nm process technology using the methodology to determine the range of die-level

dimensional parameters.

Find the process technology of the part.

Find literature that analyzes the performance and clectrical characteristics of the same
process technology (e.g., use search terms such as “performance analysis and electrical
characteristics of 180 nm process technology node™).

Search for parameters, such as gate length (L), effective channel length (L), channel )
length (L), gate width (W,,,.), gate oxide thickness (7,,), metal level 1 interconnect width
(w), and thickness (7).

J/

‘\
Compare the values from all the sources and identify the minimum and the maximum
values for the parameter of interest for obtaining a range of all possible values.

€€

Figure 14: Methodology to determine the range of die-level dimensional parameters

Table 7: Minimum and maximum values of gate length and gate oxide thickness for 180 nm process technology

Dimensional Parmeter Minimum Maximum
Lgaie (nm) 130 [41] 180 [59]
Tox (nm) 2.2 [60] 3.5[59]
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6. Methodology to obtain electrical input parameters

The electrical parameters, such as Vi, Vg, Vs, and g, that are related to CMOS transistors, are
shown in Figure 15. These parameter values are not provided in the technical documentation for
the part. Instead, they can be derived using a combination of part datasheets and process
technology information. Current vs. voltage curves corresponding to specific process technologies

are used to extract parameters for CMOS devices.

The supply voltage is typically denoted by Vaq or Ve, which is applied to a specific pin on the
IC, as shown in Figure 15. Vg is the voltage between the gate and source, which controls the
amount of inversion charge being generated near the gate and substrate interface. The state (on or
off) of the MOSFET channel depends on Vg, and it is determined by the input voltage Vin. The
threshold voltage, Vi, is the minimum Vs voltage needed to create a conducting path between the
source and drain terminals. Vs is the voltage between drain and source, and it controls the electric
field that drifts the inversion charge formed near the gate between the source and the drain. Iqis
the current (i.e., the charge carriers) flowing through the channel length of the MOSFET due to
Vs. The direction ofIq in both n-MOSFET and p-MOSFET transistors corresponds to the direction
of flow of the majority charge carriers, electrons in n-MOSFET and holes in p-MOSFET devices.
Iq is also commonly denoted as Igs in literature. For consistency, this thesis adopts the notation Vaq

to represent the supply voltage and Iq4 to represent the drain current.
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Figure 15: Circuit symbols and schematic for CMOS transistors

While the current flowing through the interconnects (Iem) of a part is not directly available
from the part’s datasheet, certain parameters provided in the datasheet can be used to estimate this

current.

6.1. Gate to source voltage for time-dependent dielectric breakdown

Time-dependent dielectric breakdown (TDDB) occurs when an electric field, below the gate
oxide’s breakdown strength, degrades its insulation property over time. As the gate oxide is
stressed under an electric field and temperature, defects, such as oxygen vacancies or dangling
bonds, begin to accumulate in it. The accumulation of these defects accelerates with an increase in
the electric field and temperature across the oxide. These defects act as localized conduction sites,
creating conduction paths, which can result in a short between the gate and the substrate. Vg and
Vs values for CMOS transistors of an IC can be obtained using Vaq or Ve, which is found in the
part datasheet. Figure 16 illustrates the circuit layout and standard symbols of electrical parameters
for an n-channel MOSFET, serving as a reference for explanation and example. V4s cannot exceed

Va4, and it depends on Vg and Vad, and Vs = Vaa - Vs, where Vs is at ground, i.e., Vss = 0.
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Therefore, Vaq from the part datasheet is used as a reference to find the Vg values from the
literature. Using Vgq and the process technology level of the part, Vg and Vgs values can be
obtained from the literature that presents current-voltage curves for the CMOS transistors with the

same process technology.

The methodology for determining Vg and Vgs values is outlined in Figure 17. The process
begins by locating the supply voltage in the device datasheet, typically found under device
operating conditions or electrical characteristics. The supply voltage information is usually
presented within the absolute maximum ratings (AMR), recommended operating conditions
(ROC), or both of device operating conditions or electrical characteristics. AMR should be given
preference while selecting values as it has a wider range of values for application conditions, and
the maximum value in AMR can be used for worst-case conditions. This preferential use of AMR
also applies to methodologies used for determining electrical input parameters for HCI and EM. If
the supply voltage values are not available in AMR, use ROC. Then, determine the process
technology of the part and refer to relevant literature that provides I-V curves (Iq vs. Vs at different
Vg levels) for the same process technology as the part. The literature source must have the
maximum Vgs in the I-V curves less than or equal to the maximum Va4 specified in the datasheet.
If this condition is not met, an alternate literature source must be selected. In cases where no
suitable literature is available, Vg and Vs values may not be obtainable through this method.
Figure 18 shows an example of supply voltage values in the AMR and ROC of the part datasheet.
Figure 19 shows Vgs that are less than Vgq and Vgs values from literature on 180 nm process

technology.

36



VSS
Il |_< Source Drain
- -

Figure 16: Circuit symbols and circuit layout for an n-MOSFET

Find the maximum value of supply voltage (typically denoted as ¥, or ) in absolute maximum ratings (AMR)
and recommended operating conditions (ROC) in the part datasheet. Give preference to AMR.

Find the process technology of the part.

Find literature on process technology that has 7, vs ¥, curves, at different ¥, values (e.g., use search terms such as
“performance analysis and electrical characteristics of 180 nm process technology node”).

Check if the maximum value of ¥, mentioned in the literature is < the maximum value of ¥, in the datasheet
specifications; if yes, move to step 5. If no, find a different literature source.

Find F, values from the literature that show the £, vs ¥, curves, at different ¥, values, corresponding to the same
process technology as the part, and within the same range of ¥, or V,, values as the part.

Figure 17: Methodology to find the gate to source voltage

Absolute maximum ratings (AMR)

Parameter Min. Max. Unit

Recommended operating conditions (ROC)

Parameters k 5 5 Condition

Supply Voltage and Current Consumption

Supply Voltage Vdd 1.62 1.8 1.98 \ All voltages between 2.25V and 3.63V including 2.5V, 2.8V,
205 _ 363 v 3.0V and 3.3V are supported.

Figure 18: Information about supply voltage in the absolute maximum ratings and recommended operating
conditions in the datasheet of the part with 180 nm process technology.
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Figure 19: Gate to source voltage and drain to source voltage values from the literature on 180 nm process
technology [41]

6.2. Current through the channel for hot carrier injection

Hot-carrier injection (HCI) occurs when electrons or holes traveling through a transistor’s (n-
MOSFET or p-MOSFET) channel region (i.e., la) gain enough kinetic energy to get injected into
the gate oxide as they travel along the channel length from source to drain. Additionally, near the
drain, where the channel electric field is the strongest, these energized ‘hot carriers (electrons or
holes) can get redirected towards the gate dielectric due to impact ionization. Impact ionization is
the phenomenon by which the carriers (in this case, hot carriers) collide with the bound electron-
hole pairs in the substrate, thereby generating additional free electrons and holes through the
separation of the pair. The electron from the electron-hole pair can also get injected into the gate
dielectric. HCI can lead to changes in transistor parameters such as drain current, substrate current,

gate current, or threshold voltage, and it also degrades the gate dielectric.

The 14 found from the literature is used as the electrical input parameter for the HCI failure
model in this study. The drain current values reported in the literature are typically normalized by

the gate width (Is/Wgate) to enable comparison across transistors with varying dimensions [61],
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[62]. The Drain current in the linear region is given by Equation 8 [63]. Where a is carrier mobility,

Cox 1s the gate oxide capacitance.

Vds

(Vos = Ve = 722) Vs (®)

Wgate

Id = ZaCox 7 -
C

The HCI failure model presented in JEP122H does not include any dimensional parameters. In
JEP122H, the relevant electrical stress parameter for the HCI model is the substrate current for n-
MOSFET devices and the gate current for p-MOSFET with Lgate greater than or equal to 0.25 um,
and the substrate current for p-MOSFET with Lgate less than 0.25 pm. On the other hand, the failure
model described in [64] incorporates gate width as a dimensional parameter, while retaining the
same electrical stress parameters as JEP122H for n-MOSFET and p-MOSFET. However, literature
sources related to process technology typically do not provide direct information on substrate or
gate current. Instead, they report drain current values, which are used to estimate substrate and
gate currents. Equation (9) is used to determine substrate current, and Equation (11) is used to
determine gate current [65]. Both substrate current and gate current are dependent on the drain

current.

IAEpl (B
Iy = %e(s )
[}

m

9)

[ = 0.22T33 X" (10)

Lsub 1s the current flowing from the substrate, 4 is the drain current, E, is the maximum lateral
channel field at the drain, A; and B; are the constants related to impact ionization rate, and X is

the source or drain junction depth.

2 -
Isulb Tox (AEm) p (on)e<m(p3)
T

lyate = 0.5 o

(11)
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Lgate 1s the current flowing from the gate, [P(Eox)]/A; 1s the lumped probability that an electron
does not suffer an energy-stripping collision per unit length in the silicon bulk and the oxide. A, is
the redirection scattering mean free path and exp (-pv/EmA) is the probability that an electron
possesses energy larger than oy, in a field of Em, A is the scattering mean free path of electrons,

Vig is flat-band voltage, and Eox is the electric field across the gate oxide.

Vo = Vaa = Vs
Eox =~ (12)
ox

Figure 20 outlines the methodology used to determine the l4. The process begins by identifying
the supply voltage (Vqq) from the part datasheet, typically found under ROC or AMR, as illustrated
in Figure 18. Next, determine the process technology of the part and refer to relevant literature that
provides I-V curves (L4 vs. Vs at different Vg levels) for the same process technology as the part.
The literature source must have the maximum Vs given in the I-V curves less than or equal to the
maximum Vg4 specified in the datasheet. If this condition is not met, an alternate literature source
must be selected. In cases where no suitable literature is available, 14 values may not be obtainable
through this method. Use the curves in the literature to extract Iq values corresponding to the

identified Vg and Vs values.

Figure 21 presents information from three different literature sources. In sources 1 [59] and 3
[41], the Vs values are less than or equal to the Vqq values specified in the AMR of the part with
180 nm process technology, shown in Figure 18. In contrast, source 2 [66] includes Vs values both
below and above the maximum Vg4 listed in the AMR, with a highest V45 of 5.5 V. For consistency
with the part’s Vg, ld values corresponding to only those Vgs (highlighted in the red box in Figure
21) values that are less than or equal to the maximum V44 in the AMR of the part’s datasheet should

be considered from source 2[66].
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Find the maximum value of supply voltage (typically denoted as ¥, or V) in absolute maximum ratings (AMR) and
recommended operating conditions (ROC) in the part datasheet. Give preference to AMR.

~

N
Find the process technology of the part.

J

~
Find literature on process technology that has 7, vs I, curves, at different V,, values (e.g., use search terms such as
“performance analysis and electrical characteristics of 180 nm process technology node”).

J

-
Check if the maximum value of ¥, mentioned in the literature is < the maximum value of ¥, in the datasheet
specifications; if yes, move to step 5. If no, find a different literature source.

.

I
Find I, values for different ¥, and ¥, values from the literature that show the I, vs V,, curves, at different ¥, values,
corresponding to the same process technology as the part, and within the same range of V;; or ¥/, values as the part.

J

€€E€E€<

Figure 20: Methodology to obtain the drain current.

VT [V] IDS [pA/pum] BVDsS Max VDs
Parameter .\ p/MOssT) (MOSLP/MOSST) [V] vl
NMOS 1.8V 0.60/0.43 480/ 620 >4 1.98
CMOS Specifications (common to 0.18-pm technology family) PMOS 1.8V 0.65/0.51 170/ 270 >4 198
Lithography 0.18 ym NMOS 3.3V 0.7 /0.75 600 / 600 >7 3.6
Voltage (Vpo) 1.8V PMOS 3.3v 0.63/0.69 300/ 290 >7 3.6
Power supply options 18V/25V/33V NMOS s.0v  0.77 /- 530/- >10 5.5
PMOS 5.0V 0.84 /- 240/ - > 10 5.5
Standard NFET / PFET
Limin 0.18 um
Lr« 0.11 ym /0.14 ym (2) 162]
Vi 0.43V/-0.38V 12
Ipsat 600 MA / 260 mA
1 80 pA/um (at 25°C
™ by fensish 10 | p-MOSFET n-MOSFET 15V
~
Thick-oxide NFET / PFET g 08 o
Liin 0.4 ym 3 -
Lett 0.29 pm ~ 06 F
Vi 0.64V/-0.67V i
Ipsat 550 mA / 235 mA =04 k 0.9v
Lot <1 pAjum (at 25°C) =R
Tox 7 nm
02 | Vs = 0.6V
1) [55
(1) [55] ) S—
-1.5 -1.0 -05 0.0 05 1.0 1.5
Vds (V)
(3)137]

Figure 21: Family of drain current vs. drain to source voltage curves for different values of gate to source voltage
values from the literature on 180 nm process technology (1) [59], (2) [66], (3) [41].
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6.3. Current through interconnects for electromigration

Electromigration is the migration of metal atoms due to momentum transfer between current-
carrying electrons and metal atoms within interconnects of integrated circuits. The migration
process accelerates due to the increase in the current density and temperature in the interconnects.
This metal atom migration in interconnects can lead to agglomeration of metal at one site, forming
hillocks that may cause short circuits or create voids in the metal, which may result in open circuits.
In this study, I have adopt the method proposed in [36] to obtain values of current flowing through
interconnects (Iem) for the electromigration failure model, where (T;) is the rise time used as shown
in Equation 13. This method is suitable to apply during part selection and comparison when
complete application-specific information is not available. 100% switching probability (Ps) is
assumed in Equation 13, making it a more conservative estimate. When information such as

switching probability and operating frequency is available, one can use Equation 14 from [67].

CVaa
_r
2
I = CVaaPsf (14)

The methodology to obtain the parameters of (13) is described in Figure 22. First, locate the
supply voltage in the device datasheet, typically found within the AMR, ROC, or both, as shown
in Figure 18. Then, find the capacitive load, which is denoted by Cr. or Croad, from the electrical
or switching characteristics, which is shown in the red box in Figure 23. Next, find the rise time 1,
from the switching or electrical characteristics section of the datasheet, as shown in Figure 23.
Finally, these parameters are used to compute the Iem using Equation 13, which estimates the peak
current during switching events relevant for electromigration analysis.
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Find the maximum value of supply voltage (typically denoted as Fz; or V) in absolute

maximum ratings (AMR) and recommended operating conditions (ROC) in the part datasheet.
Give preference to AMR.

Find the capacitive load (C; or Cy,,,) values which are given in electrical characteristics or
switching characteristics in the part datasheet.

Find the rise time (T,) values given in the switching characteristics or electrical characteristics of
the part in the part datasheet.

. av.
Calculate the current values using Iy = “522

2

€€KL

Figure 22: Methodology to obtain parameters for estimating current values for the electromigration failure model.

Electrical Characteristics
Table 1. Electrical Characteristics
All Min and Max limits are specified over temperature and rated operating voltage withunless otherwise
stated. Typical values are at 25°C and nominal supply voltage.

Parameters
Rise/Fall Time Tr, Tf

Condition

— 1.5 3 ns Vdd = 2.25V - 3.63V, 20% - 80%
- 1.3 25 ns Vdd = 1.8V, 20% - 80%

Figure 23: Values of the capacitive load and rise time, which are given in the electrical characteristics of the part
datasheet of a part with 180 nm process technology
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7. Methodology to obtain environmental input parameters

This section explains the methodology to obtain the junction temperature (T;) using
information available in the part datasheet. Junction temperature is an environmental input
parameter to TDDB, HCI, and EM failure models. It is the nearest local temperature to the critical
dimension of the three failure mechanisms, which can be estimated, as the local temperature at the

gate, in the channel region, and interconnect is challenging to obtain and not part of the scope.

7.1. Junction temperature

Junction temperature (T;) is the temperature of the operating portion of a semiconductor
device. The term “virtual-junction temperature” is taken from IEC standards. It is particularly
applicable to multijunction semiconductors and is used to denote the temperature of the active
semiconductor element when required in specifications and test methods. The term ‘“virtual-

junction temperature” is used interchangeably with the term “junction temperature” [68].

EM, HCI, and TDDB depend upon the local temperature at interconnects, the channel between
source and drain, and the gate oxide, respectively. However, junction temperature (T;) 1s used as
an input parameter in die-level failure models for the initial stage of PSMP. The junction
temperature 1s the nearest local temperature to the failure site of the three failure mechanisms,
which can be estimated, and the local temperature at the failure site is challenging to obtain and

time-consuming for comparative part assessment.

Information required to estimate junction temperature includes power dissipation, thermal
resistance, case temperature, and ambient temperature of the part. In this study, we are using power

dissipation (Pg), junction to ambient thermal resistance (Rja), and ambient temperature (Ta) to
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estimate the junction temperature of the IC. If information about ambient temperature is not
available, then case temperature (Tc) can also be used along with junction-to-case thermal

resistance (Ryc) to estimate the junction temperature.

Figure 24 shows the junction, case, and ambient temperature locations. Where ambient
temperature (Ta) is the air temperature measured below a device in an environment of substantially
uniform temperature, cooled only by natural air convection and not materially affected by

reflective and radiant surfaces [68].

Figure 24: Cross-section of a part attached to a printed circuit board [69]

Figure 25 shows how to estimate junction temperature for the failure models using Pqand Rja
values according to Equation 7. If the P4 values from the part datasheet make the calculated T;
greater than the absolute maximum rated junction temperature (AMR Tj), then the power
dissipation values should be capped (Pq_capped) according to the AMR Ty using Equation 15. If part
users choose to derate the Ty below the AMR Tj specified, then the derated value should be used

in place of the AMR T; when calculating the Py capped.

AMRT, —T
J Amax (15)

P d_capped = R
14



Use methodology of obtaining maximum Estimate the junction temperature using

power dissipation and junction to ambient maximum power dissipation and thermal
thermal resistance values to estimate |__,| resistance values from the part datasheet
junction temperature according to different ambient

temperature (T = Ta + PgmaxRja).

Adjusting power dissipation for limiting T, to AMR T,

Cap the power dissipation of the part using
the absolute maximum rated junction
temperature (AMR T)) limit provided in the

AMRT; —T,
parts’ datasheet. Py cqppea = — =
Ry

Derate Junction
temperature if
required

Yes

Estimated T, >
AMR T,

Figure 25: Methodology to estimate the junction temperature

7.2. Power dissipation

Power Dissipation (Pq) is the heat dissipated from the device’s surface into the environment
[68]. Figure 26 describes the process to estimate the power dissipation of ICs. The value of the
maximum power dissipation of the part can be obtained from the part datasheet, which will be
generally mentioned in the power supply section, thermal characteristics, or -electrical
characteristics section. If the maximum P4 value is mentioned in the part datasheet, then calculate
the T; using Equation 7 and compare it to the AMR Tj. If the calculated Ty is greater than the AMR
Tj, then cap the power dissipation of the part using the AMR T; and the maximum Ta of the part

using Equation 15.

If the power dissipation value is not mentioned in the part datasheet, then find the power
dissipation value from the part datasheet with a similar package type. There may be a methodology
to calculate power dissipation mentioned in the datasheet of the original part for which the T; value
is to be calculated. It can be the last option because the methodology provided for calculating the
P4 in the datasheet uses electrical parameters that keep varying. The power dissipation obtained

from a similar part and the datasheet of the original part using the methodology provided should
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be compared, and the best reasonable value should be used to estimate the junction temperature.
In this methodology, it is assumed that power dissipation is continuous, can be sustained during

operation, and does not lead to a Ty that can lead to thermal runaway.

Adjusting power dissipation
Find the maximum
Lo Power
Power dissipation value L
dissipation Use that value
of the part from the part . . Selected Py
: : value in to estimate No
datasheet in the section provided in unction makes
V1 1
of power suppl >
P PPy the datasheet temperature Ti= AMRT,
recommendation or
thermal characteristics
No
i 1
Find the power dissipation Check if the part Derate the power dissipation
value from the datasheet of datasheet has a according to AMR T; or derate
the part with the similar methodology to electrical parameters related to
package type (case calculate power power dissipation
material, number of pins) dissipation
| ]
¥
Compare power dissipation values and us best

suited according to AMR T,.

Figure 26: Methodology to estimate power dissipation

7.3. Junction to ambient thermal resistance

Thermal resistance (R) is a measure of the ability of a package to transfer the heat generated
by the device inside a package to the ambient. The thermal resistance is defined as the temperature
difference between two specified points or regions divided by the power dissipation under thermal
equilibrium conditions. The thermal resistance of a part in an assembly depends on all the
assembled materials, dimensions, power dissipation, and thermal boundary conditions (e.g., air
flow rate) of the part. Junction to ambient thermal resistance (Rja) is the difference between the

junction and ambient temperatures per unit of power dissipation.

Figure 27 shows the methodology to estimate the junction to ambient thermal resistance of
ICs. The Rja value for a part is provided in the section on thermal characteristics in the part

datasheet. If the values of Rja are provided in the part datasheet, they will be categorized according
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to package type and heat-dissipating mechanism. Different package types will have different Rja
values, and if the part has an inbuilt heat dissipating mechanism or if a heat dissipating mechanism
is installed for the part, then the Rja values mentioned in the part datasheet, with the inclusion of
the heat dissipating mechanism, should be selected. If the Rja values are not mentioned in the part
datasheet, then the technical documentation, such as application notes, technical support
documents, and part manufacturer websites from the part manufacturer, should be reviewed. The
Rya values may be mentioned in one of these sources. If the Rja values are not mentioned in the

technical documents as well, then Rja values from a part with a similar package type and

dimensions can be used to estimate junction temperature.

End

- - - Use values
Find the junction to According to
Find the section of a.mbient thermal RJA, value's the package
thermal characteristics [ resmtan.ce Ry, values available in type
in the part datasheet provided by the the
manufacturer. datasheet. Check if the part is
available with
embedded heat
Use documentation dissipation mechanism
Use values from a from part
similar part (case Rsa \{alues are manufacturer e.g., No Yes
material, number of avadab}e m application notes, Select the Select the
pins) with a similar techmcal‘ technical support worst-case || worst-case
documentation .
package type documentation, and value of Ry, || value of Ry,
part manufacturer (e.g., Ry, at with heat
website to get Ry, still air) dissipation
based on package type device

Figure 27: Methodology to estimate the junction to ambient thermal resistance
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8. Simulation-based design of experiments on failure models

This section outlines the design of experiments (DOE) approach used to perform a comparative
part assessment of the die-level failure mechanisms discussed in this study. Examples of DOE
methods used for TDDB, HCI, and EM are discussed, and gaps in the existing literature are

highlighted.

Design of Experiment (DOE) is planning, conducting, analyzing, and interpreting an
experiment to evaluate the factors that control the value of a parameter of interest by varying those
factors on different levels [70] [71]. By systematically varying the levels of these input factors
(typically between high and low conditions), DOE enables the quantification of both the average
main effects of individual parameters and the average interaction effects between parameters. This
approach provides insight into which factors significantly influence the output and how they

interact with each other under different operating conditions.

8.1. DoE Techniques for die-level failure mechanisms

Yang and Chien [72] conducted the design of experiments to increase the electromigration
“time-to-failure” of integrated circuits by tuning the parameters of etching processes. They use
Bo.1 (which means the time taken by 0.1% of all the samples fail) and the ratio of failures to the
total number of samples tested. Zhang et al. [73] demonstrate how package structure and material
affect the EM time-to-failure of solder bumps using a simulation-based design of experiments.
Zhang et al. [73] use simulation software to predict the time-to-failure values of solder bumps due
to electromigration. These time-to-failure values are used as a response parameter in the design of

experiments to determine the best combination of dimensions and material to increase the
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electromigration time-to-failure. Similar studies have been conducted on HCI, where the effect of
different process parameters and materials on the time-to-failure is evaluated based on the design
of experiments [74]. Spinelli et al. [75] used a DoE approach to identify which among channel
length, channel width, and gate oxide thickness affects the electrical characteristics (V-I) of
graphene field-effect transistors the most. They study the effect of variation in the manufacturing
process on the electrical characteristics of the transistors by considering a 10% variation in the

dimensional parameters.

According to White et al. [76], temperature and voltage are the dominant parameters that
reduce the life of the parts, and their combined effect is complex to understand. According to Sun
et. al. [77], electromigration is primarily due to increased current densities and a reduction in
interconnect dimensions. Michard et al. [78] highlight the importance of including margins in
simulations for die-level failure mechanisms because of variations due to the manufacturing
process. Their work addresses die-to-die variation and lot-to-lot variation in combination to
improve the design of reliability methods. They implemented Monte Carlo simulations to model

statistical die-to-die variations in transistor degradation.

However, there is limited research that concurrently investigates the influence of temperature,
electrical, and dimensional parameters on die-level failure mechanisms, particularly in terms of
comparing the relative magnitudes of their effects. Moreover, the interaction effects among these
parameters on part lifetime remain unquantified. This study applies a design of experiments (DOE)
approach to quantify the influence of input parameters on time-to-failure (TTF) and to rank their
effects for each failure mechanism across individual parts, enabling comparative part assessment.
In this work, the DOE is implemented through numerical simulations of the failure models for

TDDB, HCI, and EM.
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8.2. Design of experiment framework

This section explains the statistical methodology used in this study to assess the average effects
of environmental, electrical, and dimensional parameters on the TTF of parts. It also describes how
these parameters are categorized into low and high levels in accordance with the chosen statistical

experimental design.

The three factors (i.e., input parameters) are Junction temperature (Tj), electrical parameter for
respective failure mechanisms, and dimensional parameter for respective failure mechanisms, and
the response parameter is B life, which is calculated from the TTF values as shown in Figure 28.
B life is a time by which 1% of the population is expected to fail. Monte Carlo sampling is used
to generate random values of environmental and electrical input parameters within defined low
and high ranges, which are then fed into failure models. Monte Carlo simulation provides a range
of possible response parameter values based on a range of input parameters, reflecting the
uncertainty of the response based on the uncertainty of the input parameters. The dimensional
parameter does not vary in a range; instead, minimum and maximum values are used for low and

high levels.

In Figure 28, the term “By life” is placed in quotes because it is not derived from actual TTF
data, but rather from a representative set of simulated TTF values. This is because the scaling factor
for time to failure models is unknown, and it is assumed to be 1 for all three failure mechanisms.
Therefore, the TFF values are representative values rather than actual TTF values. The effect of an
input parameter on TTF and B life can be either positive or negative: a positive effect indicates
that TTF and B, life increase as the parameter increases, while a negative effect indicates a
decrease in TTF and By life with increasing parameter value. The length of each horizontal bar in

the figure represents the magnitude of the corresponding effect.
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Figure 28: Simulation experiment setup

Factorial design is a widely used approach in Design of Experiments (DOE), including in
simulation-based studies. This study employs a 23 factorial design, involving three factors (i.e.,
input parameters), each evaluated at two levels: high and low. This design enables the evaluation
of both main effects and interaction effects among the factors, making it particularly suitable for
early-stage screening of input parameters [79]. It is selected when practical considerations require
only a few levels to be used for the quantitative evaluation of input parameters [71]. In this case,
the objective is to determine the relative effects of three input parameters, rather than to optimize
TTF. Initially, a three-factor level design was considered for identifying influential parameters.
However, two-factor levels were deemed sufficient, as the results showed no significant variation
compared to those obtained using a three-level design. Therefore, a 2° factorial design is ideal for

this study.

The high factor level is coded as +1, and the low factor level is coded as -1. Average main
effects are represented as A, B, & C, and average interaction effects are represented as AB, BC,

and AC. The average main effect of a factor, in this case, the input parameter, is defined as a change
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in output produced by the change in the level of the factor. The interaction effect, for example, AB,
can be understood as the dependence of the effect of factor A on TTF on the level of factor B. The
magnitude of the interaction effect reflects the strength of the interaction, resulting in a combined

effect on TTF [80].

As represented in Table 8, the input parameters are categorized into two factor levels: high and
low. Average main effects are calculated as: (average of “B; life” at “+1") — (average of “B life”
at “-17) [79]. For example, the effect of T; is calculated as shown in Equation 16. To calculate the
average interaction effects between two factors (e.g., A and B), first compute the product of their
coded levels (A x B) as shown in Table 8 for column AB. Next, use Equation 16 with the values

in the AB column to determine the average interaction effect.

Xo+ X, +X,.+X X1+ X5 +Xe +X
Effect of T = ( 27176 8) = ( L3 75 7) =Y, (16)
4 4
Table 8: Statistical experimental design of simulation-based experiments for effect calculation [1]
Environmental | Electrical | Dimensional
Case Parameter Parameter | Parameter “D 1
A| B | C|AB|BC | AC | ABC | “B life
No. Range Range Value
A (B) ©
1 Low Low Low =S U S S T A O S O I | X
2 High Low Low S U 10 T S S T O B B X,
3 Low High Low S IR T U (O S A S B X,
4 High High Low o S N S T el S S R S | -1 X,
5 Low Low High =5 B O e e S S O B I S X,
6 High Low High S O e S (S T IS I S X,
7 Low High High S RIS T et U S (R RS R -1 X,
g High High High +1 | +1 | +1 | +1 | +1 | +1 +1 X8
Effects - - - Yi| Y2 | Ys Y4 Ys Ys Y,
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8.2.1. Dimensional parameters

The dimensional input parameters for TDDB, HCI, and EM are categorized into high and low
values. The low and high values of dimensional parameters are determined based on the relative
variation due manufacturing process. The relative variation depends on the type of manufacturing
process and the technology level of the manufacturing process. The relative variation (RV) is
defined as the normalized value of the parameter variation with respect to the targeted value [21].
Equation 17 describes the expression of relative variation, where x; is the targeted design value
and X, is the measured value. The value of relative variation in transistor dimensions according
to process technology is given in Table 9. The relative variation for the lithography process and
deposition process for different process technologies is different. In the lithography process, the
relative variation is higher compared to the vapor deposition process for the same process
technology [20], [21], [22], [23]. The transistor’s gate and interconnect are produced by
lithography processes, and the gate oxide is produced by the vapor deposition process. The
information on relative variation due to process variation is obtained from reputable literature
sources, providing generalized but reliable values. However, when part-specific data from
manufacturers is available, it should be incorporated into failure models for improved accuracy.
The low-level value of the dimensional parameter will be the targeted design value — RV, and the
high-level value of the dimensional parameter will be the targeted design value + RV, as shown in

Table 10.

X X
RV = 2 "% 100 (17)
Xt

Table 9: Relative variation in the dimensional parameter [20], [21], [22], [23]
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Process technology level Relative variation in the Relative variation in
(nm) lithography process (%) deposition process (%)
1000 +1 +2.6
100 +5 +2.6
10 +15 +3.25

Table 10: Categorization of factor levels for the dimensional parameter.

Failure Electrical .
Mechanisms | Parameter Low-Level High-Level
Gate oxide
TDDB Thickness
HCI Gate width | Targeted value — (RV x Targeted value) | Targeted value+ (RV X Targeted value)
Interconnect
EM width and
thickness

8.2.2. Electrical parameters

For TDDB, the low-level gate to source voltage (Vgs) range extends from the transistor’s
threshold voltage (V) to an intermediate (arbitrary) value of Vs, while the high-level range spans
from this arbitrary Vgs to the maximum Vg obtained from the literature of specific process
technology. For HCI, the drain current (Iq) is the electrical input parameter, which is influenced by
both Vgs and Vgs. The low-level 14 range corresponds to gate voltage values from V: to an arbitrary
Vs at maximum Vgs, whereas the high-level range extends from this arbitrary Vg to maximum Vg
at maximum Vgs. For EM, the electrical parameter is the Igm, estimated from the parameters
provided in the datasheet. The low-level and high-level of Igm are categorized based on the
minimum and maximum Vg¢ found in the part datasheet according to Equation 13. Table 11
summarizes the classification of electrical input parameter levels, which vary across parts
depending on their specific operating limits. Some parts operate within a narrow range, while

others operate in a wider range. The lengths of the low and high ranges of electrical input
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parameters of TDDB, HCI, and EM are equal for individual parts, ensuring a distinct separation

between the two levels.

Table 11: Categorization of electrical input parameters for failure models

M(i?ll;?l;:ms lill::::llectzlr Low-Level Range High-Level Range
TDDB Vs Vi to arbitrary Vi Arbitrary V_toV_
Iqvalues at 14 values at
HCI Ia (V¢ to arbitrary V) (arbitrary Vg to maximum V])
at maximum Vg at maximum Vg
EM Iem Iem at a low range of Vg Iem at a high range of Vg

8.2.3. Environmental parameters

The factor levels for the environmental parameter, junction temperature (T;), are categorized
based on the system’s ambient temperature range. The junction temperature is calculated based on
the ambient temperature (Ta), power dissipation (Pg4), and junction-to-ambient thermal resistance
(Rsa) of the parts using Equation 7. The low-level range of junction temperature values is
calculated based on the Ta from 20 °C to 45 °C, and the high-level range is from 55 °C to 80 °C.

The interval lengths are kept consistent in both ranges.
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9. The simulation process

For each of the three failure mechanisms, the environmental and electrical parameters are
varied across defined low and high ranges representing low and high levels, while dimensional
parameters are set at their respective minimum and maximum values to represent low and high

levels. All other model parameters are held constant throughout the simulations.

The simulation workflow is depicted in Figure 29. A MATLAB script is developed for
simulations. In the first step, input parameters are categorized into low and high ranges, and
minimum and maximum (bounds) values of low and high ranges are entered into MATLAB.
Environmental and electrical parameters are assumed to follow a uniform distribution. The
minimum and maximum values of the dimensional parameters are determined based on relative

variation [21].

Monte Carlo sampling is employed to generate random values for each parameter. Each sample
set consists of randomly selected values of environmental and electrical parameters from their
respective low or high ranges, along with either the minimum or maximum value of the
dimensional parameters, according to the eight cases in Table 8. In practical applications, the
values of electrical and environmental parameters at every instant during part operation are subject
to variation over time. To address this limitation, the Monte Carlo simulations are used in

simulation-based design of experiments to account for variability in input parameters.

The electrical and environmental inputs to the failure models are defined as ranges representing
the expected bounds of real-world operating conditions. These ranges are selected based on the

application conditions of the system and the rated specifications of the part. Within these defined
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bounds, the Monte Carlo simulation technique is used in which a large number of parameter
combinations are generated to simulate possible operating scenarios. Time-to-failure (TTF) values
are calculated for each of these scenarios using the failure models. The resulting TTF distribution
is then used to derive metrics, such as B1 life, B10 life, B50 life, and mean time to failure (MTTF),
which reflect the statistical characteristics of failure behavior under realistic, variable conditions.
This approach enables capturing the probabilistic nature of parameter fluctuations over the part’s

operational life.

Each set serves as input to the failure model, and the resulting TTF values are recorded. The
sample size, representing the number of input sets, is selected based on the required accuracy. In
this study, a sample size of 5000 is used for each simulation case. Accordingly, for each of the
eight cases, 5000 sets consisting of environmental and electrical parameters, paired with either the

minimum or maximum dimensional value, are generated and used as inputs to the failure model.

In the third step, the B, life is computed for each case, representing the time by which 50 out
of 5000 parts are expected to fail. For instance, in Case 1, where all parameters are at low factor
levels, the B life is calculated from 5000 TTF data points of Case 1. Step four involves repeating
steps 1 to 3 for all eight cases. In the final step, the B life values are organized according to Table
8, and the average main and interaction effects of all parameters are computed. The simulation
results provide TTF values for 5000 parts under specific environmental, electrical, and

dimensional conditions.
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10. Results and discussion

This section presents the results of the average main effects and average interaction effects for
each input parameter. For each failure mechanism, the top three effects among the main and
interaction effects are identified and listed for each part. Parts that have atypical results are
highlighted. Here, atypical results refer to the results that are different from those of the majority

of the parts. A hypothesis is provided for parts that have atypical results.

10.1.Results for time-dependent dielectric breakdown

In the TDDB failure model, the three input parameters are junction temperature (Tj), gate to
source voltage (Vgs), and gate oxide thickness (Tox). The model constants, Ea. tops and v, are not
fixed and instead vary within a range, as shown in Table 3. For simulation purposes, specific values
of these constants are selected based on the nominal input parameters and the average TTF
corresponding to those conditions. The value of Ea. tppg 1s temperature-dependent only. Given the
Ta range of 20 °C to 80 °C, an average value of 50 °C is used the average value of Ta. Ty at 50 °C
is calculated using Equation 7. Eaa topB is selected so that the resulting TTF matches the average
of the maximum and minimum TTF values obtained when the other input parameters are held
constant. Similarly, the constant y is determined by fixing Vg and Tox at their nominal design
values and selecting the y value that yields a TTF equal to the average of the minimum and
maximum TTF values. This approach is being taken to ensure a balanced response for use in

comparative analysis.
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Table 12 presents the DOE results for the TDDB failure mechanism. The main and interaction
effects of input parameters are ranked based on their magnitude, and the polarity of each effect
(positive or negative) is shown. The effect with the highest magnitude is ranked first, and so on,
and the three highest main or interaction effects of all three input parameters are shown. The results
cover ten parts with different process technology nodes. The results show that the Vg is the
parameter with the highest influence on B; life, with a negative effect. Ty has the second-highest
influence on B life, with a negative effect. The average interaction effect of Ty and Vs is positive,
and it ranks third in influence on B life across the evaluated parts. This indicates that an increase

in Ty amplifies the negative impact of Vg on By life, and vice versa.

Table 12: Average main effects and average interaction effects of TDDB input parameters

Part Information T, (O) I, (mA) Top 3 Effects
PartDesription | 'S5 " |y | Level | te | Leved | 1| 2| 3
Octal Buffers 1200 | 67-92 102-127 | 0.55-3 4557 | Vo | T [TV
Voltage Monitors 1200 | 90-115 | 125-150 | 0.55-2.55 4-6 Vo | T [TV
Flash Family FPGAs-1 | 220 | 90-115 | 125-150 | 0.6-1.8 | 3.1-43 | -V | -T [T xV_
Flash Family FPGAs-2 | 130 | 65-90 100-125 | 03-0.8 | 1.15-1.65 | -V | T, | T, xV |
Flash Family FPGAs-3 | 130 64-89 99-124 | 03-0.8 | 1.15-1.65 | -V | T, | T xV_
Step-Down LED Driver | 600 65-90 | 100-125 0.7-8 107-18 | -V | T, | T xV
Step Down DE-DC 150 1 6691 | 101-126 | 052 254 | -V T, | TV
Converter gs J
Oscillator 180 46-71 81-106 | 0.6-18 | 2335 | -V | T T xV |
Transceivers 120 | 84-109 | 119-144 | 04-07 | 09-12 | -V | ‘T [T xV_
Multicore ARM 28 72-97 107-132 | 0.4-0.7 1-1.3 Vo | T TV,

The Vs values for the Step-down LED driver are the highest of all parts, as it is used in high-
voltage applications. The oxide thickness of the part is the highest compared to all the parts (Tox =
12.5), which is supposed to compensate for the electric field over oxide (Eox = Vgs/Tox). The worst-
case Eox (Maximum Vgy/ Nominal Tox) value for the step-down LED driver is 1.44, which is higher

compared to the worst-case Eox of other parts. Similarly, for the oscillator, the worst-case value of
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Eox is 1.25 V/nm (second highest among all parts). The worst-case Eox values for the rest of the
parts are less than 0.9 V/nm. The Step-down LED driver and Oscillator may have a higher risk of

failure due to TDDB.

10.2.Results for hot carrier injection

In the HCI failure model, the three input parameters are junction temperature (Tj), drain current
(Ia), and gate width (Wgate). The model constants, Ea. nci and n, vary in a range as shown in Table
4 and are selected for p-MOSFET and n-MOSFET based on representative values of the input
parameters. The value of Eaa ncr is chosen such that the simulated TTF matches the average of the
maximum and minimum TTF values when all other parameters are held constant and the ambient
temperature (Ta) is set to 50 °C. The corresponding Tj is calculated using Equation 7, and this T;
is used to identify the appropriate value of Eaa ncr that produces the average TTF. Similarly, the
exponent n is selected using nominal values of normalized drain current (I¢/Wgae) for both n-
MOSFET and p-MOSFET. The value of n is determined such that the resulting TTF is the average
of the maximum and minimum TTF values, while all other inputs are held constant. This approach

is being taken to ensure a balanced response for use in comparative analysis.

For both device types, the drain current (Ig) is identified as the highest affecting parameter,
exhibiting a negative effect on B life. The DOE is performed separately for p-MOSFETs and n-
MOSFETs across ten parts with varying process technology nodes. For both device types, the drain

current (Iq) is identified as the highest affecting parameter, exhibiting a negative effect on B life.

Table 13 summarizes the DOE results for the hot carrier injection (HCI) failure mechanism,
showing the ranking of main and interaction effects based on their magnitude and polarity. The

main and interaction effects of input parameters are ranked based on their magnitude, and the
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polarity of each effect (positive or negative) is shown. The effect with the highest magnitude is
ranked first, and so on, and the three highest main or interaction effects of all the effects of input
parameters are shown. The results show that I4 has the highest influence on the B life of the parts,

and the effect of T; is the second highest.

Table 13: Average main effect and average interaction effects of HCI input parameters for p-MOSFET [2]

] ) Top 3 Effects for
Part Information Ts (°C) la(mA) -MOSFET
. Node | Low High High
Part Description Size Level Leve] | Low Level Level 1 2 3
Octal Buffers 1200 | 67-92 | 102-127 10-70 80-140 -1 T, | -1,x]
Voltage Monitors 1200 | 90-115 | 125-150 10-70 80-140 1 T -
Flash Family FPGAs-1 | 220 | 90-115 | 125-150 | 50-175 225-350 -1 T T
Flash Family FPGAs-2 | 130 | 65-90 100-125 | 100-300 400-700 1 T e
Flash Family FPGAs-3 | 130 64-89 99-124 100-300 400-700 -1, T T
Step-Down LED Driver | 600 65-90 | 100-125 | 30-120 140-230 -1, T, | T
Step Down DC-DC 10 | 6691 | 101126 | 50-200 | 250-400 | -1 T, | T xI
Converter ¢ ! Ll
Oscillator 180 46-71 81-106 10-100 120-210 -1, T | T
Transceivers 120 84-109 119-144 10-90 100-180 'Id _TJ TJ * Id
Multicore ARM 28 72-97 | 107-132 1-5 6-10 -1, T Wee

The effect of junction temperature is positive due to negative activation energy for parts with
a p-channel length greater than 0.25 um. Octal Buffers and Voltage Monitors, with p-channel
lengths exceeding 0.25 pum, are thus susceptible to HCI degradation at lower temperatures.
Conversely, parts with p-channel lengths below 0.25 pm have positive activation energy, making
them prone to more HCI degradation at higher temperatures. The interaction between T; and I4
ranks third, with the polarity of the interaction depending on the sign of the individual effects: it is
positive when both Tj and 14 negatively impact B life, and negative when T has a positive eftect
and Iq has a negative effect. The positive interaction effect between Ty and Ig means that increasing

one of these parameters will increase the effect of the other on TTF. While a negative interaction
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between T and I¢ means that increasing one of these parameters will decrease the effect of the

other on TTF.

Octal Buffers and Voltage Monitors have a negative interaction between TJ and Id, and the rest
of the parts have a positive interaction. The effect of Wgae 0n Multicore ARM is the third highest
due to 15% percent relative variation in dimensions in Wgate and lower 14 values. The 14 values for
p-MOSFET are lower compared to n-MOSFET. As a result, Iq has a lower effect on TTF as
compared to n-MOSFET, while still being higher than T; for p-MOSFET. Due to comparatively
lower 14 values in p-MOSFET, the interaction effect of 14 and T will be comparatively lower, and
Wgate will take over as the third highest effect when there is 15% relative variation in dimensions

instead of the interaction effect of I and Tj.

Table 14 summarizes the DOE results for the HCI failure mechanism, showing the ranking of
main and interaction effects based on their magnitude and polarity. The main and interaction effects
of input parameters are ranked based on their magnitude, and the polarity of each effect (positive
or negative) is shown. The effect with the highest magnitude is ranked first, and so on, and the
three highest main or interaction effects of all the effects of input parameters are shown. The results
show that for all the parts, 4 is the parameter of highest influence, Ty is the second highest, and the

interaction of the effect of T; and Iq4 is the third highest.
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Table 14: Average main effect and average interaction effects of HCI input parameters for n-MOSFET

Part Information Ti(°C) La(mA) Tofl-?V[E(i)‘t;lS‘tl;"lfor

Part Description l\é(i)zdee I{_‘e(ifv(; 11:1;521 Low Level 11:161521 1 2 3
Octal Buffers 1200 67-92 102-127 40-120 160-240 1 T, T,
Voltage Monitors 1200 | 90-115 | 125-150 40-120 160-240 -1, T | T
Flash Family FPGAs-1 | 220 | 90-115 | 125-150 | 100-300 400-700 -1 T, T
Flash Family FPGAs-2 | 130 65-90 100-125 | 200-700 800-1300 -1 T, T,
Flash Family FPGAs-3 | 130 64-89 99-124 200-700 800-1300 -1 S
Step-Down LED Driver | 600 65-90 | 100-125 | 100-450 | 600-950 | -I, T, T

Step Down DC-DC 400 66-91 101-126 70-270 270-470 - -T T x1

Converter ¢ ! L
Oscillator 180 | 4671 | 81-106 | 40220 | 260440 | I | T | T,xI,
Transceivers 120 84-109 119-144 10-90 100-180 'Id _TJ TJ * Id
Multicore ARM 28 72-97 107-132 0-40 60-100 1 T, T xL

10.3.Results for electromigration

The input parameters for the electromigration failure model are junction temperature (Tj),
current running through the interconnect Igm, and interconnect width (w) and thickness (t). The
model constant Ea, gm 1s temperature-dependent and varies across materials, as shown in Table 5.
For this study, Ea. em is selected to correspond to a representative midpoint in the TTF response.
To determine the appropriate value of Ea.a gm, all other parameters are held constant while the
ambient temperature Ta is set to 50 °C. The T of each part is then calculated using this ambient
temperature, using Equation 7. The value of Eaa gm is chosen such that the resulting TTF aligns
with the average of the maximum and minimum TTF values across the input parameter range,

ensuring a balanced response for use in comparative analysis.

Table 15 presents the DOE results for electromigration (EM), ranking the top three main or
interaction effects by magnitude and showing their polarity. The results span ten parts
manufactured using different process technologies. Across all parts, T; has the highest influence

on EM, with a negative effect on the B life of parts. Iem ranks as the second-highest influential
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parameter, negatively affecting B life. The interaction effect of T; and Igm ranks third, and it is
positive. Multicore ARM built on 28 nm technology shows atypical results. For the Multicore
ARM, TJ has the highest negative effect on TTF, and the dimensional parameter has the second-
highest effect. The second-highest effect of the dimensional parameter is only observed in
Multicore ARM, which is due to higher relative variation in dimension compared to other parts.
The effect of Iem on Multicore ARM is the third highest. This shows that in parts with higher

relative variation, dimension variability has a higher effect on TTF.

Table 15: Average main effect and average interaction effects of electromigration input parameters

Part Information T, (O I, (mA) Top 3 Effects
o Node Low High High
Part Description Size Level Level Low Level Level 1 2 3
Octal Buffers 1200 | 67-92 102-127 6.5-39 58.5-91 T, A, T,
Voltage Monitors 1200 | 90-115 | 125-150 1-5 8-12 T, 1, T )L,
Flash Family FPGAs-1 | 220 | 90-115 | 125-150 0.4-2.6 3.6-5.8 T, T | T %
Flash Family FPGAs-2 | 130 65-90 100-125 1.3-3.6 5.18-7.43 | -T, A, T,
Flash Family FPGAs-3 | 130 64-89 99-124 1-2.8 4-5.8 T, 1, T )L,
Step-Down LED Driver | 600 65-90 | 100-125 0.1-2 2.6-4.5 T, PP I N
Step Down DC-DC T . T %1
Convetter 400 66-91 101-126 2-35 4-5.5 | a FRan
Oscillator 180 46-71 81-106 | 10.7-429 | 53.6-85.7 | -T, SV I N
Transceivers 120 | 84-109 | 119-144 0.7-4.5 6.7-10.5 T, PP I N
Multicore ARM 28 72-97 107-132 | 686-1485 | 21712971 | -T, w I,

10.4.Summary of results and discussion

Junction temperature has the highest negative effect on parts for EM and the second-highest
negative effect on parts for HCI and TDDB, except for two parts where the effect is positive in the
case of HCI. The electrical input parameter has the highest negative effect on the part’s life for
HCI and TDDB, and it has the second-highest negative effect for EM. The interaction effect of
environmental parameters and electrical parameters is highest among the effects, indicating that

the impact of these parameters is dependent on each other’s levels. At lower Ty, the negative effect
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of the electrical parameter will be less, and vice versa. Similarly, at high junction temperatures, the
negative effect of electrical parameters will be high, and vice versa. The summary discussed here

is for the majority of parts, and there is one part that shows different results.

Parts having atypical results might experience more degradation compared to the rest of the
parts. Parts that have higher relative variation in dimensions and dimensional parameters among
the three highest influencing parameters are considered atypical and could be at a higher risk of
failure. Dimensional variations are observed to follow a normal distribution, meaning that parts
with die-level dimensions below the targeted design value are likely to experience higher stress
than parts with targeted dimensions or dimensions higher than the targeted value. As a result, 50%
of the part population will fall below the targeted dimension, leading to lower-than-expected time-
to-failure (TTF) across all three failure mechanisms. The Multicore ARM KeyStone, a system-on-
chip (SoC) built on 28 nm technology, exemplifies these atypical results. The relative variation in
dimensions due to the lithography process at 28 nm can be 15%, which is why the effect of the

dimensional parameter is significant for this part.

Literature highlights the prevalence of transistor-level defects and die-level variability as one
of the dominant causes of failure in the early stages of a new process technology. As technologies
mature, these issues are mitigated through improved process control and tighter manufacturing
tolerances, reducing the impact of dimensional variation over time [81] [82] [21]. When selecting
parts, especially in applications where early failure is critical or quality is critical (e.g., high-
reliability or mission-critical systems), Bx metrics such as Bo.1 and B life offer significant value.
They are sensitive to the lower tail of the time-to-failure distribution and can effectively highlight
differences in process capability and die quality across manufacturers. These metrics are also

commonly used in warranty analysis and design margining, where a conservative approach is
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essential. Bio and Bso life metrics provide better insight into the behavior of the larger portion of
the population; they may not capture early-life risks or distinguish between parts with subtle

differences in manufacturing quality.

The choice of the Bx life metric should be guided by the application requirements. Bo.1 or B
life should be used when early failure detection, part screening, or conservative design is the goal.
Bio or Bso life for population-level assessments or trend analysis. For part selection based on die-
level reliability and process quality, By life serves as a critical response metric due to its ability to

reflect early-failure susceptibility and dimensional variation sensitivity.
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11. Estimation of an arbitrary scale factor for the electromigration

failure model

A limitation in the research work for the reliability assessment of parts for die-level
mechanisms is the lack of reported scale factor values, for example, Ao, in the electromigration
failure model. Part manufacturers typically do not provide the reliability data necessary to
determine scale factors, and JEP122H also lacks references to scale factors (Ao, Bo, and Co) values.
Furthermore, scale factors are rarely documented in the literature across various process
technologies. However, it can be estimated using details such as test conditions, such as
temperature, die-level electric field, and die-level dimensions. This section presents an approach
for estimating arbitrary scale factors using publicly available literature sources that provide the
necessary test condition information. As illustrative examples, two literature sources focused on

electromigration time-to-failure modeling are examined and shown.

Michael et al. [83] present experimental results of the time to failure of single-level
interconnect line samples with different widths. The authors of this article are associated with
SEMATECH (Semiconductor Manufacturing Technology). SEMATECH was a non-profit
consortium that performed research and development to advance chip manufacturing. It involved
collaboration between various sectors of the R&D community, including chip manufacturers,
material suppliers, universities, research institutes, and government partners. Constant current
accelerated electromigration tests were conducted by Michael et al. [83] on samples at 300 °C,
with a current density of 15 mA/um?, and time to failure values are reported. Copper interconnects

of various line widths (80 nm, 170 nm, and 750 nm) but the same line length, 400 pm, and
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thickness, 200 nm, were used as test samples. Median-time-to-failure (MTF) is used as a metric to

discuss results for widths (80 nm, 170 nm, 750 nm).

MTF is a metric used in constant current accelerated EM tests, and the process of calculating
median time to failure is explained in JESD202 [13]. According to JESD202, the method of
calculating median-time-to-failure (MTF) can be applied only if a single log-normal distribution
can model the experimentally determined time-to-failure values. The definition of MTF in
JESD202 is: “If the test is conducted until all parts on the test have failed, so that the failure time
data is complete, then the sample estimate of the median-time-to-failure, MTF, for the stress
conditions used in the test, is given by the exponential of the mean of the logarithms of the time-
to-failure values.” It is assumed in JESD202 that Black’s equation can satisfactorily model how
the sample estimate of the MTF (from an accelerated electromigration stress test) depends on

current density and temperature. The expression to calculate MTF is given in Equation 18.

MTF = e("®nean) = A ()N T (18)

Figure 30 shows electromigration time-to-failure values at 300°C for three line widths: 80 nm,
170 nm, and 750 nm. The average activation energy is 1 eV. The MTF for interconnect lines with
80, 170, and 750 nm interconnect width, calculated according to Equation 18, is 98, 218, and 362
hours, respectively. MATLAB programming was used to obtain time-to-failure values for all the

samples of three widths, as shown in Figure 30.
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Figure 30: Time-to-failure results for widths 80, 170, and 750 nm [3]

Vairagar et al. [84] performed experiments to study the effect of line width and length on the
electromigration failure mechanism in different levels of copper interconnects. The authors of this
article are associated with IME (Institute of Microelectronics). IME focuses on research areas such
as advanced packaging, piezo MEMS, and high-performance integrated circuits. The interconnect
width and thickness of the test sample used in the experiment are 280 and 350 nm. A 10% increase
in the resistance of the interconnect line was considered a failure criterion. The tests were
conducted at 300 °C, 325 °C, and 350 °C with a current density of 8 mA/um?, and the activation
energy reported for the M1 level is 0.49 eV. The mean time to failure reported for 300 °C, 325 °C,

and 350 °C is 418.8, 270.2, and 189.4 hours.

The Ao for 130,120, and 600 nm process technology for electromigration can be estimated
using the TTF values provided by Michael et al. [83] as process technologies 130 and 120 nm have
interconnect widths of 160 and 180 nm, respectively, which are close to 170 nm and 600 nm,
process technologies have widths of 900 nm, which is close to 750 nm. The Ao value for the part

with 220 nm process technology can be estimated using the time-to-failure values and test-related
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information provided by A. Vairagar et al. [84], as the metal 1 width of 220 nm process technology
is 300 nm, which is close to 280 nm. Table 16 presents interconnect widths from various process

technologies that are comparable to the widths reported in the literature.

Table 16: Interconnect width of different process technologies and time-to-failure modeling literature

Process Technology Metal 1Width of Interconnect Width in
(nm) Respective Process Literature
Technology (nm)
(nm)
600 900 750 [3]
220 300 280 [4]
130 160 170 [3]
120 180 170 [3]

Eaa
The A, value obtained from the TTF model TTF = Ay(]J) ek, for an interconnect width of

170 nm is calculated to be 5.37x10* (A/m?)". This corresponds to the MTF value of 218 hours

— 28— 537x10* hours(A/m>)"

(15)"11ekx573

reported by Michael et al. [83] using the expression 4y =

Similarly, the calculated Ao values for test lines with interconnect widths of 750 nm and 80 nm are
9.12x104 hours (A/m2)" and 2.5%104 hours(A/m2)", respectively. In another example, the 4,

value derived using the same TTF is 1.6x10° hours(A/m?)" which corresponds to the MTF value

188 _1.6x10°

(8)~11ekx573

of 418.8 hours reported by Vairagar et al. [84]. This is obtained using: A, =

hours(A/m?)".

Table 17 shows the Ao values for the electromigration TTF model for different process
technologies that are estimated using MTF values and test condition information from Michael et
al. [83] and Vairagar et al. [84] for similar interconnect width dimensions as of 600, 200, 130, and
120 nm process technology based on electromigration testing. All parts mentioned in Table 17
have copper interconnects and have interconnect widths in the range of + 20 nm. According to
JEP122H, the Ao arbitrary scale factor for electromigration is dependent upon material and
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geometry, the By arbitrary scale factor for TDDB is dependent upon materials and process details,
and the Cy arbitrary scale factor for HCI is a function of proprietary factors, such as doping profiles
and sidewall spacing dimensions. Values of arbitrary scale factors for EM, HCI, and TDDB for
different parts and process technology can be estimated if information about test conditions, such
as temperature, electrical parameters (voltage and current), and dimensional parameters, and
specifically TTF values, is available in the literature. However, in most cases, only the normalized
TTF values are reported, and actual TTF values are rarely published in the literature to estimate

scale factors for die-level failure mechanisms.

Table 17: Arbitrary scale factor values for different process technologies, estimated from literature and TTF values
based on the estimated arbitrary scale factors

Part Number Node | Arbitrary | Ta=40°C | Supply | Interconnect | “TTF” | TTF with
Size Scale Current Width and With estimated
(nm) Factor (mA) Thickness Ao=1 Ao
Ao (nm) (hours)
(Hours
(A/m*)»
LT3763EFE#PBF | 600 9.12x104 93 1.7 900, 1080 106.7 1.52x10°
APA1000-PQ208 220 1.6x10° 110 5 300, 480 1.756 2.82x10°
A3PE3000- 4 4
2PQG208I 130 5.47x10 85 25 160, 280 85.26 4.89x10
IL3585V 120 5.47x10* 104 5 180, 220 0.9415 3.51x10%

73




12. Summary and conclusions

Part users cannot rely on manufacturer-provided reliability information for wear-out failure
mechanisms, and they can use physics of failure models to perform reliability assessment. Die-
level input parameters are necessary for evaluating and comparing parts through failure models.
However, these input parameters are not available in part-related documentation. As a result, part
users face challenges in die-level assessment of parts. My thesis addresses this issue by presenting
methodologies to obtain input parameters using part datasheets, information on process technology
levels, and literature describing the physical and electrical characteristics of process technologies.
The range of die-level dimensional parameters can be obtained from process technology-related
literature. Electrical input parameters are determined from the literature by mapping part-level
supply voltage values from datasheets to die-level electrical parameters, using transistor circuit
layout. Junction temperature limits are established using ambient temperature, absolute maximum
rated junction temperature, power dissipation, and junction-to-ambient thermal resistance values

from part documentation.

This thesis makes several novel contributions to engineering practices. First, a methodology to
determine process technology for parts is developed. Second, a methodology to determine the die-
level dimensional parameters, such as interconnect width and thickness, gate oxide thickness, and
gate length, through literature on process technology is developed. Third, a methodology is
established to determine electrical parameters for the TDDB and HCI. The methodology to
determine gate-to-source voltage, drain-to-source voltage, and drain current according to the
supply voltage of the part is developed based on the CMOS transistor circuit and its connections

to the pins of integrated circuits. The drain current values are determined according to the gate-to-
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source voltage and the drain-to-source voltage values of the transistor for HCI. The literature that
provides transistor-level voltage-current relationships for CMOS transistors with the same process
technology as the part is used to determine die-level dimensions for all the failure mechanisms and
die-level electrical parameters for TDDB and HCI. For EM, the current flowing in interconnects
is obtained from parameters provided in the part datasheet. Similarly, the junction temperature is

estimated using parameters given in the part datasheet.

Collectively, these guidelines support die-level assessment of parts under system-specific
application conditions using physics-based failure models. By following this approach, part users

can make informed decisions regarding integrated circuit part selection.

Applying the design of experiments on die-level failure models can aid in the initial stage of
part selection and management by assessing and comparing parts based on the application load
conditions of the system and relative variation in dimensions. Influential parameters and influential
interacting parameters to the B of the part across various application conditions are identified by
applying the simulation-based design of experiments to die-level failure models. Additionally,
interaction effects indicate how the influence of one parameter depends on the presence or
variation of another parameter. The interaction effect of environmental parameters and electrical
parameters is high, which means their effects are dependent on each other’s levels. The parts that
show atypical results from the majority of parts are differentiated based on their dominating input
parameters. Identifying dominating parameters for individual parts that have unique
environmental, electrical, and dimensional parameter ranges can help in comparative assessment,

decision-making for derating considerations, and acceptable manufacturing variations.
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13. Recommendations and future work

Part users should establish an agreement with the manufacturer to ensure that all necessary
information, such as die-level electrical, dimensional, and reliability-related parameters, is
provided upon request as a good practice. The availability and transparency of such information

should be considered a key criterion in evaluating and selecting part manufacturers.

Since the introduction of the 45 nm process technology node and high-k dielectrics, the design
rules have not been followed uniformly among the die manufacturers. Each die manufacturer will
have its own set of design rules. As a result, applying the methodologies developed in this study
to determine die-level input parameters for advanced nodes may introduce greater uncertainty in
the estimated values of electrical and dimensional parameters, as highlighted in Table 18. Unless
the sources mention the name of the die manufacturer or the provider of the design rules, or the

source of information is linked to the exact die manufacturer.

For example, there is some literature specific to 10 nm process technology that is associated
with Intel [85] [86]. These literature sources provide information about dimensional and electrical
input parameters based on the type of transistors, such as CMOS or FinFET. Some data on
dimensional parameters specific to Intel is gathered from blogs and websites that discuss advanced
process technologies [87] [88]. There are other literature sources that analyze 10 nm process

technology using simulation techniques, published in reputable literature [89] [90] [91].

Table 18: Electrical and dimensional parameters for 10 nm process technology found in different sources

Dimensional parameters for 10 Average Minimum Maximum
nm process technology
Gate Length 14 8 20
Die-electric thickness 4.03 0.25 16.34
Supply voltage 0.67 0.55 0.75
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Future work should also focus on evaluating whether the current methodology can be applied
to advanced process technologies. If limitations are identified due to a lack of standardized design
rules, a parallel methodology may need to be developed to account for these challenges.
Nonetheless, the current methodologies to determine die-level dimensional and electrical input
parameters remain valid and applicable for parts fabricated using mature process technologies,
which typically range from 1200 nm to 22 nm. These process technologies continue to be used and
remain relevant in the market, making the proposed approach applicable for available components

today.

Additionally, an information management system should be developed for part users. This
system would compile data on process technologies, including electrical parameters, dimensional
characteristics, and material properties, organized by manufacturer. It should also incorporate
information on advanced nodes and design variations across manufacturers. The system should
classify technologies that are widely used in devices with specific functionalities (e.g., RF, CPU,
DRAM, FPGA, GPU, Al chips), aiding part selection. A simulation module comparing process

technologies under different application conditions would further enhance its value.

To evaluate or detect the presence of die-level defects in a population of parts, metrics like
process capability index and average outgoing quality should be incorporated into the Monte Carlo
simulation. These metrics should be specific to die-level or transistor-level. Furthermore, metrics
such as B1 or Bo.1 life, which are sensitive to early failures, should be employed to evaluate the
proportion of defective parts. These metrics also help quantify the influence of specific input

parameters on low-quality or defective dies, supporting more robust part assessment.
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Although obtaining detailed die-level process capability data may be challenging, efforts
should be made by the part user to obtain this information from the part manufacturer and develop
a simulation framework that can account for these metrics when available. This would improve
the evaluation of failure distributions for different parts and capture early failures resulting from
process-induced defects or uncontrolled processes. Even when the information is not available,
assumptions can be made based on typical process variation profiles or industry-reported defect
rates. The development of a simulation framework that incorporates process capability data or
defect modeling is outside the scope of this thesis; however, it can be considered for future

continuation of this research.
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