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ABSTRACT
Dielectric breakdown is the formation of a conductive path in an insulating material, and
it is observed in nature (lightning strikes) and man-made equipment (spark plugs,
microelectronics). In the microelectronics industry, dielectric breakdown is becoming an
increasing concern for reliability engineers as device dimensions continue to shrink in
order to increase computing power and speed. However, the ability to understand and
predict the breakdown behavior of dielectrics in these integrated circuits is becoming
more complex as new materials are introduced and the manufacturing process required
to fabricate these insulators and their surrounding metal layers is constantly changing.
Due to time constraints, engineers employ a strategy to test a sample population
at several high voltages in order to wear out the dielectric over time and cause failure
(also called time-dependent-dielectric-breakdown). In order to extrapolate their results to
low voltages and longer lifetimes, empirical models are used to fit the experimental data
and then extrapolate to operating conditions. There is dispute over which empirical
model provides the most accurate prediction for device lifetime, and it is most likely that
a single model cannot be used to predict failure for every type of dielectric and process
involved in an integrated circuit. As a result, a charge transport model was developed to
provide a more comprehensive understanding of dielectric failure, in order to tie together
the physical mechanism of failure to the dielectric material and the processing
conditions.
The charge transport model is 1-D and incorporates current-driven and fielddriven failure mechanisms. Conduction into the dielectric occurs when electrons
overcome an energy barrier, and their transport throughout the dielectric depends on the
electric field and the donor-type defects located in the matrix. The energetic electrons
collide with the matrix, breaking bonds to increase the defect density. Breakdown occurs
when a critical defect concentration accumulates, resulting in electron tunneling and the
emptying of positively charged traps. The enhanced local electric field lowers the barrier
for electron injection into the dielectric, causing a positive feedforward failure. The
model uses a minimal number of adjustable parameters, none of which are directly used
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to fit the slope of the time-to-failure versus applied electric field curve. In addition, all
the parameters have some theoretical basis or have been measured experimentally.
The charge transport model is able to replicate leakage current and failure
behavior for several types of dielectric materials, including low-κ SiCOH and high-κ
SiN dielectrics, which are both commonly found in integrated circuits. The model can
reproduce I-V and I-t curves, capturing the current decay at early stress times and the
rapid current increase observed at failure for constant voltage testing. Most importantly,
the model is able to predict the time-to-failure as a function of the applied electric field,
without using any parameters to fit this slope. The model is able to directly compare
SiCOH and SiN failure trends, and finds silicon nitride films have superior reliability
due to their higher dielectric constant and deeper defect energy levels.
The model equations are refined to expand its failure prediction capabilities. The
electron temperature is re-defined solely as a function of the electric field, and the defect
generation rate is more closely aligned with the thermo-chemical E model, including a
thickness dependence. The equations are also solved for in dimensionless form, which
shows convection-driven electron transport, slow defect reaction kinetics, and nonuniform local field trends that depend on the thickness and density of mobile electrons in
the dielectric. The refined charge transport model is able to retain all of the initial
model’s offerings, while also expanding its capabilities to predict dielectric failure as a
function of temperature and thickness. The model replicates voltage-dependent
activation energy for dielectric failure data, tying the results to the energy barrier for
electron injection. Failure distributions are also replicated, based solely on dielectric
spacing calculations from voltage ramp tests. The model also provides several
predictions for future technology nodes as the dielectric thickness decreases. Based on
the model theory, it is expected that thinner dielectrics will yield a higher dielectric
strength (for planar dielectrics only) and suffer from degraded variability.
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1. INTRODUCTION
The ability to predict breakdown behavior in microelectronic devices is a growing
concern for reliability engineers as dimensions shrink with each new generation of
devices. This section provides a basic overview of the main topics discussed in this
report, including dielectric breakdown, its relevance to integrated circuits, and how
continued circuit scaling, as predicted by Moore’s law, is exacerbating reliability
concerns relating to dielectric failure.
“Logic will get you from A to B. Imagination will take you everywhere.”
-Albert Einstein

1.1 Dielectric Breakdown
In a basic definition, dielectric breakdown is the formation of a conductive path in an
insulating material due to an applied electric field. Dielectric breakdown, or electrical
breakdown, is observed in our lives every day. Two commonly observed examples of
this phenomenon are lightning strikes and spark plugs. Lightning strikes occur in nature
when gas molecules in the air are ionized by a large electric field between a cloud and an
object on earth, forming a conductive path [1]. Spark plugs, commonly used in car
engines and cooking grills, undergo a breakdown process similar to lightning, but on a
much smaller length scale. The spark plug is designed with two electrodes
approximately one millimeter apart from each other. A large voltage drop is applied
across the electrodes, causing the gas molecules to ionize and break down. The highvoltage breakdown process creates a spark, resulting in combustion of the gas. In liquids,
dielectric breakdown has applications for high-voltage power equipment, and the
breakdown process can depend on several variables, such as metal electrode and
contaminants in the liquid [2]. In gases and liquids, electrical breakdown is a reversible

Portions of this chapter have been submitted to: S. P. Ogden, Y. Xu, K. B. Yeap, T. Shen, T.-M.
Lu, and J. L. Plawsky, “Charge transport model to predict dielectric breakdown as a
function of voltage, temperature, and thickness,” J. Appl. Phys., submitted for
publication.
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process because the molecules forming the conduction path are able to move freely.
Once the voltage is reduced or removed, the conduction path is broken as the ionized
molecules dissipate.
However, for solids, the breakdown event typically results in an irreversible
destruction. The earliest studies into dielectric breakdown for solid insulators were
pioneered by von Hippel, Frohlich, and Zener in the 1930’s. Von Hippel drew
comparisons of the breakdown process in gases and liquids versus solids, discussing the
ionization of the dielectric lattice as a function of the electrons’ mean free path, which is
strongly affected by the phase of the insulator [3]. Several studies reported the ionization
of the lattice was only possible when electrons were able to gain enough energy, which
occurred above a critical electric field [4]–[6]. Von Hippel also reported the importance
of the electron conduction through the dielectric, characterized by an energy barrier for
electron injection from the cathode, and electron trapping by defects within the dielectric
[6], [7]. Later, Frohlich built upon this work by describing the conditions at which
electrons obtain a stable temperature, higher than the lattice temperature [8]. These
academic studies formed the backbone for all succeeding theories on dielectric
breakdown, which became crucial due to the emergence of solid state electronic devices.

1.2 Integrated Circuits
Dielectric breakdown studies found practical applications in the mid-1940’s and 1950’s
due to two major breakthroughs in electronic devices. First, the first working transistor
device was developed at Bell labs in 1947 [9]. A transistor works by modulating the
electronic current through a semiconductor material, and can provide an output signal
larger than the input [10]. Transistors replaced vacuum tubes, substantially decreasing
the amount of volume and power required for device operation. The second major
transformation was the invention of the integrated circuit (IC) by John Kilby in 1958.
Integrated circuits are electronic devices, such as transistors and diodes, fabricated
simultaneously onto a single chip, replacing the need for discrete devices [11]. Multiple
chips are also simultaneously fabricated on a single substrate, typically a silicon or
silicon-based wafer. The effect of the IC was immediate and dramatic; the cost of a
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transistor dropped from $45 to $2 [12]. The feature size, or relative distance between
transistors (or other electronic devices) was approximately 20 μm [10].
For transistors, dielectric breakdown was a concern due to the use of an oxide
material to isolate the gate metal contact from the semiconductor channel. The
application of a voltage to the gate metal exerted an electric field across the oxide
dielectric, resulting in the possibility of dielectric breakdown to occur. The invention of
the integrated circuit created the need to electrically isolate these devices. In addition,
IC’s used an interconnection of metal wires and insulating materials in order to send and
receive electrical signals to and from the devices. Figure 1.1 shows a schematic
overview of an interconnect system in an integrated circuit, providing an electrical
connection between the device level and the outside packaging. Insulators between two
metal lines at different voltages are at risk to electrically break down. Dielectrics such as
silicon dioxide and nitride materials have been most commonly used and studied since
the emergence of integrated circuits [13].

Figure 1.1. Schematic showing the interconnect structure connecting the devices to the packaging
connections. Metals are represented as orange, while the dielectric materials are represented as blue
and green. The metal wires width and spacing is smallest at the local levels and increase up to the
global levels.
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1.3 Moore’s Law
The development of the integrated circuit began a revolutionary movement in the
progression of electronic devices. The objective, although complex in execution, was
simple in its nature: decrease the overall cost of fabrication per transistor. In 1965,
Gordon Moore used existing trends to predict transistor density in a chip would double
approximately every year, based on obtaining the minimum manufacturing cost per
component [14]. Amazingly, this prediction held true until 1990, slowing down to
doubling every 1.5 years since [12]. Moore’s law derives from scaling down device
dimensions based on two main process developments: improving lithography techniques
and reducing defects [12], [15]. Lithography refers to the process of patterning various
metals, insulators, and dopants into a silicon substrate. Projection optics have been
primarily used for integrated circuits, with 193 nm imaging wavelengths being currently
used [15]. Defects can refer both to intrinsic defects or foreign particles.
Device scaling has huge benefits, offering lower operating voltage and current
(and therefore less power consumption), faster speed due to the increased proximity of
the devices, and lower cost per transistor [14], [16]. However, one downside is that the
spacing between devices is scaling faster than the voltage, causing insulating materials to
operate at higher electric fields for each new technology node [17]. Thus, dielectric
breakdown becomes a bigger reliability concern and larger risk for product failure.

1.4 Modern Dielectric Reliability
Device scaling led to faster speeds due to decreased signal delays through the gate.
However, the shrinking dimensions caused the delay through the interconnect (RC timedelay) to increase as the resistance in the metal wires and the capacitance in the
insulators both increased. By the 1990’s, the delay through the interconnect, which had
traditionally used silicon dioxide and aluminum, was a threat to prevent further signal
speed improvement.
In order to decrease the interconnect RC time-delay, copper replaced aluminum
and low-κ SiCOH materials were used as the insulation [18]–[20] at the 90 nm node
(which represents the minimum feature size for the technology). However, these low-κ
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materials are intrinsically weaker than SiO2 [18] and are also more susceptible to
extrinsic types of failure, such as copper ions [21], [22] and moisture absorption [23],
[24]. Mature process technologies use optimized liners and barriers to prevent metal ion
contamination in the dielectric, and proper passivation and processing steps for moisture
absorption.
Copper and low-κ SiCOH are still being used in today’s most advanced
technology nodes. 14 nm feature sizes are currently in production using 300 mm wafers,
as shown in Figure 1.2. 10 nm and 7 nm nodes are being developed in fab sites, with
even smaller device dimensions on the horizon in the future. At these dimensions,
controlling the spacing of the dielectric has become critical as lithography issues such as
line overlay, via mis-alignment, and line-edge-roughness can each negatively affect the
minimum spacing between wires and create enhanced electric fields which accelerate
breakdown [25]–[27]. As a result, dielectric failure is now dominated by the insulator
spacing for each chip [28], [29].

Figure 1.2. 300 mm silicon wafer, which is the same diameter as a medium pizza from DeFazio's
Pizzeria in Troy, NY. Typically, 50-150 chips can be printed on a single wafer of this size,
demonstrated with the dashed, red lines.
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Thus, the threat of dielectric breakdown to reliability is most prevalent in the
newest generations of electronic technologies, and will only continue to worsen.
Dielectric materials in integrated circuits are more susceptible to contamination or
damage from processing steps, which have become more numerous and complex as
device fabrication becomes more challenging at each new node. In addition, trends in
dielectric breakdown show insulators are subjected to higher electric fields, and are also
more sensitive to process variations, which both cause reliability to degrade. It is crucial
to further the understanding of the mechanism of dielectric breakdown, and identify
novel approaches to improve dielectric reliability so that Moore’s law can proceed
uninterrupted.

1.5 Overview of Research
The work presented here focuses on the main challenges for reliability of dielectric
materials, especially with relation to integrated circuits. First, the methods currently used
to test and predict dielectric failure are discussed. Next, a novel model, termed the
charge transport model, is proposed to predict dielectric breakdown. The charge
transport model is more comprehensive than any previously proposed model, and thus, is
able to provide improved insight into the breakdown process and future trends. The
author concludes by proposing new ways in which the model can be employed to
continue to improve the understanding of the dielectric breakdown process.
Chapter 2 discusses several important topics that relate to dielectric breakdown.
For testing methodology, the various types of structures and experimental techniques
used are described in detail. Electronic conduction mechanisms are introduced in this
chapter, and formal equations for each type of conduction mechanism are presented. The
theory and equations for various reliability models are also discussed. These models are
used to extrapolate dielectric lifetime from testing conditions to operating conditions for
an integrated circuit. Models are presented to scale lifetime based on voltage,
temperature, and early failure populations.
Chapter 3 introduces the charge transport model, derived from previous theories
on dielectric breakdown. The basic concepts of the model are discussed, and the model’s
equations are formally presented. The author discusses the process of determining
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several model parameters from electrical data, and the significance of each parameter.
Simulations are run for multiple sets of data on low-κ SiCOH and high-κ SiN, exhibiting
the model’s ability to predict current as a function of time or voltage, and dielectric
failure as a function of voltage (for constant voltage stress) or ramp rate (ramped voltage
stress). The limitations of the model are also presented, including an inaccurate
prediction of failure as a function of temperature, and a lack of spacing dependence for
failure (at common electric fields).
Chapter 4 addresses these model limitations by incorporating new concepts into
the model’s equations. The equations are also presented in dimensionless form. The new
equations, both in dimension and dimensionless form, are used to predict dielectric
failure trends as a function of voltage, temperature, and thickness. A novel method is
also presented to verify how the dielectric thickness changes based on the location of the
sample on the wafer. This method validates the model’s approach to use dielectric
thickness as a variable to predict failure distributions across a wafer. The model is then
used to predict future trends for dielectric failure.
Chapter 5 provides the main conclusions for the charge transport model, and
poses several future projects for which the model can be employed to further the
understanding of dielectric breakdown in integrated circuits.
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2. BACKGROUND
Dielectric breakdown has been studied extensively for more than 50 years. As a result,
there is abundant literature discussing breakdown theory and trends, models developed
based on the various theories, and multiple types of test structures and methodologies
developed to explore dielectric failure mechanisms and behavior. This section provides a
general background for the most important and relevant topics relating to dielectric
breakdown. The various test structures and methodologies used to characterize dielectric
materials are discussed. This section also explains the various post-testing analysis
methods which are commonly used, including models to characterize the conduction
mechanism and predict reliability as a function of voltage, temperature, and failure rate.
“Give me six hours to chop down a tree
and I will spend the first four sharpening the axe.”
-Abraham Lincoln

2.1 Testing Methodology
The process to understand how dielectric breakdown occurs begins with the question:
where does it occur? Answering this question is crucial to design the correct test
structure for analysis. The next step is to then properly design the test methodology to
characterize the material parameters of the dielectric material or predict the dielectric’s
lifetime before catastrophic breakdown occurs.
2.1.1

Test Structures

In Section 1.3, the interconnect levels in an integrated circuit were shown to consist of
metal lines and vias, separated by dielectric materials. Based on design, this yields two
main breakdown paths that can occur: between two metal lines without any vias, or
between two metal lines with vias. The first case results in metal-metal failure, while the
Portions of this chapter appeared in: S. P. Ogden, J. Borja, J. L. Plawsky, T.-M. Lu, K. B. Yeap,
and W. N. Gill, “Charge transport model to predict intrinsic reliability for dielectric
materials,” J. Appl. Phys., vol. 118, no. 12, Sep. 2015, Art. no. 124102.
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second case results in via-metal failure. To assess metal-metal dielectric failure, combcomb structures are most commonly used. Comb-comb structures, shown in Figure 2.1,
contain long metal lines, termed fingers, connected to each other by a wide metal line
patterned perpendicular to the fingers (forming a comb-like pattern). Two combs can be
mirrored and staggered, such that if one comb has an applied voltage while the other
comb is grounded, the dielectric separating the metal fingers of each comb will be
subjected to electrical stress.

Figure 2.1. Schematic of a comb-comb structure. A) Top view showing two metal combs with a
potential difference between the combs, and B) side view taken from the dashed line in the top view,
showing copper lines with a sidewall angle separated by a SiCOH dielectric and passivated by a
SiCNH layer covering the entire structure.

There are several advantages to using comb-comb structures to assess dielectric
failure. First, these are highly dense with metal wires at different voltage potentials and
common run lengths. This provides a large area (defined as the product of the number of
metal fingers, the finger length, and the metal height), and mimics the layout found in
integrated circuits. In fact, these structures undergo the same processing steps as
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integrated circuits for fabrication. A general description of the process will be described
here: a blanket dielectric film is deposited, followed by an etching of the metal trenches
using lithography techniques to create the pattern. A liner/barrier metal is deposited to
prevent copper contamination in the dielectric, followed by copper deposition. Excess
copper is polished away to create a planar top surface. Finally, a passivation layer is
deposited. The passivation layer is important to prevent moisture or other contaminants
from absorbing into the dielectric or metal layers. The process overview provided here is
a simplified version; there are dozens of steps to make each level in the circuit, and each
step can damage the metal or dielectric. Thus, mature process technologies are required
to properly assess intrinsic breakdown, although these structures are also useful for
assessing and improving new technologies as the process steps are being improved. As
seen in Figure 2.1B, the metal wires become thinner near the bottom of the wire,
resulting in the smallest spacing (and thus highest electric field) near the top of the metal
line. This minimum spacing is also dependent to the roughness of the metal lines and the
overlay between the lines [25], [26].
Via chain structures are most commonly used to assess via-metal breakdown.
Vias connect short metal lines on two levels creating chains (like links), as shown in
Figure 2.2. Two chains connected to different pads are intertwined to create a breakdown
path between a via and neighboring metal line. Via chains are fabricated using a similar
scheme as comb-comb structures. Via-metal breakdown is considered to be worse than
metal-metal breakdown (comb-comb) due to the addition of the via, which suffers from
patterning issues such as via size uniformity and via mis-alignment in the current
technology nodes [26]. The typical breakdown path in these structures can occur at the
top or bottom of the via to the neighboring lower or upper metal line, depending on the
design.
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Figure 2.2. Schematic for a via chain structure. Lower (blue) and upper (green) metal lines are
connected by vias (red), which are required in order to send electrical signals through different
levels in an integrated circuit. The via chain structure, shown as A) angled view and B) top view, are
designed to measure breakdown between a via and an adjacent metal line.

Planar structures are also often used for dielectric breakdown tests. Planar
structures typically offer a simplified process scheme, such that they are used to
characterize intrinsic breakdown. Figure 2.3A shows the simplest type of planar
structure that can be fabricated. The dielectric material, SiCOH in this case, is grown as
a blanket film on top of a silicon wafer. Metal electrodes can be separately deposited on
top of the dielectric and on the back-side silicon to form contacts. If the silicon is lightly
doped (usually with phosphorous or boron), a metal-insulator-semiconductor (MIS)
structure is formed. MIS structures are useful to characterize the capacitance of the
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dielectric. If the silicon is more heavily doped, a metal-insulator-metal (MIM) structure
is formed. MIM structures can be used for dielectric breakdown characterization.
Furthermore, the selection of the top electrode and the experimental conditions can be
controlled to produce intrinsic breakdown or extrinsic failure due to metal ion migration
[30]. One disadvantage to using blanket films is that samples are not passivated.
Moisture or other contaminants can enter the dielectric through the sides of the structure,
changing the dielectric breakdown physics. Samples must be carefully stored and
experiments must be properly controlled to avoid contamination of the dielectric.

Figure 2.3. Schematics for planar structures used for dielectric testing. A) Blanket films deposited
on silicon wafers; these types of samples are not passivated and susceptible to damage through the
sides of the structures. B) P-cap structures deposited in silicon wafers; these types of samples are
passivated and also avoid mechanical damage due to test probe needles.

Figure 2.3B shows a p-cap structure, developed at IMEC to also assess intrinsic
breakdown [31]. The p-cap structure represents the middle ground between blanket
planar structures and integrated structures. The fabrication process is as follows: silicon
dioxide is grown on a silicon wafer, and then etched to create a trench opening. SiCOH
dielectric is then grown along the bottom and sidewalls of the trench. This is followed by
barrier/liner deposition, copper deposition, planarization step, and passivation [31].
Many of the process steps that are required for integrated structures are removed,
resulting in a uniform, damage-free SiCOH dielectric. Further, these structures are
passivated to prevent contamination, and the samples can be probed away from the area
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of interest, avoiding mechanical damage issues. Therefore, p-cap structures represent an
optimum approach to investigate the intrinsic breakdown properties of the dielectric. The
test structure as shown is MIS due to the silicon, but a thin metallic blanket film can be
deposited on top of the silicon to create a MIM structure.
2.1.2

Experimental Techniques

Dielectric breakdown testing to qualify a product for reliability purposes must be
conducted under high-stress conditions due to time constraints. There are two main
testing methods that are employed to characterize the dielectric material: constant
voltage stress (CVS) and voltage ramp stress (RVS). In a CVS, shown in Figure 2.4, the
dielectric material is subjected to a set voltage and wears out over time, known as timedependent-dielectric-breakdown (TDDB). The leakage current through the dielectric is
measured, as shown in Figure 2.4B. If the noise level of the instrument measuring the
leakage current is sensitive enough for the stress conditions, information such as electron
trapping and defect generation within the dielectric can be obtained before the material
breaks down. Hard breakdown is typically observed, in which the current abruptly
increases several orders of magnitude or higher.

Figure 2.4. Time-dependent-dielectric-breakdown test showing A) a constant voltage applied to the
dielectric, and B) the leakage current measured through the dielectric as a function of time.

The constant voltage test is more commonly used for reliability purposes. A
structure is tested under several voltages, and then an empirical model is used to
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extrapolate the failure time at the stress voltages to the operating conditions (see Section
2.3.1).
Although it is not standard to conduct a voltage ramp test for reliability
qualification, this test can be useful to determine important material parameters. In a
voltage ramp test, shown in Figure 2.5, a linearly increasing voltage is applied to the
dielectric material with increasing time. The current is measured as a function of the
voltage, as shown in Figure 2.5B, until the electric field exceeds the dielectric’s
breakdown strength and failure occurs, resulting in a current increase similarly seen in
the constant voltage test. Higher ramp rates typically result in a higher breakdown
voltage.
The type of conduction mechanism through the dielectric can be determined
based on the shape of the I-V curve. The dielectric constant (κ) and the energy barrier
from the Fermi level of the metal cathode to the conduction level of the dielectric (ΦB)
are determined from the I-V slope and magnitude of current, respectively. This will be
discussed in more detail in Section 2.2. Finally, the dielectric spacing can be calculated
based on the breakdown voltage if the dielectric strength, or electric field breakdown
(EBD), at a specific ramp rate is known, using s=VBD/EBD.

Figure 2.5. Voltage ramp test showing A) an increasing voltage as function of time, and B) the
resulting current measured through the dielectric as a function of the applied voltage.
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2.2 Conduction Mechanisms
Electrons in an atom form discrete energy levels, and when atoms form a solid, these
energy levels split into energy bands. In these energy bands, the valence band is the
highest level filled with electrons while the conduction band is the lowest energy level
that is empty or partially filled with electrons [10]. For dielectric materials, there is an
energy gap (typically >6 eV) between the valence band and conduction band, creating a
forbidden zone through which electrons cannot exist in a perfect crystal. In reality,
defects in the crystal create discrete, lower energy states which electrons can reside. A
defect can be an extra atom, missing atom, dis-placed atom, or a variety of other types
[12]. Although the theory describing energy levels is derived for solid crystals due to
their repeating, ordered structure, these same concepts can be extended to amorphous
materials as well [32]. At a contact between a metal and a dielectric, electrons must
overcome an energy barrier from the Fermi level of the metal to the conduction band of
the dielectric, which often limits the electronic conduction through the insulator.
Therefore, this energy barrier is crucial to defining the insulating properties of a
dielectric, and depends on the energy levels of the metal and dielectric, as well as several
other important factors. The electron conduction through a dielectric material under
stress is considered vital to predict dielectric reliability because the two concepts are
believed to be strongly tied to each other. Therefore, it is crucial to understand how the
electronic conduction might change as a function of voltage in order to assess dielectric
lifetime.
Aside from the metal-insulator energy barrier, electronic conduction in dielectric
materials can also strongly depend on defects, both intrinsic and extrinsic. Extrinsic
defects can either create defects states, or produce a current if mobile. However, the
three main types of conduction reported for dielectric materials all rely on electrons:
Schottky emission, Poole-Frenkel conduction, and Fowler-Nordheim tunneling [33].
Figure 2.6 shows the energy level diagrams for the three types of conduction mechanism
that will be explained in this section.
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Figure 2.6. Energy level diagrams to show various conduction mechanisms in dielectric materials
under stress. Blue lines represent Fermi energy levels for the metals, while top and bottom red lines
represent the dielectric’s conduction band and valence band, respectively. A) Schottky emission, B)
Poole-Frenkel conduction, and C) Fowler-Nordheim tunneling.

Schottky emission is the most commonly reported conduction mechanism for
dielectric materials [33], and has been shown to occur in SiCOH dielectric materials
[34]. Figure 2.6A shows the electron injection process for Schottky emission. Electrons
in the metal gain enough thermal energy to overcome the dielectric-metal energy barrier,
injecting above the dielectric conduction band (where the electron is free to move
through the material). Electron conduction for Schottky emission is described using:
𝐽 = 𝐴𝑇 2 𝑒𝑥𝑝 [

−𝑞(𝛷𝐵 − √𝑞𝐸/4𝜋𝜀∞ 𝜀0 )
] ,
𝑘𝑏 𝑇

(2.1)

where J is the current density, A is the effective Richardson constant, T is the
temperature, q is the fundamental unit of charge, ФB is the dielectric-metal energy
barrier, E is the nominal electric field, ε∞ is the dielectric constant in the optical limit, ε0
is the free permittivity of space, and kb is the Boltzmann constant. Here, E refers to the
nominal electric field, based on the voltage divided by the nominal thickness (Vapp/s),
where in the subsequent chapters, F refers to the localized electric field, which is a
function of the location in the dielectric. The energy barrier (ФB) is lowered by the
electric field with an E1/2 dependence. Material parameters such as the energy barrier
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(ФB) and dielectric constant in the optical limit (ε0) can be calculated by plotting ln(J) vs.
E1/2 to obtain a linear fit.
Defect states can serve as trapping centers for electrons. Thus, for materials with
a high concentration of defects, electrons are limited by their ability to conduct between
traps rather than their injection into the dielectric. This is known as Poole-Frenkel
conduction, shown in Figure 2.6B. Conduction occurs through the thermal activation of
electrons out of defect states in the dielectric. Poole-Frenkel conduction is typically
found to occur for defect-rich materials, and has been reported for both SiCOH [35] and
silicon nitride [33]. It is described as:
𝐽 = 𝑞𝜇𝐶𝑡𝑟𝑎𝑝 𝐸𝑒𝑥𝑝 [

−𝑞(𝛷𝑡𝑟𝑎𝑝 − √𝑞𝐸/𝜋𝜀∞ 𝜀0 )
] ,
𝑘𝑏 𝑇

(2.2)

where μ is the electronic drift mobility, Ctrap is the defect density, Фtrap is the defect
energy level measured from the conduction band, and the other variables are the same as
defined for Schottky emission. The defect energy level (Фtrap) and dielectric constant in
the optical limit (ε0) can be calculated by plotting ln(J/E) vs. E1/2 to obtain a linear fit.
Schottky emission and Poole-Frenkel conduction are very similar, in that they depend on
thermal activation of electrons over energy barriers and follow an E1/2 dependence.
These types of conduction are more favorable at high electric fields and high
temperature [33].
Schottky emission and Poole-Frenkel conduction involve classical descriptions
of electrons. In the classical sense, an electron cannot exist in the forbidden energy
levels of the dielectric, so it must excite above those levels to enter the conduction band.
Fowler-Nordheim tunneling, on the other hand, is based on a quantum mechanical
approach to electronic states. Derived from Schrodinger’s equation, an electron
(described as a wave function) has some probability to exist on the other side of the
energy barrier by a “tunneling” mechanism [33]. This works in the same way as the
electron’s existence in discrete energy levels; the electron is either reflected at the energy
barrier or penetrates through to the conduction band. Fowler-Nordheim tunneling is
described as:
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𝐽=

−8𝜋√2𝑞𝑚𝑒∗ 3/2
𝑞3𝐸2
𝑒𝑥𝑝 [
𝛷𝐵 ] ,
8𝜋ℎ𝑞𝛷𝐵
3ℎ𝐸

(2.3)

where h is the Planck constant, me* is the effective electron mass, and the remaining
variables are the same as defined in the previous equations. Tunneling does not have a
temperature dependence, so this type of conduction is more favorable at high electric
field and low temperature. Interestingly, this equation does not have any thickness
dependence directly associated with it, but Fowler-Nordheim tunneling is typically only
reported for thin dielectrics less than 10 nm [33]. The energy barrier (ФB) and effective
electron mass (me*) can be calculated by plotting ln(J/E2) vs. 1/E to obtain a linear fit.

2.3 Reliability Models
High-voltage and high-temperature CVS tests are used to predict dielectric failure on the
time scale of seconds to months, but the failure lifetime must then be projected based on
the operating conditions of the product at low voltages and low temperature. The
standard practice is to extrapolate the results to the operating conditions using empirical
models. In addition, limited sample sizes are tested, but a small, maximum fail rate is
typically allowed (~100 parts-per-million fails). Thus, empirical models are also used to
extrapolate from the main population to the extreme tail for early failures.
2.3.1

Voltage Acceleration

TDDB testing is conducted at several different voltages, and then an empirical model is
fitted to the experimental data and used to extrapolate to operating conditions,
approximately 1 V. There have been several voltage-acceleration models that have been
previously used; the E model is the most conservative while the 1/E model is the most
optimistic.
The earliest proposed voltage-acceleration model was the E-model [36]–[38].
The E-model, or thermochemical model, attributes dielectric failure to the breakage of
weak intrinsic bonds within the dielectric matrix [39]. The time-to-failure (TTF) is
related to the electric field using Equation 2.4:
𝑇𝑇𝐹 = 𝐴 ∗ 𝑒𝑥𝑝(−𝛾 ∗ 𝐸),
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(2.4)

where A is a numerical constant and γ is a field acceleration parameter. The 1/E model,
proposed by Chen et al. [40], is a current-based model. Breakdown occurs when holes
are injected into the dielectric and then damage the matrix due to impact ionization [40],
[41]. Equation 2.5 describes the 1/E model, given as:
𝛾
(2.5)
𝑇𝑇𝐹 = 𝐴 ∗ 𝑒𝑥𝑝 ( ) .
𝐸
The power law (PL) model was originally developed for thin gate dielectrics, and
proposes that breakdown occurs when hydrogen, released from the anode, damages the
dielectric [42]. The power law model is represented using Equation 2.6:
𝑇𝑇𝐹 = 𝐴 ∗ 𝐸 −𝑛 ,

(2.6)

where n is the field acceleration parameter. The power law model is the only empirical
relationship for which the time-to-failure does not have an exponential relationship to
the electric field.
The E-model, 1/E model, and PL model were designed to predict intrinsic, or
electronic, failure in dielectric materials. However, the introduction of porous dielectric
films and copper metal wires in IC interconnects led to new, extrinsic failure modes. The
√𝐸-model, originally proposed by Allers et al. [43], was modified to also predict copperinduced failure [34], [35]. In this model, the presence of copper ions leads to the √𝐸dependent conduction mechanisms of Poole-Frenkel or Schottky emission [34], [35].
Equation 2.7 describes the √𝐸 model as:
1

𝑇𝑇𝐹 = 𝐴 ∗ 𝑒𝑥𝑝 (−𝛾 ∗ 𝐸 2 ).

(2.7)

The lucky electron (LE) model, or impact damage model, was proposed by Lloyd
et al. [44], and was modified to include a copper component [45]. This model combines
the 1/E model and √𝐸-model, and is based on the probability that an electron,
accelerated by the electric field, will have sufficient momentum to damage the dielectric
and cause breakdown [44], [46]. The lucky electron model has an extra fitting parameter
compared to the previously described lifetime models, and is represented by Equation
2.8:
1
𝐴
𝛼
𝑇𝑇𝐹 = ( ) ∗ 𝑒𝑥𝑝 (−𝛾 ∗ 𝐸 2 + ),
𝐸
𝐸
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(2.8)

where γ and α are the two field-acceleration parameters.
Reliability engineers have commonly used these models to predict lifetime, but
there is still dispute over which model most accurately predicts device failure under
operating conditions. Figure 2.7 shows experimental failure data over a wide range of
electric fields, and the corresponding fits to the five empirical models described above. It
is difficult to distinguish which model provides the best fit to the data, and mathematical
analysis to analyze the best fit can be deceptive due to the uncertainty associated with
the data set. However, the proper model selection is important because at low fields
where products operate, the models deviate and predict lifetimes that vary over orders of
magnitude.

Figure 2.7. Dielectric failure data (black circles) and the corresponding fits by the empirical lifetime
models. Most models can fit well to experimental data, but provide drastically different lifetime
projections at low-field operating conditions. Experimental data obtained from [47].

A shortcoming of these single equation, algebraic, models is the drastic
simplification of the complex mechanisms involved in dielectric breakdown. The
constants used in these models to fit the data are at best, only loosely tied to the physical
mechanisms, materials, and processes used to generate the data. Therefore, a more
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comprehensive model built primarily on theoretical considerations could offer an
improved insight toward these variables’ effect on dielectric behavior. Haase et al. [48]
recognized this issue, and proposed a set of nonlinear partial differential equations to
describe the conduction of charge carriers in the dielectric and the formation of defects
which lead to failure. However, Haase’s model fails to replicate the large instability in
electronic conduction at failure, usually seen as a sharp increase in leakage current and
so could not be used to describe dielectric breakdown as a function of applied field and
temperature.
2.3.2

Temperature Dependence

At first glance, temperature acceleration for dielectric failure appears more
straightforward than voltage acceleration. It is standard practice to use the Arrhenius
relationship to extrapolate failure from testing conditions to operating conditions, given
as:
𝑙𝑛(𝑇𝑇𝐹) = 𝑙𝑛(𝐴) −

𝐸𝑎𝑐𝑡
,
𝑘𝑏 𝑇

(2.18)

where TTF is the time-to-failure, A is a pre-exponential constant, Eact is the TTF
activation energy, kb is the Boltzmann constant, and T is the test temperature. A and Eact
are the two fitting parameters to the experimental data. This equation implies Eact is a
constant. However, studies over the past 30 years have consistently shown that the
activation energy increases as the test voltage decreases [49]–[52]. As a result, fail rates
from dielectric breakdown are over-estimated for chips that operate at lower
temperatures than testing conditions. To offset this, tests can be conducted at the same
temperature at which the product operates. However, this can lead to increased testing
resources for a company fabricating multiple products which operate at different
temperatures.
2.3.3

Failure Distributions

Wafer sizes have increased over the years, and presently, state-of-the-art fabrication
facilities use wafers with a diameter of 300 mm. Many structures are deposited over the
entire surface of the wafer, whether it is the integrated chip for a customer product, or a
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test vehicle designed to isolate failure to a certain location for reliability qualification.
The dielectric thickness isolating adjacent metal wires is on the length scale of tens of
nanometers, and as a result, process variations across the wafer have become a huge
concern for reliability [53]. Disparities in the dielectric spacing, such as line-edgeroughness (LER), line-to-line overlay, and via-to-line misalignments, are the most
prevalent process variations [54], but there are other parameter variations as well, such
as defect concentrations and barrier thickness. The summation of these process
variations across the entire wafer lead to samples that fail at different times despite being
subjected to the same stress conditions.
Two of the most common distribution functions used for failure analysis are the
log-normal distribution and Weibull distribution. Log-normal distributions are typically
associated with gradual degradation of the material (such as mass diffusion), while
Weibull distributions better describe weak-link failure [12]. Dielectric breakdown is
widely described as a weak-link failure, and thus dielectric failure rates are modeled
using the Weibull distribution, given as:
𝛽

𝑇𝑇𝐹
𝐶𝐷𝐹 = 1 − 𝑒𝑥𝑝 [− (
) ],
𝑡63%

(2.10)

where CDF is the cumulative distribution function (or cumulative failure probability),
t63% is the scale parameter, and β is the shape parameter. Simply put, t63% indicates the
average time at which a sample will fail, while β represents the variation in the sample
population. Figure 2.8 shows a failure distribution plot where the samples have the same
scale parameter (t63%), but different values of β. The importance of process variation
control becomes evident from this graph. At operating conditions, the customer product
must meet criteria of a maximum number of failures per population size, usually given in
parts-per-million. If process variation is large, the early sample fails will occur at a much
lower lifetime than a sample population with a tightly controlled process. Weibull
distributions can be plotted on a linear scale by transforming Equation 2.10 into:
ln[− ln(1 − 𝐶𝐷𝐹)] = 𝛽 ln(𝑇𝑇𝐹) − 𝛽ln(𝑡63% ),

(2.11)

where β can be calculated from the slope and t63% can be calculated from the y-intercept
once β is known.
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Figure 2.8. Distribution plot showing samples with the same t63 (λ=3600 s), but different distribution
scales (β).

It is essential to accurately predict the failure distribution, especially as dielectric
breakdown becomes more difficult to qualify for new technology nodes. However, the
accuracy of a statistical approach, such as a Weibull distribution, is dependent on the
sample size. In addition, domination of spacing variation and other process concerns are
beginning to threaten the applicability of the Weibull distribution for advanced
technology nodes [55], [56]. Figure 2.9 shows experimental data with a large number of
samples for each voltage (>100), and the corresponding fits to the log-normal
distribution and Weibull distribution. The data originates from the same wafer, but early
failures at 14 V appear to fit the log-normal prediction more accurately while the early
failures at 13 V appear to fit the Weibull distribution more accurately. This seemingly
contradictory finding perfectly exemplifies the disadvantage to using statistical models;
these fitting models cannot tie the processing conditions or fundamental electrical data to
the failure results.
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Figure 2.9. Experimental failure distributions at 13 V and 14 V. The data is from the same wafer,
but different voltages appear to follow different failure distribution models.
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3. CHARGE TRANSPORT MODEL
The use of statistical analysis to evaluate dielectric failure at low operating voltages and
early fail rates has several disadvantages. Therefore, a more comprehensive model that
can both predict failure and provide a more theoretical understanding of dielectric
behavior is crucial for reliability assessment. In this section, a charge transport model is
presented to predict intrinsic reliability for dielectric materials. The section includes the
model’s concepts, assumptions, equations, and boundary/initial conditions. Simulation
results are compared to multiple sets of data, including two types of dielectric materials
(low-κ SiCOH and high-κ SiN). Finally, the limitations of the model are addressed.
“With four parameters I can fit an elephant,
and with five I can make him wiggle his trunk.”
-John von Neumann

3.1 Failure Theory and Assumptions
Electrons are injected into the dielectric over an energy barrier, and are able to move
freely through the dielectric if their energy is greater than the conduction band. Before
stress or during the early periods of testing, there are a few intrinsic defects present, and
these defects can serve to trap the mobile electrons. Figure 3.1A shows a schematic of
the electron conduction through the dielectric at the early stages of electrical stress. The
schematic is for a metal-insulator-metal structure, where electrons are injected above the
conduction band of the dielectric from the Fermi level of the metal electrode. Intrinsic
failure originates from the interaction of high energy electrons with the dielectric matrix.
The electrons gain energy due to the applied electric field, and lose energy to the matrix
through collisions with defects or other constituents of the dielectric [57], [58]. The
Portions of this chapter appeared in: S. P. Ogden, J. Borja, J. L. Plawsky, T.-M. Lu, K. B. Yeap,
and W. N. Gill, “Charge transport model to predict intrinsic reliability for dielectric
materials,” J. Appl. Phys., vol. 118, no. 12, Sep. 2015, Art. no. 124102.
Portions of this chapter appeared in: S. P. Ogden, T.-M. Lu, and J. L. Plawsky, “Electron
transport and dielectric breakdown in silicon nitride using a charge transport model,”
Appl. Phys. Lett., vol. 109, no. 15, Oct. 2016, Art. no. 152904.
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energy released during the collisions becomes available to generate additional defects,
and the mobile electrons become trapped within the dielectric by these defects. As the
defect concentration increases over time, the probability for trapped electrons to tunnel
from trap-to-trap through the dielectric increases. This trap-assisted tunneling is quickly
accelerated once a critical defect concentration is reached [59]. Figure 3.1B shows a
schematic of the electron conduction near failure of the dielectric, including the
additional conduction mechanism of trap-to-trap tunneling. The emptying of traps due to
tunneling electrons enhances the local field at the cathode. This causes an increase in the
injection of electrons, and further increases defect generation. This is known as positive
feedback, or feed-forward, failure [40], [60], and is the cause for the abrupt increase in
current seen at failure.
The model includes the following simplifying assumptions.
1. The leakage current is directly related to a mobile electron flux. Only current due
to electron flow is considered at this time.
2. Mobile electrons gain energy and are accelerated by the applied and local electric
fields. Electrons lose energy due to scattering by traps and the substrate, and this
energy becomes available to generate new defects.
3. Defects and trapped electrons are in thermal equilibrium with the substrate.
4. All traps have a positive charge, and serve to enhance the local field near the
cathode within the dielectric.
5. Electron conduction near failure is supported by direct trap-to-trap tunneling.
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Figure 3.1. Energy level schematics to illustrate the electron conduction through the dielectric
subjected to electrical stress at A) early stress times and B) near dielectric failure. There is an
additional trap-to-trap tunneling conduction mechanism as the dielectric is near failure due to the
accumulation of defects.

3.2 Model Equations
The charge transport model is comprised of a set of nonlinear, time-dependent, partial
differential equations. The potential distribution and the local electric field, 𝐹 =
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−𝜕𝑉/𝜕𝑥, are affected by the accumulation of charge in the dielectric, and obey
Poisson’s Equation:
𝜕 2𝑉
𝑞
=
(𝐶
− 𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑒,𝑡𝑟𝑎𝑝𝑝𝑒𝑑 ),
2
𝜕𝑥
𝜅𝜀0 𝑡𝑟𝑎𝑝

(2.1)

where q is the fundamental unit of charge, such that q < 0, ε0 is the vacuum permittivity,
and κ is the dielectric constant. Overall, the dielectric is nearly neutral, but the buildup of
charge affects the local electric field. The accumulation of positive charge enhances the
field at the cathode, while a net negative charge reduces the field at the cathode. Ctrap is
the concentration of traps in the dielectric. Traps, or defects, are assumed to be donorlike in nature, and therefore have a positive charge [61], [62].
Electrons are defined as either mobile (Ce,mob,total) or trapped in the dielectric
(Ce,trapped). Their continuity equations are expressed as:
𝜕𝐶𝑡𝑟𝑎𝑝
𝜕𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙
𝜕
+
(𝐽𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 ) = 𝑔𝑒,𝑡𝑢𝑛𝑛𝑒𝑙 −
𝜕𝑡
𝜕𝑥
𝜕𝑡

(2.2)

𝜕𝐶𝑒,𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝜕𝐶𝑡𝑟𝑎𝑝
=
− 𝑔𝑒,𝑡𝑢𝑛𝑛𝑒𝑙 ,
𝜕𝑡
𝜕𝑡

(2.3)

and

where
𝐽𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 = 𝑣𝑒 𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 − 𝐷𝑒

𝜕𝐶𝑒,𝑚𝑜𝑏𝑖𝑙𝑒
.
𝜕𝑥

(2.2a)

There are two types of mobile electrons: Ce,mobile refers to thermally excited electrons
traveling above the conduction band in the dielectric, and Ce,tunnel represents electrons
that tunnel directly between adjacent traps, such that Ce,mob,total = Ce,mobile + Ce,tunnel. The
mobile electron flux through the dielectric is represented as Je,mob,total. Both thermally
excited electrons and tunneling electrons have drift components in the flux term, but
tunneling electrons are not able to diffuse through the dielectric. Trapped electrons are
immobile in the dielectric. The electron velocity and diffusion coefficient are defined as:
𝑣𝑒 =

|𝑞𝐹𝜆𝑡𝑟𝑎𝑝 |
𝑞𝐹
8𝑘𝑏 𝑇
√
(√
+
)
|𝑞𝐹|
𝑚𝑒∗
𝜋𝑚𝑒∗

and
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(2.4)

𝑘𝑏 𝑇
𝐷𝑒 = 𝜆𝑡𝑟𝑎𝑝 √ ∗ ,
3𝑚𝑒

(2.5)

where me* is the effective electron mass, kb is the Boltzmann constant, T is the substrate
temperature, and λtrap is the scattering length. The average electron velocity is
represented using energy gained from the electric field, as well as a thermal energy
component. Electrons gain energy from the field, and travel in a ballistic motion until
they are scattered by a defect in the dielectric. The electron velocity is in the opposite
direction to the local field. The diffusion coefficient is obtained assuming that the
scattering time is independent of the field [63].
The scattering length is based on a Debye length [64]:
1/2

𝜆𝑡𝑟𝑎𝑝

κ𝜀0 𝑘𝑏 𝑇
=( 2
)
𝑞 𝐶𝑡𝑟𝑎𝑝

.

(2.6)

The scattering length is inversely proportional to the square root of the trap
concentration, and represents the distance beyond which electrons are unaware of other
charges, such as defects or trapped electrons.
Electrons are trapped in the dielectric at the same rate that defects are generated,
which is to say that every time a defect is created, that defect immediately traps an
electron. Electrons trapped in the dielectric can gain mobility by tunneling through the
dielectric trap-to-trap. The rate at which tunneling electrons are generated is derived as:
𝑔𝑒,𝑡𝑢𝑛𝑛𝑒𝑙 =

4√2𝑚𝑒∗
𝜕
[𝐶𝑒,𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑒𝑥𝑝 (−
Ф
)],
𝜕𝑡
3ℏ|𝑞𝐹| 𝑡𝑟𝑎𝑝,𝑒𝑓𝑓

(2.7)

where ℏ is the reduced Planck constant. The tunneling electron generation rate is
proportional to the concentration of electrons trapped in the dielectric. It is also
proportional to the WKB tunneling probability, represented as the exponential function
in Equation 2.7. The trapped electrons must overcome an effective energy barrier to
escape the trap in which they are confined. This effective energy barrier is defined as:
Ф𝑡𝑟𝑎𝑝,𝑒𝑓𝑓 =

3/2
Ф𝑡𝑟𝑎𝑝

− (Ф𝑡𝑟𝑎𝑝 − |𝑞𝐹𝜆𝑡𝑟𝑎𝑝

3
|)2 ,

(2.7a)

where Фtrap is the generic barrier height for traps, as measured from the conduction band.
As the defect concentration increases and thus, the scattering length decreases, the
probability for trapped electrons to tunnel through the dielectric increases.
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The rate of defect generation is expressed as a second order chemical reaction
between the mobile electrons and the dielectric matrix.
𝜕𝐶𝑡𝑟𝑎𝑝
𝐶𝑡𝑟𝑎𝑝,𝑚𝑎𝑥 − 𝐶𝑡𝑟𝑎𝑝
𝛥𝐻,𝑒𝑓𝑓
𝑣𝑒
=(
𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 ) (
) 𝑒𝑥𝑝 (
).
𝜕𝑡
𝜆𝑡𝑟𝑎𝑝
𝐶𝑡𝑟𝑎𝑝,𝑚𝑎𝑥
𝑘𝑏 𝑇𝑒

(2.8)

Electron diffusion is assumed to have a negligible effect on trap creation such that only
the electron’s drift component is included in the generation term. A self-limiting reaction
mechanism is included based on the maximum number of available trap sites, denoted as
Ctrap,max. For a silica-based dielectric, the maximum number of traps is based on the
number of fundamental silicon units, such as silica tetrahedra, comprising the dielectric.
Traps are confined to the matrix, and only have a generation term because their creation
is irreversible. The activation energy for defect formation (ΔH), a constant parameter, is
offset by the magnitude of the local electric field, defined as an effective activation
energy:
𝛥𝐻𝑒𝑓𝑓 = 𝛥𝐻 −

1
2
𝛽𝑃𝐹 𝐹𝑝𝑜𝑙𝑎𝑟
,

(2.8a)

where
𝑞3
𝛽𝑃𝐹 = √
𝜋κ𝜀0

(2.8b)

2+κ
𝐹𝑝𝑜𝑙𝑎𝑟 = (
) 𝐹.
3

(2.8c)

and

The ionization energy for a single coulombic potential well is lowered by
1/2

𝛽𝑃𝐹 𝐹𝑝𝑜𝑙𝑎𝑟 at a distance equal to the Poole-Frenkel radius [65]. The polarized field, Fpolar,
is used in lieu of the local field because polar bonds stretch and compress due to the
electric field, resulting in weaker bonds which are more easily broken [66]. The
polarized electric field is expressed using Equation 2.8c, known as the Lorentz Relation
[66].
The electron temperature is not in equilibrium with the substrate temperature,
and also plays a role in generating traps. The electron temperature [58] is defined as:
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2

𝐹𝜆𝑡𝑟𝑎𝑝
𝑇𝑒 = 𝑇 [1 + 5.14 (
) ].
ℏ𝜔0

(2.8d)

Electrons gain energy from the field, and lose energy to scattering due to acoustic
phonons. The energy lost by electrons to phonons is denoted as ℏ𝜔0 = 4.0 eV [67]. As
the scattering length decreases, electrons in the dielectric are unable to gain significant
energy from the electric field, and the electron temperature approaches the substrate
temperature.

3.3 Boundary Conditions and Initial Conditions
This model can be solved in one dimension with the use of boundary conditions and
initial conditions for Poisson’s Equation and the continuity equations for mobile
electrons, trapped electrons, and traps. The cathode is defined as x = 0 and the anode is
defined as x = s, where s is the dielectric thickness. The boundary conditions for the
voltage are given as:
𝑉(𝑥 = 0, 𝑡) = 0,

(2.9)

𝑉(𝑥 = 𝑠, 𝑡) = 𝑉𝑎𝑝𝑝

(2.10a)

𝑉(𝑥 = 𝑠, 𝑡) = 𝑅 ∗ 𝑡.

(2.10b)

or

The cathode is grounded while the voltage applied to the anode can either be a constant
voltage (Vapp), as given in Equation 2.10a, or a ramped voltage, as given in Equation
2.10b. In this equation, R is the ramp rate, in units of V/s, and t is the time, in seconds.
The boundary conditions for the mobile electrons are defined as:
𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 (𝑥 = 0, 𝑡) = 𝑁𝑒,𝑚𝑒𝑡𝑎𝑙 [𝑒𝑥𝑝 (−

𝛷𝐵,𝑒𝑓𝑓
)],
𝑘𝑏 𝑇

(2.11)

where
1

|𝐹𝑞 3 | 2
= 𝛷𝐵 − (
) ,
𝜋𝜀∞ 𝜀0

(2.11a)

𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 (𝑥 = 𝑠, 𝑡) = 0,

(2.12)

𝛷𝐵,𝑒𝑓𝑓
and
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where ε∞ is the dielectric constant in the optical limit. Electrons are injected into the
dielectric at the cathode through a modified Schottky conduction mechanism. The
electrons in the metal must overcome an energy barrier, ΦB, to enter the dielectric. This
energy barrier is lowered by the applied field with a F1/2 dependence seen in Schottky
emission or Poole-Frenkel conduction. The concentration of electrons at the cathode,
Ne,metal, is assumed to be 8.5x1028 m-3, based on one electron per copper atom [68]. The
concentration of electrons is set equal to zero at the anode assuming that all the electrons
reaching the anode escape the dielectric. This leads to the maximum electron current.
The initial conditions are specified as:
𝐶𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙 (𝑥, 𝑡 = 0) = 0,

(2.13)

𝐶𝑒,𝑡𝑟𝑎𝑝𝑝𝑒𝑑 (𝑥, 𝑡 = 0) = 0,

(2.14)

𝐶𝑡𝑟𝑎𝑝 (𝑥, 𝑡 = 0) = 𝐶𝑡𝑟𝑎𝑝,0 .

(2.15)

and

Initially, there are no mobile or trapped electrons in the dielectric, but there are defects
present.
The set of non-linear partial differential equations is solved using COMSOL, a
finite-element based modeling software. However, alternate commercial or home-made
software can be used as well. The last equation converts the mobile electron flux into a
leakage current or current density, depending on how the electrical data is presented. The
leakage current through the dielectric is related to the mobile electron flux using:
𝐼 = 𝑞𝐴𝑒𝑓𝑓 𝐽𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡 ,

(2.16a)

where Aeff is the effective area for electronic conduction. This equation is used for the
SiCOH data presented in this chapter, which was reported as leakage current. However,
the silicon nitride data obtained from Allers [43] provided leakage current density, which
can instead be represented as:
𝐽 = 𝑞𝑃𝑒𝑓𝑓 𝐽𝑒,𝑚𝑜𝑏,𝑡𝑜𝑡𝑎𝑙

(2.16b)

where J is the current density and Peff is defined as the trapping fraction. Conduction
does not occur uniformly across the entire dielectric area, but through weak paths in the
dielectric where conduction is promoted by a lower energy barrier or larger defect
density. Failure occurs when the defect density through one of these paths reaches a
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critical concentration and the path becomes conductive. Therefore, Peff can also be
described as the fraction of the dielectric which electrons conduct through defects. Peff is
proportional to the total number of weak paths through which conduction occurs, as well
as the cross-sectional area of the traps. Relating (2.16a) and (2.16b) yields:
𝐴𝑒𝑓𝑓 = 𝐴 ∗ 𝑃𝑒𝑓𝑓

(2.16c)

where A is the test structure dielectric area. This establishes the relationship between the
parameters used to calculate either the current (Aeff) or current density (Peff). The charge
transport model replicates conduction and failure through the weak spots in the
dielectric, and therefore, Aeff is proportional to the test structure dielectric area as well as
the fraction of the dielectric through which conduction occurs. Peff could not be
calculated for the low-κ SiCOH samples because the test area was not given, but this
parameter can be determined for these Si3N4 results because the conduction data was
published as current density instead of current. Peff was previously reported to be ~10-8
based on charge-to-breakdown calculations for a Si3N4 dielectric [69]. This number
indicates that conduction only occurs through a very small fraction of the dielectric area
(one part in 100 million).

3.4 Simulation Results
In this section the preliminary results of the charge transport model are presented, as
applied to various dielectric materials. The section includes current vs. voltage, current
vs. time, and time-to-failure vs. electric field results for several low-κ SiCOH dielectrics
and a high-κ SiN dielectric material.
3.4.1

Low-κ SiCOH

Integrated circuit interconnects serve as the communication network between the
transistor devices and external command, and consist of copper metal wires isolated by a
dielectric material. SiO2 was originally used as the insulator, but was replaced by a lowκ SiCOH material in 2001 in order to reduce signal delay, power consumption, and
cross-talk noise [53], [70]. However, SiCOH has a lower breakdown strength than SiO2
[71], and due to its porosity, is susceptible to several other failure mechanisms due to
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copper ions [21], [22] and moisture contamination [23], [24]. Therefore, its reliability is
a huge concern for integrated circuits.
Simulations were run for comparison to experimental data on low-κ SiCOH
obtained from three independent sources. Low-field reliability testing data were
extracted from test structures reported in papers by Chery et al. [47] and Croes et al.
[72]. In addition, high-field tests were conducted at GLOBALFOUNDRIES (GF) on
comb-comb test structures. For each data set, the dielectric constant (κ) for the SiCOH
dielectric is 2.5 and the dielectric constant in the optical limit (ε∞) is calculated to be 2.0
[73]. The initial defect density is defined as Ctrap,0 = 2x1023 m-3 [74]. These as-grown
donor-type traps are positive in nature [61], and can most likely be attributed to carbon
dangling bonds due to carbon residues left in the film by the incomplete removal of
porogen [74], [75]. The energy barrier for the main defect affecting conduction was
measured to be Фtrap=1.2 eV [20]. The effective mass of the electron is defined as 0.5me,
based on SiO2 [76], where me is the mass of a free electron. Table 3.1 shows a summary
of material parameters used in the simulations.
Table 3.1. Parameters used in all low-κ SiCOH simulations, based on the given reference.

Parameter Value

Source
29

-3

Ctrap,max

1.0 x 10 m

Calculated

Ctrap,0

2.0 x 1023 m-3

[74]

Фtrap

1.2 eV

[20]

ℏω0

4.0 eV

[67]

me*

0.5me

[76]
28

-3

Ne,metal

8.5 x 10 m

[68]

ε∞

2

[73]

κ

2.5

Reported by GF

Two parameters that vary between different wafers, test structures, or
experimental conditions are the minimum dielectric spacing (s), and the substrate
temperature (T). Their values are summarized in Table 3.2 for each data set. The
nominal dielectric spacing was used for the first two sets of data from the literature due
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to limited information. However, the worst case dielectric spacing value was calculated
for the experimental data obtained from GLOBALFOUNDRIES. This value is more
appropriate to use because the processing can lead to variations in the dielectric
thickness, and the sample is most likely to fail where the thickness is the smallest. The
worst case dielectric spacing value was calculated using a voltage ramp to determine the
breakdown voltage (VBD). A breakdown field (EBD) of 7.5 MV/cm was assumed [77],
and the dielectric spacing was calculated as s=VBD/EBD.
Table 3.2. Low-κ SiCOH dielectric parameters, determined by the experimental conditions.

Parameters
Data Set

s (nm)

T (°C)

Chery et al. [47]

45

125

Croes et al. [72]

37

100

GF

20

125

A deliberate effort was made to limit the number of parameters determined
directly from the electrical data, to avoid over-fitting the results. Most lifetime models
use two fitting parameters, but are also only applied to failure data, while the charge
transport model also applies to conduction data. The model relies on three primary
parameters (Aeff, ΦB, and ΔH) that are intrinsic properties of the processed, dielectric
material stack. The effective area through which electronic conduction flows in the
device structure is denoted as Aeff. Since the model is currently a one-dimensional
formulation, this parameter is essentially a conversion factor to obtain experimental
current values from the predicted mobile electron flux. The energy barrier for electron
injection is represented as ΦB. This parameter might not simply be the barrier height
between the Fermi surface of the metal and the conduction band of the dielectric. Defect
or interface states located near, or at the cathode, can provide lower energy paths into the
dielectric [78]. ΦB and Aeff only require early leakage current vs. field data to determine
their values.
Finally, ΔH represents the activation energy for defect formation in the dielectric.
This parameter has the largest effect on the magnitude of the time-to-failure. Therefore,
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ΔH can be viewed as an overall dielectric strength. The ΔH parameter is determined
using a single time-to-failure experimental data point. The results of the model can then
be compared to the experimental data at any other applied field keeping all the
parameters fixed.
Figure 3.2 shows the experimental and predicted current as a function of applied
electric field for the data supplied in Chery et al. [47]. The simulation was able to
replicate the current trends fairly well assuming the data reported was the early leakage
current. Current as a function of time for the high-field GF data is shown in Figure 3.3.
The simulation was able to reproduce the early leakage current as a function of the
applied field, the decay in leakage current with stress time, and the abrupt increase in
current at failure. The simulation was also able to predict the TTF at each data point
within a factor of two or three, which is approximately the standard deviation usually
found in TTF data points during testing [62]. The results from Figure 3.2 and Figure 3.3
exemplify one of the advantages of the charge transport (CT) model over the industryused lifetime models. The CT model is able to replicate the entire history of current flow
through the dielectric as a function of time and applied field and, overall, the model
predicts failure based on current- and field-driven mechanisms. Even though some of the
lifetime models are based on current-driven mechanisms, all of these models are
primarily curve fits based only on the time-to-failure data as a function of the applied
electric field.
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Figure 3.2. Current as a function of Applied Electric Field for low-κ SiCOH experimental data from
Chery et al. [47], and the corresponding fit to the data by the charge transport model.

Figure 3.3. Current as a function of time for low-κ SiCOH experimental data obtained from
GLOBALFOUNDRIES, and the corresponding fit to the data by the charge transport model.
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Figure 3.4 shows the TTF as a function of the applied electric field for the three
experimental data sources, as well as the charge transport model’s prediction for each
case. The results show the CT model is able to accurately predict the TTF within
experimental error for all three sources even though the systems used different test
structures and slightly different dielectric, barrier, and liner configurations. Figure 3
exemplifies another advantage of the CT model over the lifetime models. The largely
empirical models use two (or three, in the case of the LE model) parameters to provide
fits to the TTF vs. applied field data. Although the CT model has three unknown
parameters, two of these (ΦB and Aeff) are determined based on early leakage current data
only. The third parameter, ΔH, is determined based on the TTF of a single voltage data
point. Therefore, none of these parameters are adjusted to fit to the slope of the TTF vs.
applied field curve, yet the simulation is able to accurately predict this slope for all three
sets of experimental data.

Figure 3.4. Semi-log plot of Time-To-Failure (TTF) versus Applied Electric Field for three sets of
low-κ SiCOH experimental data, and the corresponding fits by the charge transport model. The
solid gray, horizontal line represents a 10-year lifetime.

The three parameters fitted for each experimental case are shown in Table 3.3.
The predicted values for ΦB in the model correspond well to the 1.1-1.9 eV range of
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Cu/low-k barrier heights measured using x-ray photoelectron spectroscopy by King et al.
[78]. Although previous investigations using photoemission spectroscopy have measured
the optical barrier height into low-k SiCOH dielectrics to be >4 eV [79], [80], the lower
electrical barrier height can be attributed to effects of Fermi level pinning due to
interface defects [78]. This agrees with the results from Guo, Zheng, et al. [81], who also
conducted x-ray photoelectron spectroscopy measurements to show that ion sputtering
can lower the low-k dielectric bandgap by up to 2.2 eV due to ion sputtering. Ion
sputtering is used to deposit the Ta/TaN barrier and Cu seed layers on the low-k
dielectric prior to Cu electroplating to form the metal electrode.
Table 3.3. Low-κ SiCOH dielectric parameters, adjusted based on experimental data.

Parameters
2

Data Set

Aeff (m )

ΦB (eV)

ΔH (eV)

Chery et al. [47]

6.0 x 10-18

1.58

2.43

Croes et al. [72]

2.0 x 10-20

1.65

2.57

GF

2.5 x 10-18

1.78

2.74

Aeff should be proportional to both the total area of the test structure and the
fraction of the structure through which conduction occurs. Aeff is on the order of 10-18 to
10-20 m2 in the simulations, and electron traps in SiO2 oxide dielectrics have been found
to have capture cross sections in the range of 10-18 m2 to 10-23 m2 [82], [83]. This area
increases with increasing hydrogen concentration [82]. Large hydrogen concentrations
are characteristic of low-k dielectrics because of the material’s composition and its
ability to adsorb water during processing. Comparisons between these experimentally
measured, capture cross sections and Aeff could support the theory of one or multiple
percolation paths through the dielectric during stress. However, the meaning of this
parameter is still relatively unknown, and could be better understood by developing the
model into two- or three-dimensions.
Finally, ΔH is the activation energy for defect formation, and is comparable to
the calculated activation energy of 2.3 eV for trap creation by hot electrons in SiO 2
oxides [82]. This energy might be representative of the bond energies being broken in
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the dielectric. Si-Si bonds, which are derived from oxygen vacancies, have bond
energies of 2.25 eV, while Si-H bonds, hypothesized to be broken in the power law
model, have bond energies of 2.5 eV to 3 eV [42]. A third advantage of the CT model
over the lifetime models becomes evident; the parameters used in the CT model are
consistent with theoretical or experimental values for dielectric materials. Although
some of the lifetime models claim to have a theoretical basis for their fitting parameters,
these parameters are still primarily data fits and cannot be correlated to material
compositions or processing conditions with any degree of confidence.
Figure 3.5 compares the simulation results of the CT model with lifetime models
fitted to the experimental data supplied in Chery et al. [47] and Croes et al. [72]. The
figures are zoomed in to the low fields because all the models give similar predictions at
high fields, as evidenced by the inset in Figure 3.5A. In Figure 3.5A, the low-field
predictions by the charge transport model most closely follow the E1/2 model, while the
power-law model and lucky electron model have lifetime predictions that are more
optimistic. The opposite is true for Figure 3.5B, in which the simulation’s predictions
most closely resemble the power-law model and lucky electron model, while the E1/2
model provides a more conservative time-to-failure extrapolation. Thus, the current
model can reproduce features associated with a number of the algebraic models currently
used in the field despite the fact that it provides a common framework for breakdown
independent of testing configuration.
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Figure 3.5. Comparisons between the charge transport model (labeled as "current") and various
empirical models fitted to experimental data for (A) the Chery results and (B) the Croes results. The
inset in (A) shows the convergence of predictions at high fields.

Chery et al. [47] and Croes et al. [72] found that the power law model and lucky
electron model were most consistent with their experimental results. This is true for the
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findings from other recent low-field tests as well [62], [84], [85]. However, the CT
simulation results indicate that the lucky electron model and power law model are too
optimistic for some test structures. In addition, the E1/2 model is too conservative for
other test structures, although using this model is safer than over-predicting TTF. The
mechanism of dielectric breakdown is likely too complex a process to represent using a
single, lifetime model. The charge transport model, however, incorporates a
comprehensive breakdown mechanism, driven by the field as well as the current within a
framework that can be easily extended to multiple dimensions, multiple materials, and
multiple forms of defect generated in the solid. This model could therefore be used as an
aid to tie the materials, processing conditions, test structure, and experimental set-up to
the lifetime model fittings, providing valuable insight for both current and future
technology nodes in order to improve reliability assessment.
3.4.2

High-κ SiN

Silicon nitride has been employed in a wide range of engineering applications for more
than 50 years. Due to its hardness and thermal stability, the ceramics industry has
integrated this material for use as bearings [86], in engines and jets as a structural
material [86], [87], and for high-speed metal cutting [88]. Silicon nitride also has strong
insulating properties, such as a low leakage current and high breakdown field, making
the material useful in the electronics industry. Silicon nitride-based materials, typically
in the amorphous phase and containing hydrogen (α-SiN:H) and sometimes carbon (αSiCN:H), have been used as an insulator and/or passivation layer in radio frequency
micro-electro-mechanical systems [89], thin-film transistors [90], memory devices [91]–
[93], and solar cells [94]. It has also generally been used as an etch stop layer in
integrated circuits [95].
Therefore, an understanding of the electronic properties and the overall reliability
of α-SiN:H is necessary for continued implementation into future electronic devices.
Early studies using electron spin resonance (ESR) identified silicon dangling bonds as
the major defect states in α-SiN:H, causing hopping conduction and observed memory
behavior [96]–[98]. Mutch et al. [32] employed ESR and electrically detected magnetic
resonance (EDMR) techniques to directly tie the Si dangling bond in silicon nitride-
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based etch stop layers to electron conduction through the dielectric and provide insight
into the material’s reliability trends. Scarpulla et al. [69] and Allers [43] determined that
the dominant conduction mechanism through capacitor structures with silicon nitride
dielectrics was Poole-Frenkel, leading to the use of the E1/2 model for reliability
estimates. However, Cui et al. [99] tested SiCN:H and concluded the long-term constant
voltage tests followed the E model, possibly due to copper ions which accelerated
failure. The different field dependences between similar dielectric materials create
uncertainty in the use of such models for reliability. Furthermore, as size features
continue to shrink in electronic devices, the reliability of these dielectric materials will
become increasingly important. However, a single, unifying model has not yet been
developed for this diverse set of nitride dielectrics to predict and tie the leakage current
to reliability trends based on material parameters.
Silicon nitride-based dielectrics typically follow similar E1/2 conduction
mechanisms (Schottky Emission or Poole-Frenkel). The charge transport model
replicates these conduction mechanisms, while neglecting tunneling mechanisms, such
as Fowler-Nordheim (FN) tunneling. Voltage ramp data was fitted to the FN tunneling
empirical equation (Equation 2.3), and was ruled out as a possible conduction
mechanism at high voltages based on the calculated energy barriers. The dominant
defect in this SiN material is assumed to be the silicon dangling bond. Therefore, the
energy level of this defect measured from the conduction band is 2.2 eV based on a
bandgap of 5.3 eV for Si3N4 [97]. This is also consistent with recent EDMR studies by
Mutch et al. [100] that determined the Si dangling bond to be the dominant defect in αSiN:H and located 3.1 eV above the valence band. The spin density of the Si dangling
bond was previously measured by ESR techniques and determined to be 2x1023 m-3
based on a N/Si ratio equal to 1.33 [98]. The effective mass of the electron is defined as
0.5*me [101], where me is the mass of the free electron.
Simulations were run for comparison to experiments conducted by Allers [43].
Allers tested metal-insulator-metal capacitor structures with a stoichiometric silicon
nitride (Si3N4) dielectric. The silicon nitride dielectric was deposited using PECVD with
silane, ammonia and nitrogen as the main reactants, and the capacitors were integrated
into AlCu metallization with a Ti/TiN liner system to probe the intrinsic characteristics
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of the silicon nitride [43]. A static dielectric constant (κ) of 7.2 and a dielectric constant
in the optical limit (ε∞) of 3.8 were reported, and for the data used in this paper, the
samples had a dielectric thickness (s) of 50 nm and were tested at 140 °C [43]. Data was
obtained for both voltage ramp and constant-voltage stress tests. Table 3.4 shows the
material parameters and test conditions obtained from Allers [43].
Table 3.4. Parameters used in all low-κ SiCOH simulations, based on the given reference.

Parameter Value

Source

Ctrap,max

1.0 x 1029 m-3

Calculated

Ctrap,0

2.0 x 1023 m-3

[98]

Фtrap

2.2 eV

[97]

ℏω0

4.0 eV

[67]

me*

0.5me

[101]

Ne,metal

8.5 x 1028 m-3

[68]

s

50 nm

[43]

T

140 °C

[43]

ε∞

3.8

[43]

κ

7.2

[43]

The experimental data obtained from [43] include a voltage ramp test with a
ramp rate (R) equal to 1 V/s and time-dependent dielectric breakdown (TDDB) tests at
several voltages. Using the charge transport model, either test can be replicated by
setting the appropriate boundary condition at the anode (Vapp=R*t for voltage ramp or
Vapp=constant for TDDB). First, the voltage ramp test was used to determine the
remaining unknown parameters, shown in Figure 3.6. Two different simulations were
run for comparison: Peff as adjustable (3-parameter simulation) and Peff fixed to 10-8 (2parameter simulation). The 3-parameter simulation calculated ΦB based on the J-V slope
at high voltages (pre-breakdown) while Peff was used to match the magnitude of the
current density. In the 2-parameter simulation, the J-V slope is independent of the fitting,
and ΦB was used to match the current density magnitude. The low-voltage J-V slope is
fixed by the optical limit dielectric constant (ε∞). In each simulation, ΔH was determined

44

by the breakdown voltage (VBD), which was defined as the last experimental data point in
the voltage ramp (VBD=50.1 V, J=0.5 A/cm2).

Figure 3.6. Voltage ramp results with experimental data (diamonds) obtained from [43]. The charge
transport model results using 3 parameters (black solid line) or 2 parameters (red dash line) predict
the high-voltage leakage current while the Poole-Frenkel empirical fit cannot (blue dotted line).

A comparison of the simulations’ fits to the J-V data was quantified by
calculating the adjusted coefficient of determination (R2-adj), given as
𝑛−1
2
𝑅𝑎𝑑𝑗
= 1 − (1 − 𝑅 2 ) (
)
𝑛−𝑝−1

(2.17)

where R2 is the coefficient of determination, n is the number of experimental data points,
and p is the number of parameters. R2 was calculated using regression analysis and ln(J)
as the dependent variable such that all data points were equally weighted. Table 3.5
shows the R2-adj values for the voltage ramp test, divided into low-voltage (10-30 V)
and high-voltage (30-50 V) ranges. Both simulations predict a similar current density at
low voltages, but the 3-parameter simulation predicts the high-voltage current density
better than the 2-parameter simulation. Also shown in Figure 3.6 is a fit to the data using
the empirical expression for Poole-Frenkel conduction. Although one can argue the PF
equation provides a better fit to the data at low voltages, the charge transport model fits
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the high-voltage data dramatically better. In addition, the CT model is able to predict the
evolution of the current all the way through the breakdown regime, which is important
for reliability purposes.
Table 3.5. Adjusted coefficient of determination (R2-adj.) values for low- and high-voltage J-V data
from voltage ramp and time-to-failure data for constant voltage stress.

R2-adj. Values
Simulation

J-V (10-30 V)

J-V (30-50 V)

3-parameter

0.960

0.927

2-parameter

0.969

0.793

Next, the simulations were run for comparison to the experimental TDDB results.
All the parameters were already determined from the voltage ramp data; the only
required alteration to the simulations was to set the boundary condition for the voltage at
the anode to a constant value. Figure 3.7 shows the experimental and simulation TDDB
results. The 3-parameter simulation matches very well with the test data, despite not
setting any parameters based on the TDDB experimental results. This is a promising
result; the CT model is able to predict the reliability of a dielectric material over several
orders of magnitude in time (90 seconds to >1 month) based only on data from a single
voltage ramp, requiring less than one minute to test. However, the 2-parameter
simulation over-predicts every failure time by a factor of ~2. The 2-parameter simulation
is able to fit the TDDB data if ΔH is lowered slightly from 2.73 eV to 2.71 eV (not
shown), but it cannot predict the breakdown for the voltage ramp and TDDB tests using
the same parameters like the 3-parameter simulation is able to do. The defect
concentration was measured throughout the simulations, and the critical density required
to cause the abrupt increase in current at failure was determined to be approximately
6x1025 traps/m3 for the voltage ramp simulation and the constant-voltage simulations at
various applied voltages. Degrave et al. [102] calculated the critical defect density for
thin (< 5 nm) SiO2 gate oxides to be a constant value of 1.3x1025 traps/m3. The
simulation’s measurement is the same order of magnitude as the value calculated by
Degraeve, and the higher value found from the CT model can possibly be explained by
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the larger thickness (50 nm) of the silicon nitride film, requiring a larger defect density
to form a conductive path compared to the thin gate oxide samples.

Figure 3.7. Constant-voltage stress failure vs. field results with experimental data (diamonds)
obtained from [43]. The 3-parameter simulation (black solid line) show excellent agreement with the
experimental data, while the 2-parameter simulation over-predicts the failure times.

An analysis of the adjustable parameters, summarized in Table 3.6, can provide
useful information about the model as well as the silicon nitride dielectric. In the 3parameter simulation, Peff is 20 times smaller than the previously reported value of 10-8
[69]. The difference could be due to variations in the materials between [43] and [69], or
the assumption made in [69] that the defect density is uniform through the dielectric. ΦB
in these simulations is the energy barrier at the TiN/Si3N4 interface and was determined
to be 1.53 eV for the 3-parameter simulation and 1.64 for the 2-parameter simulation.
This matches closely to the 1.58 eV energy barrier previously estimated for comb-comb
SiCOH test structures [103], for which the lowest barrier for conduction is believed to
occur at the interface between the metal barrier and etch stop layer (TaN/SiCN:H) [32].
This barrier has been measured to range from 1.45 eV to 2.15 eV, but for highernitrogen materials is usually closer to 1.9 eV [104]. The final adjustable parameter (ΔH)
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ranged from 2.71 eV to 2.75 eV in the simulations. This parameter represents the weak
bonds in the dielectric which are broken under stress conditions. This parameter is
similar to the values previously estimated for SiCOH dielectrics (2.43eV to 2.74 eV)
[103] and matches the estimated strength of an Si-H bond (2.5 eV to 3.0 eV) [42].
Although Allers [43] prepared Si3N4 dielectric capacitors, two of the main reactants were
silane (SiH4) and ammonia (NH3), which are expected to cause Si-H and N-H bonds to
form [95], [98]. N-H bonds have a high bond energy of 4.05 eV [98] and therefore, are
expected to break at a much slower rate than Si-H bonds.
Table 3.6. Parameters adjusted based on voltage ramp experimental data. The 2-parameter
simulation fixe Peff to the theoretical value determined in [69].

Parameter Description

3.4.3

3-param Sim
5.0 x 10

-10

2-param Sim
1.0 x 10-8

Peff

Trapping Fraction

ΦB

Energy Barrier into Dielectric

1.53 eV

1.64 eV

ΔH

Activation Energy for Defect Formation

2.75 eV

2.73 eV

Comparison of Dielectric Materials

A comparison of low-κ SiCOH and high-κ SiN can provide valuable insight into the
reliability and breakdown process of these two materials. Figure 3.8 shows the dielectric
failure times as a function of electric field for silicon nitride presented in Section 3.4.2
and for the GLOBALFOUNDRIES test for SiCOH presented in 3.4.1. Even though the
GF represented the longest failure times out of the three SiCOH data sets, the silicon
nitride film is shown to be more reliable. This is despite the fact that the silicon nitride
data is from films fabricated over 10 years prior to the SiCOH films. The results are not
entirely surprising, however, because silicon nitride is known to be one of the most
reliable dielectric materials.
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Figure 3.8. Time-to-failure vs electric field for comparison between low-κ SiCOH and high-κ SiN.
The low-κ SiCOH data is from the comb-comb structures tested at GLOBALFOUNDRIES, which
yielded the longest fail times out of the SiCOH data set. Silicon nitride is drastically more reliability
than SiCOH.

The parameters used in the charge transport model for each material can be
compared in order to further understand the cause of silicon nitride’s superior reliability
as an insulator. Table 3.7 shows the most relevant model parameters for silicon nitride
and SiCOH, based on the simulations shown in Figure 3.8. The silicon nitride film is
thicker (50 nm vs. 20 nm), but the equations presented in Section 3.2 do not yield any
significant thickness dependence, in relation to electric field. The initial defect density
(Ctrap,0) is important for reliability, but is the same for the films. Interestingly, silicon
nitride was tested at a higher temperature (140 °C vs. 125 °C) and was found to have a
lower energy barrier for electron injection (1.53 eV vs. 1.78 eV), both of which would
decrease the failure time. The higher temperature increases the number of electrons that
are able to overcome the energy barrier and also increases the defect generation rate,
while the lower energy barrier increases the electron flux.
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Table 3.7. Comparison of model parameters between silicon nitride and SiCOH. Silicon nitride’s
superior reliability can be attributed to its deeper defect energy level and higher dielectric constant.

Parameter

Low-κ SiCOH

High-κ SiN

Ctrap,0

2.0 x 1023 m-3

2.0 x 1023 m-3

Фtrap

1.2 eV

2.2 eV

s

20 nm

50 nm

T

125 °C

140 °C

ΔH

2.74 eV

2.75 eV

ε∞

2.0

3.8

κ

2.5

7.2

ФB

1.78 eV

1.53 eV

This leaves only a few parameters that can explain the longer failure times for
silicon nitride. First, the dielectric constants (κ and ε∞) are higher for silicon nitride. The
higher dielectric constant decreases the electron conduction by affecting the energy
barrier, and also decrease the defect generation rate. Second, the energy level of the
defects (Фtrap) is 1 eV deeper for silicon nitride compared to SiCOH. The difference in
their trap depth is due to the network structure back-bonded to the silicon atom [74] and
the energy level of the conduction band between Si3N4 and SiCOH [32]. The lower
energy level decreases the probability of electrons to be able to tunnel trap-to-trap. Thus,
a higher density of defects is required for silicon nitride before failure occurs, increasing
its reliability.
One additional parameter that is interesting to compare between these two
materials is ΔH. This parameter is essentially identical between SiCOH (2.74 eV) and
SiN (2.75 eV). The defect generation process is believed to be due to the breaking of
dielectric bonds, and this value indicates that bond being broken is Si-H, which has a
bond energy between 2.5 eV and 3.0 eV [42]. Several reliability models propose that SiH bonds are broken under stress, including the power law model [42] and lucky electron
model [46]. The results for the charge transport model support this theory, and find that
Si-H is the weak link for two different types of silicon-based dielectrics: SiCOH and
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SiN. As discussed in the previous section, most silicon nitride films have some amount
of hydrogen due to the deposition process. Si-H bonds being broken under stress,
resulting in silicon dangling bonds, will be an important assumption for the model
presented in Chapter 4.
3.4.4

Variable Voltage Ramp

A voltage ramp test has been shown to provide useful information about the dielectric,
including the type of conduction mechanism, material parameters such as the energy
barrier for electron injection, and the overall dielectric strength of the material. These
tests are typically fast to run (on the order of minutes), enabling immediate feedback to
the engineers about the dielectric reliability. Voltage ramp tests have also been proposed
as a method to predict lifetime at operating conditions, in lieu of CVS tests which are
more time-consuming. Several studies have investigated failure of gate dielectrics as a
function of the voltage ramp rate, finding the breakdown voltage decreases as the ramp
rate decreases [40], [105], [106]. These studies offered various explanations for this
behavior, including thermal degradation [105] and hole trapping near the cathode [40],
[106]. However, there is no general consensus to explain this trend.
This testing method was later applied to SiCOH dielectrics in order to investigate
the effects of extrinsic failure due to metal ion migration [30]. Intrinsic (electronic)
failure can be differentiated from extrinsic (metal ion migration) failure in two ways.
The selection of the metal electrode can dictate the type of failure that occurs. Inert
electrodes, such as gold, will not react with the dielectric interface, while reactive
electrodes, such as copper, will be oxidized and form ions [30]. For a sample with a
reactive electrode, the ramp rate can also affect the failure mode. Intrinsic failure occurs
at fast ramp rates, while extrinsic failure occurs at slow ramp rates when the failure
times are longer, allowing copper ions to migrate through the dielectric [30].
To replicate these experiments, samples were obtained from Intel on silicon
substrates. The silicon was heavily doped in order to imitate a metallic-like electrode for
electron injection. 200 nm SiCOH dielectric was grown on the silicon substrate, with a
dielectric constant of 3.0. Some samples also contained 25 nm SiCNH layer on top of the
SiCOH. The SiCOH dielectric is porous (~7%) and has oxygen to react with the metal
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electrode at its interface, but the SiCNH layer is more dense and acts as a type of barrier
for metal migration. Metal electrodes were deposited on both the back-side silicon and
front-side dielectric using e-beam deposition. The top electrode was either copper,
capped with titanium, in order to test a reactive electrode, or gold in order to test an inert
electrode. Figure 3.9 shows a side-view schematic of the planar test structures. These
test structures are not passivated, leaving them susceptible to moisture ingress and other
contamination into the dielectric from the sides of the structure. In order to combat this,
tests were run at 175 °C in a nitrogen atmosphere to purge moisture from the samples.
Samples were annealed in this environment for 30 minutes prior to testing. A Keithley®
6517B Electrometer was used to supply voltage and measure current for the voltage
ramp tests. A positive voltage was applied to the top electrode (Cu/Ti or Au), and the
bottom electrode (Al/Si) was grounded. This test set up allows for metal ions from the
top electrode to migrate into the SiCNH and/or SiCOH dielectrics. Ramp rates were
varied between 0.005 V/s and 20 V/s.

Figure 3.9. Metal-insulator-metal planar test structures used for variable voltage ramp testing. The
top electrode was either copper (reactive) or gold (inert). Some samples also comprised of a capping
SiCNH layer to block copper ion migration into the SiCOH dielectric.

Figure 3.10 shows the dielectric failure time as a function of the ramp rate on a
log-log scale for the various structures that were tested. The SiCOH/SiCNH stack has
longer fail times relative to the SiCOH structure at common electric field ramp rates,
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regardless of the electrode. This is consistent with the studies in Section 3.4.3 that
showed silicon nitride dielectrics are more reliable than SiCOH films. The other
interesting comparison is between the samples’ ln(TTF)/ln(R) slopes. The theoretical
limit for intrinsic failure was calculated to be -1, while the best experimental results were
-0.94 for inert electrodes [13], [30]. This is consistent with the slopes from Figure 3.10
and shown in Table 3.8. The gold electrode yields a slope equal to -0.94, while the
combination of the SiCOH/SiCNH stack with a copper electrode yields a slope equal to 0.95. The addition of the SiCNH capping layer prevents the copper ion migration, as this
cap is denser and does not oxidize the copper metals. However, the slope for the SiCOH
dielectric without capping layer and with a copper electrode was equal to -0.92. This
indicates copper ions are able to enter and move through the SiCOH dielectric, resulting
in lower failure times at the lower ramp rates. Similar tests on SiCOH films with a
higher porosity (25%) yielded a slope equal to -0.85 due to increased copper solubility
and diffusivity into and through the SiCOH dielectric film [30].
10
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Figure 3.10. Dielectric failure as a function of the electric field ramp rate on a log-log scale for test
structures with various dielectric stacks and electrode materials. Gold acts as an inert electrode,
while copper acts as a reactive electrode and can migrate into the dielectric under bias or
temperature stress.
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Table 3.8. Calculated power law exponent for failure as a function of ramp rate. Copper ions
migrate into a porous SiCOH dielectric under stress, reducing the exponent from the theoretical
limit of -1.

Dielectric
Simulation

Experiment

Electrode

SiCOH

n
-0.96

SiCOH

Au

-0.94

SiCOH

Cu

-0.92

SiCOH/SiCNH

Cu

-0.95

The reduction of the slope due to metal ion migration is well understood.
However, even inert electrodes exhibit a reduced slope compared to the theoretical limit
of -1. Previous explanations for this trend (thermal degradation and hole trapping) are
insufficient. The charge transport model was used to simulate these experiments. The
model replicates intrinsic failure, so it can be readily applied for comparison to the
samples with the gold electrode. For the simulations, a dielectric constant κ=3 was used
with a dielectric thickness of 200 nm and temperature of 175 °C to match the
experimental set-up. The remaining parameters were kept the same as those used in the
GLOBALFOUNDRIES simulations from Section 3.4.1, except ΔH which was
determined from the dielectric failure at the fastest ramp rate. The simulation results are
included in Figure 3.10. The simulations match very closely to the experimental SiCOH
data with a gold electrode. The model predicts a slope equal to -0.96, agreeing well with
the SiCOH/Au and SiCOH/SiCNH/Cu samples showing intrinsic breakdown. This result
indicates that the theoretical slope of -1 is not attainable in practice because the
breakdown voltage decreases as the ramp rate decreases. This can be explained through
the defect generation rate in the model equations. Slower ramp rates subject the
dielectric to electrical stresses for longer periods of time, enabling more defects to
generate at each voltage step. The dielectric failure is driven by a critical defect density
rather than a critical electrical field. Thus, the breakdown voltage (and overall dielectric
strength) is dependent on the ramp rate.
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3.5 Model Limitations
The charge transport model provides a comprehensive look at the physical mechanism of
dielectric breakdown, and is able to replicate a wide variety of electrical data. The model
has thus far re-produced leakage current and dielectric failure for both constant voltage
stress and ramped voltage stress. However, the model, as it is presented in this chapter,
has several limitations, two of which will be described in this section.
First, the model was found to over-predict the temperature dependence for
dielectric

failure.

Integrated

comb-comb

structures

were

tested

at

GLOBALFOUNDRIES with a dielectric constant κ=2.7. The samples were tested at
three voltages, and 3 temperatures for each voltage. Simulations were also run at the
same conditions as the experiments, and using the same method to calculate the
activation energy for dielectric failure. Figure 3.11 shows the TTF activation energy for
the experiments and simulations. The experimental data show Eact increases as the
electric field decreases, consistent with previous findings [49]–[52]. The charge
transport model also predicts this same trend, but the model grossly over-estimates the
temperature dependence for the failure by greater than 1 eV.
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Figure 3.11. Activation energy for dielectric failure (Eact) as a function of electric field. Both
experimental data and simulations predict the activation energy increases as the electric field
decreases, but the simulation over-predicts the activation energy by greater than 1 eV.

There are several temperature dependent variables and equations in the charge
transport model, but overall, two equations dominate the temperature dependence for
failure. The first is the injection of electrons into the dielectric by overcoming an energy
barrier (Equations 2.11 and 2.11a). There is an exponential dependence with the
substrate temperature due to the energy barrier, which electrons must overcome to enter
the dielectric. Several studies have pointed to the electron conduction as the root cause
for the voltage-dependent activation energy for dielectric failure [51], [52]. The second
contributing factor in the equations to the failure’s temperature dependence is the defect
generation equation (Equation 2.8). Defect generation has an exponential dependence to
the electron temperature (Te), which is elevated above the lattice temperature (T). At first
glance, it appears there should not be any substrate temperature dependence to the
failure due to the elevated Te which is a function of the electric field. However, Te is also
a function of the defect density, such that the electron temperature decays as defects are
generated. Figure 3.12 shows the simulation results of the electron temperature as a
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function of stress time at various electric fields. The stress time is normalized to the
failure time. During the initial stress, the electron temperature is a function of the electric
field. However, as defects are generated, Te decays towards the substrate temperature
(labeled as the black, dotted line), reaching the substrate temperature at the failure point.
The decaying temperature provides an increased activation energy for failure, resulting
in the model’s over-prediction compared to the experimental data. This provides
evidence that the equation for Te is fundamentally flawed. The electron temperature
should be a function of the electric field, and the experimental data suggests it should not
contribute to the dielectric failure activation energy. In Chapter 4, the theory for the
electron temperature will be re-visited, and the equation will be revised based on an
improved understanding of the electron’s interaction with the dielectric matrix.

Figure 3.12. Electron temperature simulations as a function of time at various electric fields. The
time is normalized to the time-to-failure. The electron temperature decays towards the substrate
temperature as defects are generated, removing the field dependence in the equation and instead
causing a temperature dependence in the dielectric failure.

The second model limitation is related to the dielectric thickness. The charge
transport model incorporates the dielectric thickness into its boundary conditions, but
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this parameter is not included in any other variables or equations. Therefore, the charge
transport model claims there is no thickness dependence to the dielectric failure, as
related to the electric field (essentially, two samples with different thicknesses will fail at
the same time if stressed at the same electric field). Figure 3.13 shows the simulation
results for a SiCOH dielectric material at three thicknesses (5 nm, 10 nm, and 20 nm).
The failure times are similar between the various thicknesses, with the 20 nm sample
showing shorter failure times by a factor of ~2. The shorter failure time is attributed to
differences in the local electric fields in the dielectric. Based on Poisson’s equation, the
electric field is non-constant across the dielectric due to the build-up of positive or
negative charge.
18

Thickness Sim E1/2 Fit
5 nm
10 nm
20 nm

ln(Time-to-Failure)

16
14
12
10
8
6
4.5

5.0

5.5

6.0

Electric Field (MV/cm)
Figure 3.13. Simulations to predict dielectric failure as a function of thickness. A small boost in
overall time-to-failure is observed as the dielectric thickness decreases, but there is no change in the
failure versus electric field slope as predicted by the E1/2 model.

The simulations were fitted to the E1/2 model in order to assess if there is any change in
the slope for dielectric failure as a function of electric field. The choice of model is
arbitrary in this evaluation; the goal is only to compare the slope values. Table 3.9 shows
the fitting parameter values from the E1/2 model, as well as the lifetime projection near
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the operating conditions equal to 1 MV/cm. The failure vs field slope (γ) varies less than
2% between the three samples of varying thickness, and the lifetime projections are all
similar as well.
Table 3.9. Fitting parameter values using the E1/2 model from simulation results for various
dielectric thicknesses. The model parameters and lifetime projection near operating conditions
equal to 1 MV/cm are similar between 5 nm, 10 nm, and 20 nm samples, indicating practically zero
thickness dependence for dielectric failure.

Thickness

γ

A

Lifetime @ 1
MV/cm (yrs)

5 nm

17

2.0 x 10

5.5

2.7 x 107

10 nm

3.0 x 1017

5.6

3.5 x 107

20 nm

1.2 x 1017

5.5

1.6 x 107

There is a lot of ongoing debate between reliability engineers for TDDB centered
on the thickness dependence for dielectric failure. Several studies on planar SiCOH
dielectrics have shown the dielectric strength of an insulator will increase as the
dielectric thickness decreases [107], [108]. A recent report has provided a theoretical
explanation, generic to all dielectric materials, for this trend [109]. McPherson showed
the dipole moments, which enhance the electric field and weaken bonds, are a function
of the dielectric thickness. As the thickness decreases, the dipole moments are
increasingly constrained by the surface dipoles, which do not enhance the field as much
as the bulk dipoles [109]. McPherson’s theory agreed well with experimental data. In
Chapter 4, this theory will be discussed in more detail, and the equations will be revised
to incorporate this thickness dependence into the model.
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4. REFINED CHARGE TRANSPORT MODEL
In the last chapter, the charge transport model’s limitations were outlined in comparison
to existing dielectric failure data. In this chapter, the model’s equations are refined to
expand its failure prediction capabilities. The equation for the electron temperature is redefined based on an improved understanding of energy transfer mechanisms within the
dielectric. In addition, the defect generation rate is aligned more properly with the
thermo-chemical E model, which also predicts bond breakage as the mechanism for
failure, and has recently been proposed to have a thickness dependence. The equations
are also converted into a dimensionless form to explore the transport properties, reaction
kinetics, and details of the breakdown process. The new forms of equations are shown to
predict dielectric failure as a function of voltage, temperature, and thickness. Finally, the
model is used to explore dielectric failure trends for future generation devices.
“All models are wrong, some are useful.”
-George Box

4.1 Refined Model Equations
The charge transport model is comprised of a set of nonlinear, time-dependent, partial
differential equations, and is developed to predict the intrinsic (or electronic) failure of
dielectric materials [110]. The model’s basic concepts are as follows: Electrons are
injected into the dielectric over an energy barrier, and their conduction is dictated by the
existing defects in the dielectric. The conducting electrons gain energy from the electric
field and lose energy to collisions with the dielectric matrix. New defects are created
Portions of this chapter appeared in: S. P. Ogden, J. Borja, J. L. Plawsky, T.-M. Lu, K. B. Yeap,
and W. N. Gill, “Charge transport model to predict intrinsic reliability for dielectric
materials,” J. Appl. Phys., vol. 118, no. 12, Sep. 2015, Art. no. 124102.
Portions of this chapter have been submitted to: S. P. Ogden, Y. Xu, K. B. Yeap, T. Shen, T.-M.
Lu, and J. L. Plawsky, “Charge transport model to predict dielectric breakdown as a
function of voltage, temperature, and thickness,” J. Appl. Phys., submitted for
publication.
Portions of this chapter appeared in: S. P. Ogden, K. B. Yeap, T. Shen, P. Justison, T.-M. Lu,
and J. L. Plawsky, “Method to determine the root cause of low-κ SiCOH dielectric
failure distributions,” IEEE Electron Device Lett., vol. 38, no. 1, pp. 119–122, Jan. 2017.
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when an electron transfers enough energy to physically break a bond by displacing an
atom [46]. As the concentration of defects increases, the probability for electrons to
tunnel directly between traps also increases. At a critical defect density, this tunneling
mechanism is accelerated and becomes the dominant conduction mechanism. The
increasing electron current further accelerates the generation of new defects, causing a
positive feedback (or feed-forward) mechanism [106] and resulting in an abrupt increase
in current seen at failure. The model can be represented in dimensional or dimensionless
form.
4.1.1

Dimensional Form

The potential distribution and the local electric field, F  V / x , are affected by the
accumulation of charge in the dielectric, and obey Poisson’s Equation:
 2V
q
Ctrap  Ce,mob,total  Ce,trapped ,

2
 0
x

(4.1)

where q is the fundamental unit of charge, such that q < 0, ε0 is the vacuum permittivity,
and κ is the dielectric constant. Overall, the dielectric is nearly neutral, but the buildup of
charge affects the local electric field. The accumulation of positive charge enhances the
field at the cathode, while a net negative charge reduces the field at the cathode. Ctrap is
the concentration of defects, or traps, in the dielectric. For low-κ SiCOH, as well as other
silicon-based dielectrics, these traps are assumed to be silicon dangling bonds.
Therefore, they have an associated positive charge and are donor-like in nature [61],
[62].
Electrons are defined as either mobile (Ce,mob,total) or trapped in the dielectric
(Ce,trapped). Their continuity equations are expressed as:

Ce,mob,total
t



C

J e,mob,total   g e,tunnel  trap
x
t

(4.2)

and

Ce,trapped
t



Ctrap
t

where
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 g e,tunnel ,

(4.3)

J e,mob,total  ve Ce,mob,total  De

Ce,mobile
x

.

(4.2a)

There are two types of mobile electrons: Ce,mobile refers to thermally excited electrons
traveling above the conduction band in the dielectric, and Ce,tunnel represents electrons
that tunnel directly between adjacent traps, such that Ce,mob,total = Ce,mobile + Ce,tunnel. The
mobile electron flux through the dielectric is represented as Je,mob,total. Both thermally
excited electrons and tunneling electrons have drift components in the flux term, but
tunneling electrons are not able to diffuse through the dielectric. Trapped electrons are
immobile. The electron velocity and diffusion coefficient for the mobile electrons are
defined as:


qF 
ve 
qF 


qFtrap
me*

8k bT 

me* 


(4.4)

and
De  trap

k bT
,
3me*

(4.5)

where me* is the effective electron mass, kb is the Boltzmann constant, T is the substrate
temperature, and λtrap is the scattering length between defects. The effective mass of the
electron is defined as 0.5me [50], where me is the mass of a free electron. The electrons
are represented with an average bulk velocity that consists of a field component, as well
as a thermal component included for a lower bound. Electrons are accelerated by the
electric field, and scattering events will limit their velocity. Electron scattering can occur
due to phonons or defects. Phonon scattering can be divided into two types: acoustic and
optical. Acoustic scattering is only important at high fields of ~10 MV/cm [8], and thus,
will be ignored. Therefore, 10 MV/cm becomes the upper limit for the model equations.
Optical phonon scattering is pre-dominantly a forward scattering mechanism [57], [76],
and does not need to be considered for velocity. However, optical phonon scattering will
be considered later for electron temperature. For defect scattering, electrons can either be
trapped or back-scattered in the dielectric. Thus, the electron velocity is related to the
distance electrons can travel between defects. The electron velocity is in the opposite
direction as the electric field. The diffusion coefficient is obtained assuming that the
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scattering time is independent of the relaxation time between events and independent of
the field [63].
The scattering length between defects is based on a Debye length [64]:

trap

  k T 
  20 b 
q C 
trap 


1/ 2

(4.6)

.

The scattering length is inversely proportional to the square root of the trap
concentration, and represents the distance beyond which electrons are unaware of other
charges, such as defects or trapped electrons. The Debye length is used because the
defects have a positive charge.
Electrons are trapped in the dielectric at the same rate that defects are generated,
which is to say that every time a defect is created, that defect immediately traps an
electron. Electrons trapped in the dielectric can gain mobility by tunneling through the
dielectric trap-to-trap. The rate at which tunneling electrons are generated is derived as:

 4 2m *
 
e
g e,tunnel 
C e,trapped exp  
trap,eff

t 
3h qF




,



(4.7)

where ℏ is the reduced Planck constant. The tunneling electron generation rate is
proportional to the concentration of electrons trapped in the dielectric. It is also
proportional to the WKB tunneling probability, represented as the exponential function
in Equation 4.7. The trapped electrons must overcome an effective energy barrier to
escape the trap in which they are confined. This effective energy barrier is defined as:



3/ 2
trap,eff  trap
 trap  qFtrap



3/ 2

(4.7a)

,

where Фtrap = 1.2 eV is the generic barrier height for traps [20]. As the defect
concentration increases and thus, the scattering length decreases, the probability for
trapped electrons to tunnel through the dielectric increases.
The rate of defect generation is expressed as a second order chemical reaction
between the mobile electrons and the dielectric matrix.

Ctrap
t

 v
 Ctrap,max  Ctrap   H eff
 exp  
   e Ce,mob,total 

 C
  kT
trap, max
b e
 trap
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.


(4.8)

Traps are confined to the matrix, and therefore only have a generation term because their
creation is assumed to be irreversible. Electron diffusion is assumed to have a negligible
effect on trap creation so that only the electron’s drift component is included. A selflimiting reaction mechanism is included based on the maximum number of available trap
sites, denoted as Ctrap,max. For a silica-based dielectric, the maximum number of traps is
based on the number of fundamental silicon units, such as silica tetrahedra, comprising
the dielectric. Ctrap,max = 1 x 1029 m-3 is used in this paper. η is a dimensionless fitting
parameter used to predict the dielectric failure time. It is at least partially related to the
fraction of the dielectric through which conduction, and therefore defect generation,
takes place [69], [111]. The enthalpy of activation (ΔH) is the energy required to break a
bond, which is weakened by the local electric field:

H eff  H  qFpolar,

(4.8a)

where α is the effective molecular dipole moment for the bond which is broken during
stress, assumed to be Si-H for silica-based dielectrics [46], [103], [111]. For Si-H, ΔH =
3 eV [42] and α = 7 A° [112]. The dielectric molecules re-arrange under the electric
field, creating a dipole moment that enhances the field and is described as:

Fpolar  F 1  L  1,

(4.8b)

where L is the Lorentz factor, defined by the dielectric thickness [109]. Previously, the
Lorentz factor was assumed to be a constant value equal to 1/3 [66], [103]. However, a
recent study by McPherson showed L is a function of dielectric thickness [109]. As the
thickness increases, the bulk dipoles start to dominate over the surface dipoles, causing
the Lorentz factor to increase and the dielectric strength of the material to decrease as the
polarized field (Fpolar) becomes much increasingly larger than the overall electric field
(F) [109].
The electron temperature plays an important role in generating defects. As
electrons gain energy from the electric field, their temperature increases. If the
concentration of electrons is at least 1 x 1020 atoms/m3 (considered the lower limit for
the model), the electrons exchange energy with each other faster than they do with the
lattice, and the electrons reach an equilibrium temperature greater than the substrate
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temperature [113], [114]. In this case, the electrons can be modeled using an effective
temperature [115]–[117]:
Te  T 

2qFop
3k b

,

(4.8c)

where
 Ep 
.
 2k b T 

op   tanh

(4.8d)

The electron temperature is determined based on the energy gained by the electric field
versus the energy transferred to the lattice. Defect scattering is assumed to be either an
elastic collision (limiting electron velocity) or an inelastic collision (electron becomes
trapped). Neither will affect the temperature of the mobile electrons. However, optical
phonon scattering has been shown to be the dominant mode of energy transfer to the
lattice [57], [113], [118]. Equation (8d) represents the optical phonon scattering length
(λop), which is a function of temperature. An optical-phonon energy (Ep) of 0.070 eV is
used [118].
This model can be solved in one dimension with the use of boundary conditions
and initial conditions for Poisson’s Equation and the continuity equations for mobile
electrons, trapped electrons, and traps. The cathode is defined as x = 0 and the anode is
defined as x = s, where s is the minimum dielectric thickness. This thickness is
calculated using s = VBD/EBD [27], [29], where EBD is the dielectric strength (0.75 V/nm
[29]) and VBD is the average breakdown voltage. The boundary conditions are given as:
V ( x  0, t )  0,

(4.9)

V ( x  s, t )  Vapp ,

(4.10)


  B ,eff
Ce,mob,total ( x  0, t )  N e,metal exp  

 k bT


,


(4.11)

where

 B ,eff

 q3F 

 B  
    0 



and
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1/ 2

,

(4.11a)

Ce,mob,total ( x  s, t )  0,

(4.12)

where ε∞ is the dielectric constant in the optical limit. ε∞ is directly related to the
dielectric constant κ, and a value of 2 is used here [73]. The cathode is grounded while a
positive potential is applied to the anode, although this boundary condition can be easily
altered to apply a negative or variable bias. Electrons are injected into the dielectric at
the cathode through a modified Schottky conduction mechanism. The electrons in the
metal must overcome an energy barrier, ΦB, to enter the dielectric. This energy barrier is
lowered by the local electric field with a F1/2 dependence seen in Schottky emission or
Poole-Frenkel conduction. The concentration of electrons at the cathode, Ne,metal, is
assumed to be 8.5x1028 m-3, based on one electron per copper atom [68]. The
concentration of electrons is set equal to zero at the anode assuming that all the electrons
reaching the anode escape the dielectric. This leads to the maximum electron current.
The initial conditions are specified as:

Ce,mob,total ( x, t  0)  0,

(4.13)

Ce,trapped ( x, t  0)  0,

(4.14)

Ctrap ( x, t  0)  Ctrap,0 .

(4.15)

and

Initially, there are no mobile or trapped electrons in the dielectric, but there are defects
present, given as Ctrap,0 = 2x1023 m-3 [69].
The set of non-linear partial differential equations is solved using COMSOL, a
finite-element based modeling software. However, other commercial or home-made
software can be used as well. The leakage current through the dielectric is related to the
mobile electron flux using:

I  qAeff J e,mob,total ,

(4.16)

where Aeff is the effective area for electronic conduction. This dimensional form of the
equations will be used in this chapter for comparison to experimental data.
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4.1.2

Dimensionless Analysis

The equations presented in the previous section are useful to compare to experimental
data and extract the unknown parameters. However, a dimensionless form of these
equations can provide valuable information about the system’s transport properties,
reaction kinetics, and overall breakdown process. For simplicity, all variable names from
the previous section are unchanged in this section, and the dimensionless variables are
defined with a new name.
In order to convert the equations, the independent (x, t) and dependent (V,
Ce,mob,total, Ce,trapped, Ctrap) variables first need to be re-defined in dimensionless terms.
The length scale is given as:


x
,
s

(4.17)

such that the spatial boundary conditions scale from 0 to 1. The time constant is defined
as the Fourier Number:



tDe0
,
s2

(4.18)

where De0 is the initial diffusion coefficient:

 0
3me*Ctrap,0

De 0  VT

,

(4.18a)

and VT is the thermal energy:

VT 

k bT
.
q

(4.18b)

The diffusion coefficient (De) is a function of time, decreasing with increasing defect
density. Therefore, an initial diffusion (De0) is used to define the time constant in order
to avoid a non-linear relationship between t and τ.
The dimensionless voltage is given as:



V
.
Vapp

(4.19)

The electron and defect densities are all scaled by the same constant value for
simplification purposes. Mobile electrons in the dielectric (Ce,mob,total) are derived from
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the electrons in the copper cathode (Ne,metal = 8.5 x 1028 atoms/m3), while trapped
electrons (Ce,trapped) and defects (Ctrap) are limited by the maximum defect density
(Ctrap,max = 1 x 1029 atoms/m3). Since Ne,metal ≈ Ctrap,max, all concentration variables are
scaled according to Ne,metal, such that the mobile electron concentration is given as:

 e,mob.total 

Ce,mob,total
N e,metal



Ce,mobile  Ctunnel
N e,metal

,

(4.20)

the trapped electron concentration is represented as:

 e,trapped 

C e,trapped
N e,metal

,

(4.21)

and the defect density is:

 trap 

Ctrap
N e,metal

.

(4.22)

Next, Poisson’s equation and the continuity equations for electrons and defects
can be re-arranged into dimensionless form. Poisson’s Equation takes the form:
 2
 Q ch arg e ,
 2

(4.23)

where:
Q

EB
s qsN e,metal

E Vapp  0

(4.23a)

and

 ch arg e   trap   e,mob,total   e,trapped .

(4.23b)

The non-linearity of the voltage drop through the dielectric depends on the total charge
build-up in the dielectric, either positive or negative, and the dimensionless variable Q.
Q is the ratio of a type of built-in electric field (EB) to the nominal electric field. EB is
proportional to the dielectric thickness and inversely proportional to the dielectric
constant. Thus, at common nominal E fields, Q increases as the dielectric thickness
increases. This provides an explanation for the trend observed in Chapter 3, where the
failure time slightly decreased for thicker dielectrics. A higher Q value for thicker
dielectrics creates more linearity in the voltage drop, creating a higher local electric field
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near the cathode due to a buildup of negative charge. The local electric field is defined
as:

 




(4.24)

The continuity equations for mobile and trapped electrons are defined as:

 e,mob,total






 e,mob,total    e,tunnel  trap



(4.25)

and

 e,trapped




 trap


  e,tunnel ,

(4.26)

where

 e,mob,total 

De
De 0




 Pe e,mob,total  e,mobile  .
 


(4.25a)

Pe is the Péclet number, which for mass transport, represents the relevance of convection
to diffusion [119]. The Péclet number is given as:

Pe 

ve s
.
De

(4.25b)

Convection is measured by the electron velocity (ve), while diffusion is also measured as
a speed (De/s). A large Péclet number (>>1) indicates convection-dominated transport,
while a low Pe defines diffusion-dominated transport, which results in an electron
concentration gradient through the dielectric [119]. Based on Equations 4.25a and 4.25b,
it is expected that the electron flux decreases over time as the electron velocity and
diffusion coefficient decay due to the buildup of defects in the dielectric. The
dimensionless form for the tunneling electron generation rate is expressed as:

 e,tunnel 

 4 s 2m *
 
e
 e,trapped exp  
trap,eff

 
3hVapp q








(4.27)

and the dimensionless defect generation rate is:
 trap


D
 Da e
 De 0


 e,mob,total 1   trap .
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(4.28)

In its dimensionless form, the defect generation rate is proportional to the Damköhler
number, which represents the importance of the reaction relative to the diffusion [119].
Here, the Damköhler number is measuring this ratio for the thermally excited, mobile
electrons (θe,mobile), and is defined as:
Da 

k1 s 2
,
De

(4.28a)

where the reaction rate coefficient is:

 v   H eff 
 .
k1    e  exp  
 
k
T

 trap   b e 

(4.28b)

A large Damköhler number (>>1) characterizes a fast reaction, inducing a reaction
concentration gradient, while a slow Damköhler number (<<1) designates a slow
reaction, resulting in a uniform concentration [119]. Typically, the Damköhler number is
a constant for a given system at a specific set of conditions. Here, Da will change
throughout the dielectric stress due to the time-dependence from De and k1. Therefore,
Da can be measured as functions of time, electric field, and dielectric thickness. The
electron temperature is transformed into:

e  1 

2Vappop
3VT s

,

(4.28c)

where ωe represents the ratio of the electron temperature to the substrate temperature. At
common nominal electric fields, this ratio increases as the optical scattering length (λop)
increases or thermal energy decreases.
An important advantage to dimensionless equations is variable scaling. As
previously discussed, the length scales from 0 to 1, as do the electron and defect density
variables. This is also true for the boundary conditions and initial conditions. The
boundary conditions for the voltage and mobile electrons are expressed as:
 (  0, )  0,

(4.29)

 (  1, )  1,

(4.30)

  B ,eff
 qVT

 e,mob,total (  0, )  exp  
and
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,


(4.31)

 e,mob,total (  1, )  0 .

(4.32)

The initial conditions are defined as:

 e,mob,total ( ,  0)  0,

(4.33)

 e,trapped ( ,  0)  0,

(4.34)

and

 trap ( ,  0) 

Ctrap,0
N e,metal

.

(4.35)

Although the model requires experimental data to determine three parameters
(Aeff, ФB, and η), the theoretical results from the dimesionless equations will be presented
before the comparison between the model and experimental data, in order to provide a
framework for the behavior of the dielectric breakdown process. The model parameters
used in this section are the same as the parameters used in Section 4.2, unless otherwise
noted. A complete summary of the model parameters is listed in Table 4.1. Simulations
were run at nominal electric fields (E=Vapp/s) between 5 and 7 MV/cm, and dielectric
thicknesses ranging from 5 nm to 30 nm.
The Péclet number, as shown in Equation 4.25b, is directly proportional to the
dielectric thickness. Figure 4.1A shows this relationship based on simulations at
different dielectric thicknesses. The Pe values used here were taken during initial
electrical stress, where τ ~ 1. Even at 5 nm, Pe ~ 20, indicating convective-dominated
electron transport. Thus, there is no expected electron concentration gradient across the
dielectric position due to mass transport behavior. The Péclet number also evolves over
time in this system due to the time-dependence of the electron velocity and diffusion
coefficient. Figure 4.1B shows the progression of the Péclet number as a function of the
time constant at different nominal electric fields, for a dielectric thickness of 5 nm. As
the dielectric accumulates defects, Pe starts to increase. This increase sharpens through
the breakdown process, mimicking the abrupt increase in current seen at failure. Thus, as
the dielectric wears out and fails, convective transport becomes even more dominant
over diffusion-driven transport. Figure 4.1B also shows that Pe is not a strong function
of the electric field at initial stress times.
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Figure 4.1. Analysis of the Péclet number for mobile electrons. A) Pe is directly proportional to the
dielectric thickness and is >>1 for dielectric thicknesses 5 nm and above, indicating convectivedominated transport. B) As dielectric breakdown progresses, Pe increases to greater than 100.

The Damköhler number can also provide an indication if an electron
concentration gradient will occur, based on the reaction kinetics of the electrons
interacting with new, empty defects. In this model, electron trapping is assumed to be
favorable, such that newly generated defects immediately trap an electron. Thus, if the
reaction rate to generate defects is fast relative to the electron diffusion, an electron
concentration gradient will develop. Defects are immobile in the dielectric, so this
Damköhler number is not relevant to determine any concentration gradient for the traps.
The Damköhler values as a function of dielectric thickness, based on simulation
results, are shown in Figure 4.2A. Overall, Da is <<1, indicating a slow reaction. As the
dielectric thickness decreases, the Damköhler number also decreases. Therefore, the
reaction is slowing down for thinner dielectrics, which will results in an increase in
failure time. Figure 4.2B shows the progression of Da as a function of the time constant
at several electric fields. Similar to Pe, the Damköhler number increases as the reaction
plays out and new defects are generated. This can be partially attributed to the
decreasing diffusion coefficient, which is inversely proportional to Da. At noted in the
previous chapter, a defect density of ~1 x 1025 atoms/m3 is required to start the
breakdown process, which is 4 orders of magnitude smaller than the maximum allowed
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trap density (Ctrap,max) that serves to limit the defect reaction rate. Thus, breakdown
occurs before the reaction can be slowed down by its self-limiting term.

Figure 4.2. Analysis of the Damköhler number for mobile electrons. A) Da decreases as a function of
the dielectric thickness and is <<1, indicating slow reaction kinetics to generate new defects. B) As
defects are generated, Da increases, although still with slow reaction kinetics throughout the
breakdown process.

Based on the analysis of the Péclet and Damköhler numbers, no electron
concentration gradient is expected across the dielectric due to mass transport or reaction
kinetics, respectively. The mobile electron density is shown in Figure 4.3 as a function
of the dimensionless length for various dielectric thicknesses. As expected, the mobile
electron concentration is constant across the dielectric position, with the exception of ξ >
0.95, where the density decreases sharply. This is due to the θe,mob,total boundary
condition at the anode, which was intentionally set equal to zero to ensure the electron
flux was not limited at this electrode. Overall, the concentration gradient occurs over a
small fraction of the dielectric (<5%), with most of the gradient occurring in less than
1% of the dielectric.
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Figure 4.3. Mobile electron density from simulations at a nominal electric field of 6 MV/cm for
various dielectric thicknesses. Consistent with analysis of Pe and Da, the mobile electron density is
constant throughout the dielectric position, except near the anode where the boundary condition is
intentionally set equal to zero to ensure no electron flux limitations.

The local electric field (defined here as ψ) is an extremely important variable to
understand because most other variables are dependent to ψ. Therefore, ψ can be
examined as a function of the nominal electric field, dielectric thickness, and time
constant to gain an improved understanding of various dielectric behaviors. Figure 4.4A
shows ψ as a function of the dimensionless position for dielectric thicknesses of 5 nm,
15 nm, and 30 nm at a nominal electric field of 6 MV/cm. The first main takeaway is
that the local electric field is lower at the cathode relative to the anode, indicating a
buildup of negative charge in the dielectric. The second takeaway is that the ψ-ξ slope
decreases for thinner dielectrics at 6 MV/cm. With a negative charge buildup in the
dielectric, this reduced slope causes a higher local electric field at the cathode for thinner
dielectrics. However, if the overall charge in the dielectric were positive, this trend
would be reversed. This higher electric field at the cathode for thinner dielectric is
relevant to electron injection, and explains why the mobile electron density is larger for
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thinner dielectrics in Figure 4.3. The lower ψ-ξ slope for thinner dielectrics can be
attributed to Q, which scales according to s/E. Thus, Q decreases for thinner dielectrics
relative to thicker dielectrics, when compared at the same nominal electric field. The
other term that can influence the ψ-ξ slope is the overall charge in the dielectric.
Although this is shown in Figure 4.4B to become more negative for thinner dielectrics
(due to the increased concentration of mobile electrons), Q must have a larger thickness
dependence compared to θcharge, in order to explain the electric field trends in Figure
4.4A.

Figure 4.4. A) Local electric field as a function of dielectric position for different thicknesses, shows
a higher electric field at the cathode for thinner dielectrics. B) Overall charge in the dielectric as a
function of dielectric position for different thicknesses, shows thinner dielectrics have a larger
buildup of negative charges at E = 6 MV/cm, which is due to a higher density of mobile electrons.

These electric field trends have been shown at a relatively high nominal electric
field (E = 6 MV/cm), where there is a higher density of mobile electrons relative to
initial, positively-charged defects. However, as E decreases, the mobile electron
concentration also decreases, and there should be a cross-over point where the overall
buildup of charges in the dielectric becomes positive. Figure 4.5 shows how the local
electric field at the cathode changes as a function of the nominal electric field for 5 nm
and 30 nm thick dielectrics. This cross-over point can be observed just below a nominal
electric field of 5 MV/cm. At higher E, ψ is larger for thinner dielectrics relative to
thicker dielectrics, but below this cross-over point, ψ becomes smaller for thinner
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dielectrics versus thicker dielectrics. This can create interesting failure trends near this
cross-over point, where the local and nominal electric fields are not changing at the same
rates for dielectrics of different thicknesses.

Figure 4.5. Local electric field (ψ) at the cathode as a function of nominal electric field for 5 nm and
30 nm thick dielectrics. ψ = 1 represents where the local electric field equals the nominal electric
field, corresponding to neutral overall charges in the dielectric. Thinner dielectrics experience a
higher ψ at high nominal electrics fields compared to thicker dielectrics, but this trend reverses just
below E = 5 MV/cm, where positively-charged defects outnumber electrons in the dielectric.

Figure 4.6 shows the progression of ψ (near the cathode) during electrical stress
at different nominal electric fields. During the dielectric failure process, ψ increases
sharply. This originates from the tunneling electrons, leaving behind empty traps with
positive charges. The time at which ψ increases above a value of 1 is when the positive
charges exceed the negative charges in the dielectric. The increase in the electric field at
the cathode results in more electrons being injected, further increasing the defect
generation rate, and creating a feedforward failure process.
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Figure 4.6. Local electric field, measured at the cathode, as a function of the time constant at various
electric fields, shows an abrupt increase for failure.

A thinner dielectric has been shown to decrease the convection transport relative
to diffusive transport, slow down the defect generation reaction, and increase the electric
field at the cathode, which increases the mobile electron density in the dielectric. Despite
the increased concentration of mobile electrons, Figure 4.7 shows the overall electron
flux decreases as the dielectric thickness decreases. This is attributed to the decreasing
Péclet number, which is directly proportional to the convection component of the
electron flux and shown to be the dominant mode of electron transport. Thus, an overall
decrease in the current can be expected for thinner dielectrics, despite a higher mobile
electron concentration. It should be noted that the model is only set up to observe
intrinsic conduction following Schottky emission or Poole-Frenkel conduction.
Tunneling mechanisms and extrinsic issues (such as copper) that become more important
for thinner dielectrics would serve to counter-act this trend and cause a higher leakage
current.
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Figure 4.7. Electron flux as a function of dielectric thickness. The flux decreases for thinner
dielectrics, which can be attributed to a smaller Péclet number.

The defect generation rate is a very strong function of the electric field, which
was shown to be non-constant across the dielectric position. Since defects are immobile
in the dielectric, defect concentration gradients can form based on non-uniformity of the
electric field. Figure 4.8 shows the defect density across the dielectric at three different
time stages: initial stress (black line), the start of the increase in electron flux due to
failure (red line), and near the failure time (blue line). The purpose is to show the
evolution of the defects through the dielectric. Initially, as defined by the equations, the
defect density is constant across the dielectric. However, the electric field is higher near
the anode relative to the cathode, creating defects faster near the anode. Therefore, trapto-trap electron tunneling will occur near the anode first where the defect density is
highest, and then progress to the cathode, creating failure. The defect density acts as a
moving front, from the anode to the cathode.
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Figure 4.8. Defect density as a function of the position in the dielectric at three different times: early
stress (black line), beginning of the dielectric failure (red), and near the failure time (blue). Defects
grow faster near the anode, and create a moving front towards the cathode to cause failure.

The defect scattering length (λtrap) is directly related to the defect density, such
that as the defect density increases, λtrap decreases. The dielectric failure process initiates
when λtrap decreases to a value small enough for trap-to-trap tunneling to occur. Figure
4.9 shows the evolution of the defect scattering length as a function of time at various
nominal electric fields. The initial defect scattering length is approximately 5 nm. This
value stays constant through the electrical stress until the last decade of two before the
failure time. First, the scattering length decreases slowly, but this is quickly accelerated
as defect generation increases and the feed-forward failure mechanism occurs. At the
highest simulated field (7 MV/cm), this acceleration process is quick, as trap-to-trap
tunneling is increased at higher fields. For the lowest simulated field (5 MV/cm), the
decrease in λtrap is slower, as the electrons cannot as easily escape the defects. At each
simulated field, the failure time corresponds to a defect scattering length of
approximately 1 A°, or 50 times smaller than the initial scattering length.
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Figure 4.9. Scattering length as a function of stress time at three different electric fields. At the
dielectric failure time, the scattering length is approximately 1 A°.

Last, the re-defined electron temperature is examined in its dimensionless form.
The electron temperature previously decayed as defects accumulated in the dielectric,
but this new form is solely dependent on the local electric field and the substrate
temperature. Figure 4.10 shows the electron temperature relative to the substrate
temperature (ωe) as a function of the nominal electric field for 5 nm and 30 nm dielectric
thickness, measured near the cathode. ωe increases as the nominal field increases, as
expected. However, at higher nominal fields, the 5 nm dielectric has a slightly higher
electron temperature compared to the 30 nm dielectric. This follows the same trend as
the local electric field shown in Figure 4.5. Thinner dielectrics have a higher electron
temperature at high nominal fields when there is a net negative charge in the dielectric.
But, near E = 5 MV/cm, where the overall net charge is close to zero, the 5 nm and 30
nm thick dielectrics have similar electron temperatures. Although a higher electron
temperature would increase the defect generation rate, this term is already included in
the Damköhler number, which was shown to decrease for thinner dielectrics.
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Figure 4.10. Dimensionless electron temperature as a function of electric field for 5 nm and 30 nm
dielectrics.

4.2 Comparison to Experimental Data
The dimensionless analysis explained how several of the most important variables
behave for various dielectric thicknesses and testing conditions. This analysis will be
helpful to explain some of the experimental data shown in this section. The dimensional
form of the equations are used here to fit to the experimental data, and explain dielectric
failure for low-κ SiCOH as a function of voltage, temperature, and dielectric thickness.
4.2.1

Test Methodology

Tests were conducted on multiple wafers from GLOBALFOUNDRIES using their 14
nm technology. Via-chain and comb-comb structures were used, where the dielectric
consisted of low-κ SiCOH with a dielectric constant κ = 2.7.
For voltage ramp tests, 32 to 64 chips were tested on each wafer, with 20
identical test structures on each chip. Voltage ramp (Vramp) tests were conducted on the
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samples at 125 °C using a ramp rate of 1 V/s. Breakdown was defined as the last applied
voltage before the current exceeded a threshold of 1 x 10-5 A.
For CVS tests, 16 chips were tested on each wafer per voltage condition,
stressing between 1 to 10 identical test structures per chip. Tests were conducted on the
samples at a temperature between 85 °C and 125 °C. Breakdown was defined as the last
measured time before the current exceeded a threshold of 1 x 10-5 A.
4.2.2

Parameter Estimation and Voltage-Dependent Failure Prediction

The model relies on three parameters (Aeff, ФB, and η) to generate the electrical traces for
comparison to the experimental data. These parameters, like all of the parameters
incorporated into the model, are based on the properties of the intrinsic dielectric
material and how that material relates to the breakdown process. The details of the
parameter estimation have been previously discussed [103], [111]. Aeff and ФB are
determined based on the relationship between current and voltage, either an I-V curve
from a voltage ramp test or leakage current at different electric fields from a CVS test.
Aeff is determined based on the overall magnitude of current, while the I-V slope is used
to set ФB. Here, η is fixed based on the failure time from a single voltage for a CVS test.
It can also be determined based on the breakdown voltage from a voltage ramp test.
Figure 4.11 shows the I-V curve for a voltage ramp test, and the corresponding fit
by the model. The current increases with an exponential dependence on the voltage, until
an abrupt jump occurs, indicating breakdown. The model shows similar behavior, with a
few key differences. At low voltages, the I-V slope deviates ~15% between the
experiment and the simulation. This could indicate a different conduction mechanism
dominates at lower voltages. Another possibility is that ε∞, which controls the I-V slope
at low voltages, is incorrect. ε∞ is estimated based on a relationship to κ [73], resulting in
some uncertainty in its proper value. At high voltages, the leakage current continues to
increase steadily, while the model predicts a saturation before the breakdown event
occurs. This is most likely associated with the definition of the electron velocity, which
is limited by the defect density. As the defect density increases, the electron velocity
decreases, causing the current to saturate. However, previous experimental I-V curves
have also shown this saturation behavior [111], indicating this equation is correct in
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some cases. Although the simulation does not provide a perfect prediction of the
experimental I-V curve, it yields a satisfactory fit, especially in the voltage range for
which CVS tests were conducted.

Figure 4.11. Current as a function of voltage for a voltage ramp test at 125 °C. Although the
simulation (dash line) deviates from the experimental data (solid line) at the lowest and highest
voltages, the model provides a sufficient fit to the data to predict failure for CVS tests shown in
Figure 4.12.

Figure 4.12 shows the results of the CVS tests conducted at 125 °C. These tests
were carried out over a wide range of voltages, and therefore, the failure times vary from
several minutes at high-field to several months at low electric fields. Overall, the charge
transport model provides an excellent fit to the failure times, despite not using any
parameters to change the TTF-Voltage slope. The simulations start to over-predict the
failure at the highest voltages tested, but this can be attributed to the model underpredicting the leakage current at the high voltages, as seen in Figure 4.11. This serves to
demonstrate the main basis for the charge transport model, which is that the dielectric
breakdown process is strongly tied to the electronic conduction. The model is only
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useful to predict failure in the ranges where it can also accurately predict the leakage
current.

Figure 4.12. Average time-to-failure (TTF) as a function of voltage. Experimental data (circles) and
simulation results (dash line) match very well, except at high voltages where the model is also unable
to predict the leakage current.

An analysis of the three adjustable parameters (Aeff, ФB, and η) can provide useful
information about the model and the material properties. ФB is the energy barrier for
electron injection into the dielectric. For integrated structures, such as the comb-comb
and via-chain structures measured in this paper, the lowest energy barrier for electrons to
enter the dielectric is most likely at the interface between the metal barrier and the etch
stop layer (TaN/SiCN:H) [32]. The energy barrier at this interface was measured to be in
the range of 1.45 eV to 2.15 eV [32], [104], which is consistent with ФB = 1.58 eV used
in these simulations.
Aeff and η are necessary to account for conduction and breakdown that occur only
through a very tiny fraction of the dielectric [69]. This can also be described as failure at
one of several hotspots, or weak points, in the material. Aeff is the effective area through
which electronic conduction occurs, and is used to convert the electron flux into current
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for the one-dimensional simulations. It was previously shown that Aeff = A*Peff, where A
is the area of the test structure and Peff is the fraction of the dielectric through which
conduction occurs, with Peff = 5 x 10-10 [111]. In this simulation, Aeff = 2 x 10-18 m2, but
the area of the test structure is unknown so Peff cannot be calculated. Aeff matches closely
to previous simulations carried out for low-κ SiCOH using the charge transport model
[103]. η is part of the defect generation equation and represents the fraction of the
dielectric through which defect generation is occurring. In these simulations, η = 1 x 10 11

, which is ~50x smaller than Peff in previous simulations for SiN [111], indicating that

the electron conduction and defect generation may be closely related to each other. The
smaller η could be a result of the different materials, or an indication that defect
generation occurs in an even smaller fraction of the dielectric compared to the electronic
conduction. η is also the last parameter to be set in the simulations, so it takes on any
parameter errors that might affect the failure time. This results in a larger uncertainty in
its value. Further exploration of these parameters relationship to each other is required,
and future work to extend this model to 2-D may also provide some insight about the
nature of these parameters. A summary of the model parameters used in the simulations
is listed in Table 4.1. Summary of model parameters set by the experimental conditions
and material properties, including the source of the parameter value where appropriate..
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Table 4.1. Summary of model parameters set by the experimental conditions and material
properties, including the source of the parameter value where appropriate.

Parameter Value

4.2.3

Reference

Aeff

2 x 10-18 m2

Fit to Data

Ctrap,0

2.0 x 1023 m-3

[74]

Ctrap,max

1.0 x 1029 m-3

Calculated

Ep

0.070 eV

[118]

Фtrap

1.2 eV

[20]

L

0.88

[109]

me*

0.5me

[50]

Ne,metal

8.5 x 1028 m-3

[68]

s

27 nm

Calculated

α

7 eA°

[112]

ΔH

3 eV

[42]

ε∞

2.2

[73]

η

1 x 10-11

Fit to Data

κ

2.7

Measured

ФB

1.58 eV

Fit to Data

Temperature-Dependent Failure Prediction

The activation energy for dielectric failure was investigated through CVS tests,
conducted at several electric fields and various temperatures. Simulations were also run
at similar conditions, shown in Figure 4.13A. Although subtle, the model shows a higher
temperature dependence for dielectric failure at lower electric fields compared to higher
fields. This is further exemplified by fitting both the experimental and simulation failure
times to an Arrhenius relationship in order to calculate the dielectric failure activation
energy at each electric field, shown in Figure 4.13B. The test data shows the activation
energy increases as the electric field decreases. The simulation results show the same
trend, agreeing well with the experiments. These results are consistent with previous
TDDB activation energy studies [49]–[52].
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Figure 4.13. Calculation of the activation energy for dielectric failure. A) Simulations at three
different temperatures and at different electric fields and B) TTF activation energy predicted by the
Arrhenius relationship shows an increasing activation energy for decreasing electric field. The
experimental data (triangles) and simulations (dash line) show excellent agreement, and the cause of
this trend is attributed to the electron conduction energy barrier.

The cause for this trend is due to the electron injection process into the dielectric
(Equation 4.11). The electrons need to overcome an energy barrier at the cathode (ΦB),
and this barrier is lowered by the electric field (ΦB,eff). This effective energy barrier is
plotted in Figure 4.13B, as a function of the nominal electric field (Vapp/s). ΦB,eff actually
predicts a larger activation energy compared to the experimental data and simulation.
The difference is caused by the local electric field at the cathode, which is higher than
the nominal electric field due to the positively charged defects present in the dielectric.
The difference between ФB,eff and the model predictions can be attributed to the other
temperature dependent terms in the model, which act to reduce the overall activation
energy for failure. Notably, the defect scattering length (λtrap) increases as temperature
increases, decreasing the defect generation rate and increasing the defect density
required for failure.
For chips that operate at lower temperatures than testing conditions, the selection
of the activation energy can have dramatic implications on lifetime prediction. To
demonstrate this, a lifetime improvement factor (LIF) is calculated for several activation
energies at different operating temperatures, based on a testing condition of 125 °C. The
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results are shown in Table 4.2. For an activation energy of 0 eV, the lifetime is
unaffected by the operating temperature of the chip. For 0.4 eV, which represents the
average activation energy from the experimental data in Figure 4.13B, the lifetime of the
chip can be improved 5x if the chip operates at 75 °C. For 1.0 eV, calculated using
Equation 4.11a at an operating field of 1 MV/cm, the chip lifetime improves 7x at 100
°C and 66x at 75 °C. Clearly, the activation energy for dielectric failure is an important
TDDB parameter that can have a large effect on lifetime prediction.
Table 4.2. Lifetime improvement factor (LIF) calculated at various activation energies and
operating temperatures. An activation energy of 1.0 eV can provide a 66x boost in lifetime
prediction for a chip that operates at 75 °C compared to 125 °C testing condition.

Activation Energy

LIF
Top = 100 °C

Top = 75 °C

0 eV

1

1

0.4 eV

2

5

1.0 eV

7

66

Sim + E1/2 Model

7

126

For comparison, the simulation results at each temperature were fitted to the E1/2
model in the same electric field range as the experiments. The purpose is to calculate the
dielectric lifetime based on experiments at different temperatures (the simulation results
were used instead of the experimental results to remove experimental uncertainties). The
choice of empirical lifetime model is not important for this study. Due to the voltageacceleration dependence to the activation energy, lower temperature tests yield a larger
voltage-acceleration slope compared to tests at higher temperatures. The same lifetime
improvement factor analysis was used for the E1/2 model predictions, and the results are
shown in Table 4.2. This approach predicts similar lifetime improvement as the
Arrhenius equation with an activation energy of 1 eV. Two conclusions can be drawn
from this analysis. First, 1 eV is a more accurate activation energy for dielectric failure
at an operating field equal to 1 MV/cm compared to the experimental values ranging
between 0.3 eV and 0.5 eV). Second, it is beneficial to test dielectric failure at the same
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temperature as the product operating condition, rather than extrapolate from a high
temperature test using a conservative activation energy less than 1 eV.
4.2.4

Failure Distributions Prediction

Dielectric failure variation can be caused by many contributing factors. However, in the
advanced technology nodes where the dielectric thickness is only tens of nanometers
thick, control of the thickness is considered to be the main driver for failure. These
thickness variations are caused by manufacturing steps, such as lithography, etch, and
chemical mechanical planarization (CMP) [25], [120]. Line-edge-roughness (LER)
causes local spacing variations, which typically manifest as protrusions and notches
along the dielectric-metal interface and cause non-uniform fields [25]. Line overlay and
via-misalignment are global issues [26], causing a variation in the dielectric thickness
amongst samples across a wafer. Typically, breakdown in the interconnect will occur
through the dielectric at a via-line location [27], although line overlay and LER can
further decrease the spacing at this location to accelerate the breakdown. Dielectric
spacing variation has been addressed since the 90- and 65-nm technology nodes [25],
and it is expected to be the dominant cause of failure deviation for current and future
technology nodes. As a result, early-population failures are dominated by the smallest
spacing samples [28], [29].
4.2.4.1 Method to Determine the Root Cause of Failure
For integrated structures, dielectric thickness is not an easily measurable parameter like
voltage and temperature. Thus, it must be calculated. Further, a method is required to
prove that dielectric thickness variations are the main driver for the failure distributions.
In this section, a novel method is presented to determine the dominant parameter
affecting failure distributions within a group of samples [121]. This method analyzes
voltage ramp (Vramp) data, measuring differences in leakage current and breakdown
voltages between test structures spread across a wafer or located within a specific chip
on a wafer.
The method used in this paper is relatively straightforward; the variation in the
Vramp leakage current (I) between samples was analyzed as a function of the voltage (V)
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and as a function of the electric field (E). In order to define the electric field, an
assumption is made that the dielectric spacing (s) is the dominant parameter that controls
the Vramp failure distribution. Based on this assumption, the dielectric spacing for each
sample was calculated based on the breakdown voltage (VBD) from each Vramp test using
s=VBD/EBD [27], [29]. Here, EBD is the breakdown strength of the dielectric, determined
to be 0.75 V/nm [29]. The validity of this assumption can be re-assessed based on the
results. The samples were grouped in two ways for data analysis: 1) samples located on
64 different chips on a wafer (across-wafer), and 2) samples on the same chip (in-chip).
The logarithmic value of the leakage current, denoted as log(I), was used so that
all data was weighted equally. For a group of samples, the standard deviation of log(I),
denoted as log(I)StdDev, was calculated at common voltages or electric fields. Analysis
was started when all samples in a group measured a leakage current above a minimum
threshold (I > 5x10-11 A), and analysis was stopped when the first sample in a group
failed. This minimized error related to the equipment noise or associated with the failure
of a sample.
It is prudent to start with the ideal case that the only difference between samples
in a group is their dielectric spacing, which dictates each sample’s I-V trace and
breakdown voltage. Then, two trends will be observed in the method’s results. First,
log(I)StdDev analyzed as a function of voltage will have a value greater than zero, and will
show a significant increase as the voltage increases and approaches the breakdown
voltage. At common voltages, the samples are actually at different electric fields, and
will exhibit different leakage currents. This trend becomes more prevalent at higher
voltages as the thinner samples approach their breakdown voltage while the thicker
samples are not as close to failure. Second, log(I)StdDev analyzed as a function of electric
field will be zero. If the dielectric spacing is truly the only varying parameter between
samples, then the samples’ I-E traces will be identical.
Figure 4.14 shows the method’s results for across-wafer sample grouping. Two
wafers were analyzed (labeled as 1 and 2), and the log(I)StdDev analysis is shown both as a
function of voltage (red) and as a function of electric field (black). There is a clear
increase in the voltage-analyzed log(I)StdDev values above 15 V as the voltage increases.
The increasing trend is expected to continue at higher voltages as well, but the analysis
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was stopped at the lowest breakdown voltage amongst the samples. This is the first
indication that the dielectric spacing varies between samples across the wafer, and is the
dominant parameter responsible for the failure distribution amongst these samples. This
is consistent with the results from previous studies showing the dielectric thickness
varies between samples across a wafer [122], [123].
This is further validated by the field-analyzed log(I)StdDev values, which are lower
compared to voltage-analyzed log(I)StdDev values. These smaller values show that the
correction using the electric field, calculated by the dielectric spacing, is appropriate.
Although the I-E leakage traces would ideally be identical between samples, in reality
there are still small variations between samples’ leakage current due to several factors.
These factors include error in calculating VBD (±0.1 V, which leads to ±0.13 nm error in
s), error in measuring the current, and differences between in-chip samples, which will
be discussed next.
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Figure 4.14. Current variation for across-wafer samples, analyzed as a function of voltage (red) and
electric field (black). The results indicate that spacing variation dominates Vramp failure
distributions.
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The method’s results for the in-chip sample grouping are shown in Figure 4.15. The
analysis for two chips are shown (located in the center of the wafer, or on the edge of the
wafer), and the log(I)StdDev analysis is shown both as a function of voltage (red) and as a
function of electric field (black). The field-analyzed log(I)StdDev values are higher than
the voltage-analyzed log(I)StdDev values, regardless of the chip location. These in-chip
results sharply contrast the across-wafer results in Figure 4.14. The field-analyzed
log(I)StdDev values for the in-chip samples significantly increase at high electric fields,
echoing the voltage-analyzed trends for the across wafer samples. These trends indicate
that correcting for the dielectric spacing is not a valid assumption for in-chip samples.
Therefore, in-chip failure distributions are not dominated by the dielectric spacing.
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Figure 4.15. Current variation for in-chip samples, analyzed as a function of voltage (red) and
electric field (black). The results indicate that spacing variation does not dominate Vramp failure
distributions.

Line overlay and via misalignment are global issues (affecting dielectric
thickness between samples across a wafer), while LER is a local issue (affecting
thickness within a sample). Therefore, the dielectric spacing variations between acrosswafer samples can be attributed to line overlay and via misalignment (and more likely
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via misalignment for the via-comb structures in this study). Although LER could
possibly manifest between in-chip samples, Figure 4.15 shows this is not the case. LER
most likely still occurs and decreases the overall dielectric thickness of each sample, but
the effect of LER is the same between all in-chip samples.
Thus far, it has been shown that comparing voltage-analyzed log(I)StdDev values
and field-analyzed log(I)StdDev values can indicate whether or not spacing dominates the
failure distribution. Figure 4.16 represents another way to display this analysis; the
minimum log(I)StdDev value is calculated for each sample group and plotted as a function
of field vs. as a function of voltage. The dash line represents a one-to-one ratio; below
the line represents spacing dominated failure and above the line indicates the failure is
dominated by some other parameter. Figure 4.16 provides an easy visual to analyze
different groups of samples, and this visual provides the same conclusions drawn from
Figure 4.14 and Figure 4.15; spacing dominates across-wafer failure, but not in-chip
failure.
After the dielectric spacing was ruled out for in-chip failure, the in-chip I-V data
was further analyzed to determine possible parameters responsible for the failure
distribution. Based on simulations using a charge transport model [103], variations in
material parameters such as the dielectric constant (κ), electron energy barrier into the
dielectric conduction band (ΦB), and initial defect density (Ctrap,0) will result directly
affect the leakage current. Therefore, if one of these parameters is the driving force for
the failure distributions, there will be a direct correlation between the total injected
charge (𝑄𝑖𝑛𝑗 = ∫ 𝐼𝑑𝑡) measured at a common voltage and the breakdown voltage for a
group of in-chip samples. Figure 4.17 shows the results for this analysis. There is no
correlation between Qinj measured at 19.9 V (black circles) and the breakdown voltage
for a group of samples on the same chip. κ, ΦB, and Ctrap,0 must therefore all be the same
between these samples. This also further validates that dielectric spacing is uniform
between in-chip samples.
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Figure 4.16. Comparison between minimum of log(I)StdDev values analyzed by voltage and electric
field for all wafers and chips tested. Data below the dash line indicates spacing-dominated failure.

Instead, the samples’ varying VBD is driven by a parameter that has no connection
to the electron conduction through the dielectric. As seen in Figure 4.17, there is a direct
correlation between the charge-to-breakdown (QBD) and the breakdown voltage; samples
that failed at a higher voltage endured larger electron fluences. One possible explanation
can be argued based on percolation path theory for oxide dielectrics. A previous study on
SiO2 gate oxides reported that dielectric breakdown occurs when a critical defect density
is reached and a conductive (percolation) path is formed at the weakest location in the
dielectric [102]. This study found that charge-to-breakdown (QBD) variations between
samples of uniform thickness were not due to process-induced defects, but rather the
oxide degradation mechanism [102].
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Figure 4.17. Injected charge, Qi, measured at a common voltage of 19.9 V (black circles) and at the
breakdown voltage (red triangles) as a function of the breakdown voltage for in-chip samples. There
is no correlation between Q19.9V and the breakdown voltage.

This explanation can also apply to the in-chip failure results for low-κ SiCOH
dielectrics. These materials are amorphous, and therefore small differences in
composition between samples change their degradation, or rate of defect generation.
Experimentally, this can be expressed as samples exhibiting different dielectric strength
values (EBD). In the charge transport model, the enthalpy for defect formation (ΔH) can
explain this behavior. This parameter relates to the strength of the bonds that are broken
in the dielectric, but does not affect the conduction or critical defect density for failure.
4.2.4.2 Spacing-Dependent Failure Prediction
The previous section showed each chip on a wafer has a unique spacing, which can be
calculated directly from a voltage ramp test. These spacing values can be inputted
directly into the charge transport model to re-produce TDDB failure distributions, in
order to determine if the spacing-driven failure also extends to constant-voltage stress.
The dielectric spacing for each chip was calculated from multiple voltage ramp tests
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using Schip=VBD,63%/EBD [27], [29]. VBD,63% is the 63rd percentile breakdown voltage
calculated for each chip using a Weibull distribution, also known as the Weibull scale
parameter. EBD is the breakdown strength of the dielectric and was determined to be 0.75
V/nm for the test structure and experimental conditions used in this work [29]. Figure
4.18 shows a wafer map with the dielectric spacing for approximately half the chips on
the wafer. The spacing is normalized to the 63% Weibull value. Overall, the distribution
is fairly tight between the wafers, indicating the spacing does not vary drastically across
the wafer. The thinnest samples are located at the wafer edge. This is typically the case,
as the line/via size (also called the critical dimension) and overlay are difficult to control
far away from the wafer center, resulting in thinner minimum spacings.

Figure 4.18. Wafer map showing the calculated dielectric spacing for half of the die on the wafer,
normalized to the Weibull 63% value. The wafer map signature shows several edge die with the
smallest spacing, but the overall distribution is fairly tight between the various die.

Two wafers were tested for model comparison, and the cumulative distribution
function (CDF) of the calculated dielectric spacing for each wafer is shown in Figure
4.19. Each data set appears to follow a Weibull distribution, although a larger sample
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size is necessary to gain statistical confidence in the distribution fit to the low-percentile,
small spacing samples. Overall, the samples in Wafer 1 had higher VBD, and therefore
larger calculated spacing values, compared to Wafer 2. Based on the Weibull fit, the two
data sets have a similar distribution shape (β~50). Based on these results, it is expected
that Wafer 1 performs slightly better than Wafer 2 during TDDB tests.

Figure 4.19. Spacing distribution profiles for two tested wafers. The dielectric spacing for each
tested chip was calculated based on the breakdown data from voltage ramp tests. Both wafers were
fitted to Weibull distributions (solid lines).

The same parameters calculated in Section 4.2.2 and listed in Table 4.1 were
used here. All parameters were kept constant for each simulation, except for the applied
voltage (Vapp) and the dielectric spacing (s). Simulations were run for each experimental
voltage, and for each dielectric spacing shown in Figure 4.19. This approach directly ties
the VBD voltage ramp results to the TDDB failure distributions. Figure 4.20 shows the
Weibull plot experimental and simulation TDDB results for Wafer 1 (13 V to 16 V).
Each symbol for the experimental results represents t63% for each chip (based on 10
stressed samples per chip). Each symbol for the model results represents a simulation
run for each calculated chip spacing from Figure 4.19.
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The CT model provides an excellent prediction of the failure distributions for a
voltage range of 13 V to 16 V. These initial results provide further validation that the
spacing variation dominates both the Vramp and TDDB failure distributions, and the
minimum dielectric spacing for each chip can be calculated based on its Vramp
breakdown voltage results. There are two main advantages from predicting TDDB
failure based solely on Vramp tests. First, a voltage ramp test typically lasts less than a
minute, compared to a TDDB test, which can range from minutes to days depending on
the stress voltage. Thus, data and reliability projections can be collected much quicker
than standard TDDB testing. Second, due to quicker test time, more Vramp tests can be
conducted overall compared to TDDB. A larger sample size means a smaller projection
from the main population samples to the early failure rate limit, increasing the
confidence in the projection. The number of chips on each wafer is limited, based on the
wafer and chip sizes, but multiple wafers can be tested and combined to provide an
overall reliability projection for the manufacturing line.

Figure 4.20. Experimental (circles) and simulation (solid lines) TDDB results on a Weibull plot for
Wafer 1. The CT model predicts average failure times and overall failure distributions extremely
well.

98

Figure 4.21 shows the Weibull plot experimental and simulation TDDB results
for Wafer 2 (11 V to 15 V), tested at lower voltages. Again, the model is able to predict
the failure times and failure distributions fairly accurately. The model predicts a slightly
higher Weibull shape (β), but it can be seen from the large data set collected at 15 V that
the model and experiment agree very well down to the early population failures. This
data set provides validation that the model can be applied to multiple wafers, only
needing to change the spacing parameter in order to provide failure distributions as a
function of voltage.

Figure 4.21. Lower voltage experimental (circles) and simulation (solid lines) TDDB results on a
Weibull plot for Wafer 2. The model again shows a good fit to the experimental data, despite only
inputting the spacing as a parameter.

4.3 Scaling Effects
The model has thus far shown useful in its ability to predict and explain experimental
trends, and provide an inside look at the dielectric breakdown process. However, a
critical need for reliability engineers is to understand and predict dielectric failure for
future technology nodes, as the device dimensions continue to shrink. Here, the model is
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applied to predict variability and dielectric strength trends as the dielectric spacing
continues to decrease for newer generation devices.
4.3.1

Weibull Beta Trends

First, the CT model was used to predict variability trends in future technology. The
model parameters and spacing distribution for Wafer 1 from Section 4.2.4.2 was used as
a reference. The values for every calculated spacing were shifted a certain amount, such
that the distribution shape was unaffected, but the average spacing decreased. This offers
a very simple representation of how the dielectric thickness could vary across a wafer for
future technology nodes if the same manufacturing processes are used. These altered
spacing distributions were inputted into the model and simulated at constant voltages set
to values such that the savg for each distribution were subjected to the same average
nominal electric field (Eavg=0.5 V/nm). Each resulting failure distribution was then fitted
to the Weibull function, and the Weibull shape parameter (β) was plotted as a function of
normalized savg, as shown in Figure 4.22. The shaded error represents the standard error
for the β calculation. A smaller β indicates decreased reliability, as the low percentile
failures will occur at shorter failure times. The graph shows that as the average dielectric
thickness decreases, β also decreases, following a linear relationship.
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Figure 4.22. β predictions by the CT model for future nodes (decreasing (savg). The relationship
between β and savg is based on continued use of current manufacturing technology.

Figure 4.22 only represents a simplified prediction of reliability trends based on
current manufacturing processes. These trends could actually be worse in reality, as lineedge-roughness has been shown to become rougher as the line-to-line spacing is
decreased [124]. However, manufacturing technology usually evolves to improve line
definition with each emerging node in order to counteract this reliability degradation.
A limitation of this model’s application to predict failure distributions is based on
the assumption that the dielectric breakdown location will always occur at the minimum
spacing. This assumption is valid for Vramp tests and the high voltage ranges tested in this
paper. However, as the voltage approaches the operating voltage, the breakdown is
actually expected to occur in a median dielectric thickness location due to electric field
enhancement of the pores [125]. In order to be able to replicate this, the model will need
to be altered to a two-dimensional or a pseudo-1D model similar to [125], simulating the
enhanced electric field around the pores. This will improve reliability projections, as the
failure may not actually occur at the minimum dielectric spacing.
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4.3.2

Dielectric Spacing Trends

The charge transport model can also be used to predict the effect of thickness on
dielectric breakdown. Voltage ramp simulations were run for various dielectric
thicknesses, and the dielectric strength for each thickness was calculated using EBD =
VBD/s. Figure 4.23 shows that the dielectric strength increases as the dielectric thickness
decreases. The model’s thickness dependence originates from the Lorentz factor (L),
which is approximately 1/3 for ultra-thin dielectrics (<2 nm), but approaches 1 for >20
nm insulators. The thickness-dependent Lorentz factor was introduced by McPherson
[109], who shows a power law dependence between the thickness and dielectric strength,
with a power law exponent n = 0.18 for SiO2. Using the same equation from [109], lowκ SiCOH with κ = 2.7 will produce n = 0.13. A power law fit to the simulation results
yields n = 0.10, which is close to, but slightly lower than, the theoretical prediction. This
lower value is due to the electron temperature in the defect generation, which acts to
slightly damp the effect of the dielectric thickness on the breakdown process.

Figure 4.23. Model prediction of the dielectric strength as a function of minimum dielectric
thickness. The dielectric strength increases with a power law dependence to the thickness, with n =
0.10 for low-κ SiCOH.
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This trend also has important reliability implications, as it predicts thinner
dielectric materials will fail at a longer time compared to a thicker dielectric material
stressed under identical electric fields. To calculate the relative lifetime improvement,
constant voltage stress simulations were run for samples with a thickness of 5 nm, 10
nm, and 20 nm. Figure 4.24 shows the simulation results, as well the fit for each
simulation data to the E1/2 model. Again, the choice of model is arbitrary, and is only
used to predict lifetime at operating conditions for comparison between the simulations.
The empirical lifetime model is necessary because the charge transport model has a
lower limit based on the concentration of mobile electrons. The E1/2 model parameters
and lifetime prediction for each dielectric thickness simulation are shown in Table 4.3.
The failure vs. field slope, defined as γ in the E1/2 model, increases as the dielectric
thickness decreases. From 20 nm to 5 nm, γ increases ~10%. The lifetime projection at 1
MV/cm, based on the E1/2 model, improves by a 6x factor as the dielectric thickness
thins by half (from 20 nm to 10 nm and from 10 nm to 5 nm). This will provide some
margin for reliability in future technology nodes, although this will be counteracted by
increasing variability. It should also be noted that these simulations were onedimensional, and are therefore only valid for planar dielectric structures. For integrated
structures, geometry effects such as enhanced electric fields near the electrodes may also
cause reliability to degrade for future technology nodes.
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ln(Time-to-Failure)

14

s
L
Sim
5 nm 0.51
10 nm 0.67
20 nm 0.84

12

E1/2 Fit

10

8

6
4.5

5.0

5.5

Electric Field (arb. units)
Figure 4.24. Simulations and corresponding fits using the E1/2 model for low-κ SiCOH with 5 nm, 10
nm, and 20 nm thickness. Overall, the failure time and failure vs field slope increase as thickness
decreases.

Table 4.3. Lifetime comparisons for TDDB simulations with different dielectric thicknesses. The
failure vs. field slope and relative dielectric lifetime increase as dielectric thickness decreases.

s (nm)

L

5

E1/2 Model Parameters

Relative LT

A

γ

@ 1 MV/cm

0.51

1.5 x 1016

5.44

28

10

0.67

2.4 x 1015

5.21

6

20

0.84

3.2 x 1014

4.94

1
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5. CONCLUSIONS AND FUTURE WORK
Dielectric breakdown is an immensely vast and complex topic, studied in great depth for
almost 100 years to date. This work aims to replicate this phenomenon by grasping the
most important aspects pertaining to the nature of dielectric failure. The charge transport
model is more comprehensive than the vast majority of proposed dielectric failure
models. Yet, due to the intricate nature of dielectric failure and the diverse industrial
applications for insulators, this model is, and always will be, a work in progress. This
chapter details the main findings and advantages of the charge transport model, and also
proposes several directions toward which the model can be expanded and further
developed.

If you think in terms of a year, plant a seed;
if in terms of ten years, plant trees;
if in terms of 100 years, teach the people.”
-Confucius

5.1 Conclusions
The charge transport model is presented in this work in two stages: an initial model,
followed by a refined version. The initial proposed model provides a solid foundation
towards understanding dielectric breakdown, and is able to replicate leakage and failure
data for multiple dielectric materials. The refined model builds upon this initial offering
by re-evaluating some of the early model’s concepts and incorporating newly proposed
failure theories.

Portions of this chapter appeared in: S. P. Ogden, J. Borja, J. L. Plawsky, T.-M. Lu, K. B. Yeap,
and W. N. Gill, “Charge transport model to predict intrinsic reliability for dielectric
materials,” J. Appl. Phys., vol. 118, no. 12, Sep. 2015, Art. no. 124102.
Portions of this chapter appeared in: S. P. Ogden, T.-M. Lu, and J. L. Plawsky, “Electron
transport and dielectric breakdown in silicon nitride using a charge transport model,”
Appl. Phys. Lett., vol. 109, no. 15, Oct. 2016, Art. no. 152904.
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5.1.1

Initial Results of the Charge Transport Model

The first proposal of the charge transport model, presented in Chapter 3, was initially
applied to predict the lifetime of dielectric materials used in integrated circuits. The
model is based on electron transport through the dielectric and donor-type defect
formation. Breakdown occurs when the defects reach a critical density, causing the
emptying of traps due to electron tunneling. This leaves behind positively charged traps
and catalyzes a positive feedback failure mechanism.
The charge transport model is able to predict TTF versus field accurately for
multiple low-field and high-field low-κ SiCOH and high-κ SiN experiments.
Extrapolations to even lower fields indicate that the use of a single reliability model
might not be an accurate method to predict lifetime. The charge transport model can
therefore be used to improve understanding for device lifetime prediction based on
parameters that depend on the physical properties of the dielectric material and in theory,
could be related to the composition and structure of the material. Comparison of model
parameters between SiCOH and SiN shows silicon nitride films have improved
reliability due to their higher dielectric constant and deeper defect energy levels.
Three potential advantages of the charge transport model over typical reliability
models for lifetime predictions were demonstrated in Chapter 3:
1. The charge transport model is able to replicate I-V and I-t trends, including the
magnitude of the early leakage current, the current decay and the abrupt
increase in current at failure. Overall, the breakdown mechanism in the charge
transport model is both current-driven and field-driven.
2. The charge transport model relies on three material parameters that are
determined from experimental data. None of these parameters are altered to fit
the slope of the TTF versus field curves. The only parameter that is adjusted to
obtain the correct TTF is the enthalpy of activation (ΔH), which can be
determined using a single experimental data point.
3. The parameters used in the charge transport model are all consistent with
theoretical or experimental values reported for dielectric materials.
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However, the charge transport model in its initial form also suffers from several
limitations. The model was found to over-predict the temperature dependence for
dielectric failure. In addition, none of the equations provided any direct contribution of
the dielectric spacing to the failure, except tied to the electric field.
5.1.2

Results for the Refined Charge Transport Model

These model limitations were addressed through several revisions to the equation set. In
order to reduce the temperature dependence for dielectric failure, the electron
temperature was revised based on an electron equilibrium equation dependent on the
electric field, without any decaying due to the buildup of defects. The defect generation
equation was also changed from a F1/2 to a linear-F dependence, consistent with the
thermo-chemical model for breaking bonds, assumed to be Si-H for the silicon-based
dielectrics discussed in this work. A thickness dependence was also added into the
polarized field equation, based on a newly proposed theory for the thermo-chemical
model for planar dielectrics.
The new set of equations, termed the refined charge transport model, were also
re-arranged into dimensionless form to assess the transport, kinetics, and failure trends,
as described by the model. Analysis of the Péclet number found the electron transport to
be convection-driven, and the Damköhler number for the defect generation rate found
the reaction kinetics to be very slow. Analysis of the local electric field yielded several
interesting trends based on the dielectric thickness and nominal electric field. Thinner
dielectrics yield ψ-ξ slopes closer to zero compared to thicker dielectrics, due to a lower
Q value in the Poisson’s equation. This results in a lower ψ at the cathode for thinner
dielectrics compared to thicker dielectrics when a net negative charge exists in the
dielectric, but a higher ψ for a net positive charge (which occurs at lower electric fields).
The model shows a very clear correlation between the leakage current and
dielectric failure for low-κ SiCOH. A field-dependent activation energy can be attributed
to the energy barrier for electron injection into the dielectric, which is the boundary
condition dictating the electrons’ conduction. Dielectric failure activation energies up to
1 eV are predicted by the model at operating conditions of 1 MV/cm, which can provide
a drastic lifetime boost for chips operating at lower temperatures. The model also shows
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that planar dielectrics show improved strength as their thickness decreases. This may not
be the case for integrated structures which suffer from enhanced electric fields due to
geometrical effects. The model also was shown to predict dielectric failure distributions
based solely on changing the dielectric spacing parameter. The spacing was estimated
for each die across multiple wafers based on Vramp tests. As the dielectric thickness
continues to decrease for thinner wafers, variability will worsen, and overall reliability
will degrade.

5.2 Future Work
The charge transport model has proven a useful tool to describe the breakdown process
of dielectric failure, and predict breakdown trends for current and future technology
nodes for integrated circuits. There are many new directions in which the model can be
further developed to improve its applicability to the semiconductor industry. This section
discusses the most intriguing topics for which the charge transport model can be
modified or applied to continue to improve the understanding of dielectric breakdown,
especially as it pertains to integrated circuits.
5.2.1

Detailed Defect Study

There are several model parameters relating to the defects in the dielectric. The initial
defect density (Ctrap,0) defines the amount of positive charges in the dielectric, and also
determines the initial scattering length for defects (λtrap). The defect density required to
initiate the breakdown process was shown to depend on the energy level of the defects
(Φtrap). In addition, the defect generation rate is strongly controlled by the enthalpy of
activation (ΔH) and the effective molecular dipole moment (α). Clearly, the type of
defects initially present and generated throughout the stress are extremely important to
the failure trends and overall reliability of the dielectric material. Presently, the best
approach

to

estimate

these

parameters

is

through

previously

reported

measurements/calculations, and/or assumptions based on the weakest known bonds in
the dielectric. This approach has proven adequate, but also creates a level of uncertainty
in each of the parameters. This uncertainty can either cause model deviations from the
experimental data, or get carried forward into the adjustable parameters. An alternate
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approach is to directly measure these parameters on dielectric films, and then electrically
stress the same films to extract information about the electron conduction and failure.
Electron spin resonance (ESR) and electrically detected magnetic resonance (EDMR)
have been demonstrated as effective techniques to measure the density of defects and
their corresponding energy levels.
The proposed study is to collaborate with Dr. Lenahan’s group at Penn State, an
established lab well-known for employing ESR and EDMR techniques [32], [74] to
measure dielectric defect properties. The purpose is to study dielectric films with
different defect types. For this, silicon nitride is the ideal film to study. The ratio of
silicon to nitride can be controlled by changing the ratios of the pre-cursor gases and the
deposition pressure. Previous studies have found that silicon dangling bonds typically
dominate in silicon-rich alloys, while nitrogen dangling bonds are present in nitrogenrich alloys [98]. The defect types can also depend on the processing conditions, such as
high-temperature anneal [126]. For each film, Ctrap,0 and Φtrap will be directly measured
using ESR and EDMR, providing the crucial information about the types of defects
present in the dielectric. From this information, ΔH and α will be inferred. The
remaining model parameter estimation approach will remain the same; extract from
literature reports, or determine from the electrical data. This study is expected to yield
two main results. First, the direct measurements of the dielectric films will remove
parameter uncertainties, and improve the confidence in the model if able to replicate the
electrical data. In addition, the effect of the defects on electrical conduction and
reliability can be more closely tied to the defect parameters, based on the results of the
experiments and corresponding model fits.
5.2.2

Metal Ion Failure

The charge transport model presented in this work has dealt exclusively with intrinsic
breakdown mechanisms, i.e., dielectric failure as it relates solely to electronic
conduction and subsequent defect generation. However, extrinsic failure modes have
also been reported, especially for low-κ SiCOH films. One of the most prominent and
threatening extrinsic breakdown mechanisms relates to metal ion contamination. The
introduction of copper wires, in conjunction with porous SiCOH films, created an
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unstable metal-dielectric interface. Copper atoms are readily oxidized by the oxygen
atoms in the dielectric, and the porous network of the insulator allows these copper ions
to move easily through the dielectric. These copper ions can increase the local field at
the cathode and form a conductive pathway for failure to occur. As a result, coppercatalyzed failure has been studied extensively [21], [22], [30], [35], [127].
However, there is still some dispute about the effect of metal ion failure on
dielectric failure trends. Planar dielectric studies employing variable voltage ramp tests
and variable frequency bipolar tests have shown that copper migration affects the
dielectric failure at slow ramp rates and low frequencies, when the copper has sufficient
time to move across the dielectric [21], [22], [30]. For tests with short failure times, such
as a voltage ramp with a fast ramp rate or high-field TDDB, copper is not able to migrate
across the dielectric and the failure mode is intrinsic-driven. Thus, these studies found
copper-driven breakdown followed a E2 dependence [128]. On the other hand, the E1/2
model is based on Poole-Frenkel conduction through copper-based defects [35]. Another
study reported copper-catalyzed failure was best represented by the 1/E model [127],
where copper reduces the failure times at high electric fields, but its effect diminishes as
the field decreases.
In the current technology nodes, the assumption of intrinsic-driven failure is
valid, as the process is optimized to eliminate or significantly reduce the effect of copper
ions through the introduction of Ta/TaN barrier materials. However, as the interconnect
dimensions continue to shrink, these barriers must also scale accordingly. Thus, the
importance of metal-catalyzed failure will re-emerge as a potential breakdown
mechanism in the future nodes. Metals such as Ru, Co, and W are also being explored to
replace copper in the interconnect, both for reliability and resistance purposes. Thus, it
will be crucial to understand the solubility and diffusivity of each of these metals to fully
explain how metal-catalyzed failure affects dielectric reliability and to provide direction
on which metals are viable for future nodes. The charge transport model represents the
optimum platform for this type of study. The equations for intrinsic failure will be
combined with previously developed equations for metal ion transport [13]. Both planar
dielectrics and integrated structures will be studied in order to compare sample
configuration on the failure process.
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5.2.3

2-D Simulations

The model, in its current one-dimensional form, can be used to generate information
about the breakdown nature of the material based on a limited amount of experimental IV or I-t data. The 1-D model can also be used to explain and predict dielectric trends,
compare dielectric materials, and measure the effect of process variability such as
dielectric thickness or compositional variations. However, transitioning the model from
1-D to 2-D will greatly improve its accuracy and expand its applicability.
A two-dimensional implementation will enable the charge transport model to
explore the effects of geometry on conduction and overall reliability. In the present, 1-D
form of the equations, geometrical effects are all lumped in to the parameters, mainly Aeff
(or Peff) and η. These two adjustable parameters at least partially represent conversions
from a 1-D to 2-D platform. However, the parameters are limited to a generalization of
the conduction and defect generation. Expansion into 2-D will allow the equations to
separate out the effects of non-uniformities in the sample. These non-uniformities
include: enhanced field and conduction at the SiCOH/SiCN:H capping layer due to the
sidewall angle of the metal trenches and discontinuity in the dielectric constant, variation
in the dielectric thickness across the electrodes due to line edge roughness and via
placement, and small perturbations in the chemical composition that may lead to
drastically different defect generation rates.
Dielectric breakdown dictated by multiple variable randomness can lead to
deviations from currently used statistical models. A clustering model was introduced to
properly calculate failure distributions (instead of Weibull distributions) and area scaling
(instead of Poisson area scaling), based on non-uniform defect distributions in the
dielectric [55], [129]. While the Weibull distribution is only valid for a single random
variable, the authors showed the clustering model is more applicable for dielectric failure
in integrated circuits due to the competition between defect non-uniformity and
thickness variations in the dielectric [130]. 2-D simulations using the charge transport
model can provide a useful tool to examine the effect of these competing variables.
Initial defect densities can be inputted into the model using a gamma distribution
function, similar to the clustering model. This density variation can then be combined
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with various thickness variation effects, such as line edge roughness or line overlay, to
examine the resulting failure distributions that might occur in-die or across-wafer,
respectively. There are several claims by the clustering model for which the charge
transport model can provide some clarity. First, the clustering model claims that at early
failure percentiles, the failure distributions converge towards the Weibull distributions,
due to low defect densities that prevent any defect “clustering” [129]. However, this
seems counter-intuitive because the earliest failing samples should be dictated by the
highest defect densities, for which clustering would be extremely important. Second, the
clustering model statistics show that as the overall failure variability increases (lower β),
the overall model also converges to a Weibull distribution. This could be an indication
that spacing variation starts to dominate over defect density, reverting back to a single
random variable case that can be appropriately modeled using a Weibull distribution.
The charge transport model can be applied here as well, changing the effects of the
spacing variation and defect non-uniformity to model the resulting failure distributions.
A 2-D model will also be useful to model the effects of an air gap in the
dielectric between two metal lines. Air gaps are implemented into integrated circuits to
improve the RC signal delay [131], but are difficult to manufacture and their effect on
reliability is not well understood. In the 2-D model, an air gap can be easily implemented
between two metal lines in order to map the gap’s effect on conduction and overall
failure path.
5.2.4

Final Thoughts

The topics discussed above (detailed defect study, metal-catalyzed failure, and 2-D
simulations) represent just three ways the model can be applied or expanded right now to
improve its functionality and relevance to the integrated circuit community. There are
many other uses or improvements for the model that are either apparent now or will
become so as new dielectric breakdown theories are presented and different failure
mechanisms emerge during the continued evolution of integrated circuits. New
conduction mechanisms should be considered for films approaching 5 nm and below. It
was also shown in Chapter 4 that the model may be missing a conduction mechanism at
the highest applied fields, which could be tunneling or some other type of conduction.
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Identifying and applying this additional conduction mechanism could be important to
explain high-voltage TDDB behavior, which has serious implications for reliability
engineers using statistical approaches to extrapolate to operating conditions.
The emergence of big data also represents an opportunity for the model presented
in this work. Companies that fabricate large mass quantities of semiconductor wafers,
such as GLOBALFOUNDRIES, also produce a large amount of data from these wafers.
If this data is not completely and properly analyzed, the resulting inefficiencies cause
decreased productivity. In terms of dielectric failure data, a collaboration between
GLOBALFOUNDRIES and RPI can improve overall efficiency, tying together the
failure data to the model theory in order to provide a complete and detailed picture of the
dielectric breakdown process.
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