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Abstract

All semiconductor devices need electrical accessibility and thus some form of metal
contact is required. This contact may be rectifying or ohmic, but the metals used in
the chip construction are often unsuitable for making connections to the outside
world. Invariably, layered metallizations are used to make the top metallic layer
suitable for wire or tape ultrasonic-thermocompression bonding, usually involving
aluminium or gold, or soldering using lead-tin alloys. When a semiconductor device
is fabricated, it goes through a number of processes at the end of which it is
metallized, passivated, encapsulated, and packaged, or any combination of these. The
device engineer knows the structure of the device which will include a number of
semiconductor-metal, insulator-metal, and metal-metal interfaces.

In order to

ascertain the operational reliability of the device, accelerated life-tests and predelivery burn-in or screening (or both) based on life tests are often carried out. This
stressing involves operating the device either at high temperatures or at high current
densities in normal atmospheric, corrosive or highly irradiated environments, or in
environments consisting of combinations of these. The different interfaces in the
device may change their characteristics through materials transferred by various
means at the different stages mentioned above. The interfacial changes and any
resultant alterations in the bulk of the constituting materials invariably alters the
electrical or mechanical performances (or both) of the device which is said to have
degraded.

More importantly, operation of the device at high power levels or at high stressing
causes thermal runaway and device failure. The work carried out and described in this
thesis focuses on failures which occur in the connective paths, known as lines between
individual device internal transistors.

Firstly, the operation of the VLSI device in adverse elevated thermal and elevated
current density conditions will be described. Whilst the process failure mechanisms
under these conditions are well documented and mathematically defined, a new
technique involving mechanical stress modelling has been developed to predict
failures locations in the Al-Si 1% lines.

Secondly, a new procedure has been developed to artificially 'age' VLSI devices in
order to observe any degradation which may occur in the connecting paths. Several
factors have been identified which can contribute to line degradation. These are high
current density, high temperature and high mechanical stress. These factors together
give rise to electromigration, resulting in the physical movement of line material,
which eventually results in catastrophic line failure. It has been previously thought
that only temperature and current density were the controlling factors, but this
investigation has shown that mechanical stress has a major influence.

A new model to predict electromigration phenomena locations in conductive paths has
thus been developed based on mechanical stress, in addition to current density and
surrounding temperature.
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CHAPTER 1
Introduction

1.1 Integrated Circuit Trends.
The ever increasing complexity of integrated circuits has a significant influence on the
design of digital and electronic systems. Integrated circuits (know as chips), where an
entire circuit is manufactured on a single piece of silicon, first appeared around 1960.
At that time, the silicon die size and transistor dimension were such that only a few
simple gates offering primitive logic functions such as NOT, NAND, NOR etc. could
be accommodated; this level of integration is called Small Scale Integration (SSI).
Improvements in the processing techniques in subsequent years have resulted in a
steadily increasing silicon die area, as silicon crystal growth enhancement techniques
were applied, and a progressively reducing transistor dimension. Thus by 1970,
Medium Scale Integration (MSI) circuits with about a thousand transistors appeared,
whilst by 1980 Large Scale Integration (LSI) circuits of approximately one hundred
thousand devices were possible. Chips capable of containing around ten million
components , known as is Very Large Scale Integration (VLSI), were available by the
1990's. It is this level of integration on which the following investigation is based.
This chapter will review VLSI wafer fabrication methods, and introduce the types of
failure mechanisms which may occur in the VLSI devices.
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1.2. Review of Wafer Fabrication.
At the heart of every semiconductor device is a small piece of material called a die.
The basic material of the chip (commonly termed the substrate) can be any one of
several substances whose electrical conductivity at normal temperatures falls halfway
between that of a conductor and an insulator. The surface of each substrate contains a
number of small impurities which have been diffused into the semiconductor material
with geometric precision to change the electrical characteristics. These impurities are
then interconnected with microscopic stripes of metal to form an electrical circuit.
Silicon is the most common substrate material because it is the easiest to grow and it is
compatible with manufacturing repeatability.

The semiconductor electrical

characteristics of the silicon is accomplished by the diffusion into the silicon of either a
P impurity, which results in a deficiency of electrons, or an N impurity which results in
an excess of electrons. This diffusion process is known as 'doping'.
The wafer fabrication can mostly be subdivided into six parts:

• Device Design : Traditional device design involved the development of
a schematic circuit which performed the required function. The result of the
design process is a pattern of elements which are placed on the surface of the
die to form a circuit. For that placement process to be accomplished, the
pattern must be reduced to the smallest possible size and repeated many
times across the surface of the wafer.

• Mask Making : Since each chip consists of interconnected layers of
circuitry, each circuit layer which was represented in the design must be
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separated out. A final drawing, or mask, for each layer is then created
through computer-controlled photocomposition.

Each pattern is then

reduced to ten times its final size and reproduced on a glass plate which is
placed in a device known as a step-and-repeat camera. Final size masks are
then produced from this master and utilised in the fabrication area.

Doping Process : The doping process itself is essentially a chemical process. The
basic raw material is silicon with an impurity level less than 0.001 parts-permillion (ppm). This level of purity is crucial to the fabrication of reliable high
quality semiconductor devices.

The actual fabrication process begins with a

smooth slice of silicon between 5.08 and 12.70 cms (2" and 5") in diameter and
between 0.1524 mm and 0.508 mm (0.006" and 0.02") in thickness. Essentially
round, each wafer has one flat edge for alignment purposes. The first step in the
fabrication process involves epitaxial growth ( the formation of single-crystal
silicon on the surface of the wafer), which is accomplished by exposing the wafer
to gaseous silicon tetrachloride (SiCl4) or silande (SiH4) with a P-type or N-type
dopant. The decomposition of the gas at elevated temperatures ( 1200 °C) results
in the growth of an epitaxial layer. A layer of oxide is then grown over the surface
of the wafer. This could be described as a controlled "rusting" process, during
which the wafer is exposed to oxygen at high temperature to convert the surface of
the wafer to silicon-dioxide (SiO2). The oxide is then covered with a layer of
photoresist, and a mask containing the pattern for the buried layer is laid on the
surface of the photoresist.
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Exposure to light polymerises the photoresist under the non-opaque portions of the
mask.

The non-polymerised photoresist and the oxide beneath it are then

chemically removed from the wafer, opening diffusion windows. An N+ (arsenic or
antimony) or P+ (boron) type dopant is then used to diffuse impurities into the areas
of the wafer beneath the open windows. Once the diffusion of the buried regions is
complete, the residual oxide is chemically removed, and a new epitaxial layer is
grown. An other layer of photoresit is deposited and a new layer of doped silicon
can be created using the same technique as the one for the buried layer. On the last
layer, oxide is grown over the complete surface of the wafer. This layer, known as
the passivation layer, is then removed in selected areas to create contact windows
(openings in the oxide though which electrical contact can be made with the various
diffused elements). The wafer is then ready for the deposition of the metallisation
materials.

• Metallisation : Conductive metal (Aluminium with copper, silicon or
both) is evaporated over the entire surface of the wafer. Another photo mask
(the metal mask) is used to create the intended metallisation pattern though a
coating of polymerised photoresist. All unrequired metal is then etched
away. The remaining metal is then alloyed at high temperature in order to
make ohmic contact with the diffused silicon. The etching and alloying are
both critical processes.
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•

Glassivation : Once the wafer has been completed, most manufacturers

add a glassivation layer over the surface of the die for protective purposes.
Silicone dioxide and silicon nitride are the two compounds most commonly
used. The purity and doping level of this coating is of extreme concern
since the presence of contaminants in the glassivation can impair device
performance. After glassivation has been deposited on the wafer, the final
masking step sets the pattern for removal of the glassivation from the
bonding pads and the scribe grid (the area between the individual dice on
the wafer to enable the wafer to be broken up into individual dice).

• Post Process : All that remains at this point is that the wafer be probed
(that is, electrically tested), scribed and broken into individual dice, visually
inspected, and assembled into a package.

Gate Contact

Drain Contact

Source Contact

Channel Implant
Shallow Junction Extension
Figure 1.2.1: Cross-Section of a modern MOS Transistor.

-1.5-

1.3. Manufacturing Reliability and Defects.
Semiconductor reliability must begin with the die itself but also include the die
attachment method to the package and the package itself. Reliable products cannot be
assembled from either unreliable dice, die attachment methods or the chip package. To
build a reliable product one must begin with a clean, well-controlled fabrication area.
Because of the small size of the topographical pattern of the average die, attachment
method or package, the presence of a few particles of dust or any other potential
contaminant can cause early failure or can lead to long term degradation.
The proposed investigation of electromigration defects, considers only the connecting
paths or lines.

The assumption is made that the die, internal construction and

packaging are manufactured free of defects.

1.4. Electromigration.
Since the 1960's when electromigration was recognised as one of the main failure
mechanisms in VLSI devices there have been many studies of this phenomenon.
Testing has focused on aluminium and its alloys since these are the most widely used
metallisation materials. The reasons for using aluminium based materials have been
detailed by Sze ' . The rate of material transport in a metallisation layered test
structure due to electromigration is a function of many variables. The effect of current
density is still uncertain and several models have been proposed giving current density
(j ) dependence to be anywhere between (j 1 ) and (j 10 )as in reference 2. The
influence of temperature is a complex one since temperature is linked to the activation
energy of the ions in the material. There are several known processes by which
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electromigration can progress: grain boundary migration, bulk (or lattice) migration,
surface migration and interface migration; each having different activation energies 3 .
The elemental composition of the metallisation is also a factor determining
electromigration rate and there have been many studies of adding small quantities of
other metals to aluminium with most tests centring on the proven electromigration
resistance improvements of Al-Cu alloys 5 6 7 .

1.4.1 Overview of Electromigration.
Electromigration is the term applied to the transport of mass in metals when stressed at
high current densities. For conductors the size of aluminium films in VLSI circuits,
this high current density induces a temperature increase due to Joule heating and, with
the absorption of thermal energy, this provides the capability of atoms to reach saddle
points within the three-dimensional potential well. As aluminium is a face-centred
cubic crystal, it is isotropic and, for thermal diffusion, the atom would have equal
probabilities of falling into any one of the potential wells surrounding the saddle point
(in 3 dimensions), including its original position. When an electric current flows it has
a higher probability, depending upon the electric field or the current density or both, of
falling preferentially in a potential well situated towards or against the electric current,
depending upon whether the atom is in a negative or positive charged state, this
phenomenon being electromigration 2 . In an aluminium conductor, there are two
forces due to electromigation. The first is due to the electric field, which is generally
very small because of the screening of the metal nuclei by the electron shells and
because the field that a metal conductor normally sustains is very small. The second
force, the dominant force, is caused by the scattering of the moving electrons, the so-
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called 'electron wind1 effect. In general, it is these forces that cause vacancies to flow
in an opposite direction to the migrating atoms, and when they coalesce at grain
boundaries which join end-to-end, discontinuities in the structure are formed. This
open circuit-type failure is catastrophic.

1.4.2 Electro-Mass-Transport.
Electromigration has been observed in metal single crystals, polycrystalline wires and
thin films. The difference between thin film and the former two cases is twofold:
1. The resistivity of any sample is due to the scattering of electrons, both by
thermally-vibrating lattice atoms and by imperfections. In single crystals and
polycrystalline wires the resistivity is determined by lattice scattering, whereas
the resistivity in thin films is dominated by grain boundary and surface
scattering.
2. Air-suspended thick metal single crystals and wires can carry, at the most a
current density of 103 A cm'2. The temperature will reach 400 - 600 °C for a
current density of 10^ A cm'2, and will cause melting. A thin metal film, as
found in semiconductors, is effectively connected to an efficient heat-sink, and
even for a current density of 10^ A cm"2 the film temperature rarely exceeds
200 °C.
For thin metal films in semiconductors, electrotransport occurs predominantly through
grain boundaries due to both enhanced electron scattering at extended defects and the
relatively low temperature of operation.
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This rate is of the order 102 - 10^ times that though the lattice, and in some cases
along the metal surface. The flow of vacancies and migrating atoms which coalesce at
grain boundaries causes failures in metal films. At low temperatures a steady electromass-transport occurs through grain boundaries, which increases the metal film
resistance, and an open circuit failure is often preceded by mass flow divergence
caused by local heating and, in this situation, lattice electromigration becomes
important.
In some devices even a small increase in the resistance of the metal film due to mass
depletion can cause the device to malfunction and may be regarded as a failure
criterion. The above description of the formation of an electrically open circuit due to
the condensation of vacancies in the aluminium to form voids is one type of failure
mode. Another failure mode is electromigration-induced junction shorting at contacts.
When Al-Si alloy metallizations are subjected to high current densities,
electromigration of silicon atoms occurs and the transport of silicon though the
aluminium in the direction of the electron flux takes place more rapidly than does the
transport of aluminium in aluminium. As a result, at any negative potentials the metal
film is depleted of silicon, and at a contact the metal film is no longer in equilibrium
with the silicon substrate. Consequently, at sufficiently high temperatures, silicon
dissolution into the aluminium can take place. If the silicon is transported from the
interface by momentum exchange between thermally activated silicon ions and
conducting electrons, further dissolution can occur which finally results in the
formation of an etch pit. This process is a continuous one where rate is dependent
upon both temperature and current density 8. As described previously, the temperature
of thin metal films will be greater than that of the silicon substrate temperature due to
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Joule heating. The metal film does not normally suffer from overheating, but with the
large current density induced during electromigration testing, the temperature rise can
result in gradients in the metal film introducing negative divergences in the ion flux. If
these gradients are severe then premature conductor failure can occur.

With the

increase in conductor temperature, metallurgical and chemical reactions can be
initiated between the conductor and substrate or between the conductor and dielectric
introducing other failure modes. Although not relevant to the electromigration test,
metal fatigue due to the disparity in thermal expansion coefficients between the
conductor and substrate could promote conductor failure under pulsed conditions. The
failure modes described all occur because of flux divergence. Flux divergence can
occur:
(a) at a grain boundary triple point, where two outgoing grain boundary flux
paths against one incoming path creates local positive flux divergence and a
void is produced (Figure 1.4.2.1).

Figure 1.4.2.1 : Possible failure modes caused by electromigration accumulation and
depletion at grain boundary triple points caused by flux divergence
-1.10-

(b) when grain boundary sizes change abruptly from large to small, the large
number of outgoing flux paths through the small grained regions creates voids
where the large and small grains meet (Figure 1.4.2.2).

Mass
Accumulation

Mass
Depletion

Electron Flow

Figure 1.4.2.2: Possible failure modes caused by electromigration flux divergence due
to spread in grain sizes.
Grain sizes may change due to unequal grain growth during part-metallization
sintering or when the nature of the underlying surface changes along the metal
film, e.g. when the metal film goes from a single crystal semiconductor
surface on to the surface of an insulating film (Figure 1.4.2.3);
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Layer with
smaller grains

Depletion
occurs here
Large grained
metallic layer

Oxide

S/C single Xtal

Flow of Atoms
Electron Flow

Figure 1.4.2.3: Possible failure modes caused by electromigration flux divergence due
to change in film structure from single crystal to polycrystallineamorphous underlayer
(c) in regions where current crowding occurs, e.g. when the conductor width
changes;
(d) when any physical parameter associated with the metal film induces a local
hot spot, material is removed quickly from the heated region while the colder
part is unable to supply an equal atomic flux and voids are generated. Such
hot spots can be caused by current crowding or by local contamination and
structural discontinuity in the metal film, such as a metallization step
(Figure 1.4.2.4).
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Heating at
step discontinuity
Al metalization

SiO2

Silicon

Figure 1.4.2.4: Possible failure modes caused by electromigration flux divergence
caused by localised heating at a metallization step discontinuity.

1.4.3 Effects of the Manufacturing Process on Devices.
Not only is the metal film important, but the passivation and interlevel dielectric play
an important role in the failure of metal conductors . The Al-Si alloy used as a metal
conductor has a greater lifetime than pure aluminium l°. The inclusion of silicon
serves two purposes: firstly, it prevents large scale solid state dissolution of silicon
from the substrate during contact annealing, and secondly the solute atoms are thought
to be linked mainly at grain boundaries which consequently reduces the boundary sites
available for diffusion. The addition of transition metals has been found to form
intermetallics at grain boundaries which inhibits the grain boundary motion as well as
hindering vacancy creation and flow. A decrease in the lifetime of metal films occurs
when large silicon nodules are formed. Energy is stored in a deposited metal layer in
at least four different ways:
(i) Free surface energy (equivalent to surface tension).
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(ii) Interface energy.
(iii) Biaxial (in direction parallel to the substrate surface) tensile, or compressive strain.
(iv) Grain or sub-grain boundary energy.
The chemical and physical properties of sputter deposition

Al/Si films11 are

determined to a large extent by the grain boundary or surface-free energy density of the
film. The smaller the grain size, the larger the grain boundary surface area per unit
film, and thus the larger the thermodynamic free energy density associated with the
film. The excess free energy of smaller grain metal films implies a much greater
potential for chemical reactivity in order to minimise the overall film free energy. An
increase in grain size reduces not only the number of preferential sites for atomic flux
divergence but also the number of paths for grain boundary diffusion.
Atomic flux divergence and, consequently, formation of voids and metal pile-up,
however, may also be caused by variations of the grain size in the metal film.
According to Sinha Vaidya l2, the effect of the grain size distribution plays a more
dominant role than an increase in the mean grain size of the film. Al-Si metal films
have a very thin layer of surface oxide which partially inhibits vacancy generation
necessary for mass transport and, consequently, surface transport does not play a
significant role. If internally-generated vacancies migrate and create local stress, this
often cracks the surface oxide, allowing hillocks to form at the expense void
production elsewhere. The most relevant mechanical property of interest to sputtered
Al-Si metal films is its biaxial strain energy. In dynamic equilibrium the surface
temperature is higher than the substrate temperature during deposition.
For deposition onto cooler substrates, the rise in temperature is inadequate for
substantial atomic movements within the time-scale of deposition. When cooled, the
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layer contracts and tensile biaxial stress is developed. The magnitude of the stress
becomes larger as the grain size of the deposited film becomes smaller.

Most

deposited thin film stresses are tensile although this energy can go compressive when
reactive metals such as aluminium absorb gases during or after deposition or when
columnar grains are formed during sputtering at oblique angles. Of importance to
electromigration is the induced stress from the overlying passivation which reduces the
vacancy formation. This induced stress can be relieved by the formation of voids
which can then form openings in the metal by a temperature-assisted mechanical
deformation.

With respect to temperature-related deformations, another important

factor for the failure time of electromigration structures is the heat dissipated from the
metal conductor. If the metal conductor cannot dissipate heat through the adjacent
layers then any voids that are started can propagate extremely quickly.

1.5. Evaluation of Electromigration Tests

1.5.1 Design and Layout of Electromigration Test Structure.
The internal structure of a standard test sample has been defined by the U.S. National
Bureau of Standards (NSB) for electromigration structures13 and is shown as a plan
format in Figure 1.5.1.1. This plan is a block representation of metallic lines placed
on the upper layer of the silicon die. The test structure is composed of 9 pads, test
lines and control lines only used during manufacture.
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Two test lines are present on a same silicon die to reduce manufacturing cost. These
test line are 1.75 jj.ni and 2.5 um wide, which are typical width size in VLSI devices.
They are attached to pads lal and Ia2 for the 1.75 jam width and Ibl and Ib2 for the 2.5
um width. The other pads and lines will not be used during this investigation. They
are used during the manufacturing process only to asses the quality and tolerances of
the two previously mentioned test lines.
Test line 1.75|im width

Test line 2.5|im width

Figure 1.5.1.1: The layout of NBS style electromigration test samples.

The test metals are sputter deposited onto backside heated silicon wafers with a
500A layer of CVD densified BPSG. The Al / Si 1% and Al / Si 1% / Ti 0.15%
metals are sputtered to a depth of 6500 A whereupon half of the wafers are further
sputtered with 500 A of Ti. All wafers are photolithically etched into lines 1.75 urn
and 2.5 ^im wide, 800 \un long. The wafers are then deposited with 1 jam of silicon
dioxide before being separated into die, each with one complete electromigration
test structure containing both linewidths. These dice are hermetically sealed in 18
pin DIL ceramic packages14 with the narrow lines bonded out to pins 3 and 4, the
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thick lines to pins 11 and 12, to enable current stressing of either of these lines with
external equipment. Figure 1.5.1.2 show the 18 lead ceramic dual in-line package
use for this investigation.

24.38 max.

7.87

1.78

5.08
4-0.38
5.08

2.54

0.58
note: all dimensions are in millimetres.

Figure 1.5.1.2: 18 lead ceramic dual in-line package.

Referring to Figure 1.5.1.1 the current passes through lal to Ia2 if the 1.75 micron
linewidth is utilised otherwise bond pads Ibl and Ib2 may be used for the 2.5
micron linewidth. The bond pads Sa and Sb are used to monitor short circuits
between the guard rails and test line (sticks test) are not used during the elevated
temperature and current monitoring. The potential across the 1.75 micron linewidth
is monitored via bond pads Val and Va2, and via Vbl and Vb2 for the 2.5 micron
linewidth.

Figure 1.5.1.3 shows the dimensions of the test lines used in this
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investigation specified by the NBS 13 test sample style for electromigration, as a
top view plan.

800

Test line

Silicon dioxide

Figure 1.5.1.3 : Characteristical dimensions of the test lines, top view (all in (4.m, not to scale).

Post-deposition analysis of the Al / Si 1% and Al / Si 1% / Ti 0.15% grain
structures carried out by the manufacturer (INMOS Ltd) yield average grainsizes of
2 |*m and 1.7 jam respectively. Average linewidth information was also provided
by INMOS for the samples in the initial batch received and these were for the
narrow lines (1.75 um typical width). Tolerances were found to be 1.94 ^im ±
Al / Si 1%,

2.10 ^irn ± 0.1 |im Al / Si 1% with Ti cap, 2.11 ^un ± O.l^im
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Al / Si 1% / Ti 0.15% and 2.15 urn ± O.^m Al / Si 1% / Ti 0.15% with cap. The
wide lines (2.5 um) will not be tested during the course of this investigation.

The phenomenon of electromigration; also known as 'electrotransport', mainly results
from high current densities. For aluminium this current density has been shown to be
in the range 10s to 107 A/cm2, references 2<28'36'42-47 Preliminary investigations have
shown that current densities in aluminium of up to 107 A/cm2 can be applied without
causing line melting (This is due to the test line being extremely well cooled, by the
surrounding package). On the other hand current density of less than 105A/cm2 will
not provide enough energy to initiate electromigration.
Temperature is generally also considered as a key parameter in the emergence of
electromigration. Its role in electromigration is extremely complex, especially within
normal operating temperatures of less than 125 °C. Most tests have been performed at
elevated temperatures in the neighbourhood of 150 °C or higher, references 2>28'36'42>47 _
We thus have limitations set on both the test current and the test temperature. The
current density has to be as high as possible to initiate electromigration, but not too
high as to cause melting. Similarly, the test temperature has to be as high as possible,
but without causing package damage. Preliminary investigations have established that
a current of 4.39 106 A/cm2 (i.e.: 50 mA for a 1.75 \im linewidth with 6500 A
thickness), which is in the typical test range of 105 to 107 A/cm2 for aluminium, and a
test temperature of 150 °C are the optimum values, and these have been used as the
reference test values for the overall investigation presented in this thesis.
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1.6. Summary of Chapter 1.
Chapter 1 has presented integrated circuit trends and a review of wafer fabrication has
been given. Conventional electromigration failure and a standard test device for
electromigration testing has also been presented.
The following investigation will concentrate on the degradation of the 'line' due
uniquely to electromigration, taking into account the mechanical stress on the line in
addition to the usual temperature and current density factors.
This thesis is subdivided into three main parts:
1. The thermal modelling of the device under test and the mechanical stress involved,
to attempt the prediction of electromigration spots on the test line.
- Chapter 2 will present an introduction to thermal stress in VLSI devices.
- In Chapters 3, 4, 5 and 6 different techniques for thermal and mechanical
modelling are discussed, and the possible links with electromigration proposed.
- In Chapter 7, a fully applicable electro-thermal and thermo-mechanical model of NBS
standard test sample for electromigration is developed, using finite element analysis.
- Correlation between the results of the previously developed models and techniques is
presented in Chapter 8.
2. The electromigration stressing time and test results, using a newly defined test boundary and
statistical analysis of the results.
- In Chapter 9, the design of a new electromigration stressing model is described.
- Chapter 10 will introduce the result of life span testing using statistical analysis.
It will also present the results of an investigation using an SEM (Scanning
Electron Microscope) picture of stressed lines and their relationship with
failure factors.
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3.

The overall new emphasis on the prediction of electromigration locations in

conductive paths based mechanical stress, current densities and surrounding temperature
will be presented in Chapter 11.

The overall study will improve design layout for new VLSI products by enabling
electromigration factors to be taken into account, and possible weak areas subjected to
high electromigration, pin pointed.
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CHAPTER 2
Thermal Stress in VLSI Devices

2.1. Introduction.
It has been long recognised that thermal stressing is a major factor in the degradation
of VLSI devices . Thermal stress causes mechanical stressing and consequently
component deformation due to the differential expansion of the different materials
which compose the various layers of the die. This chapter will introduce the concepts
of thermally induced mechanical stress and its possible influence on VLSI structures.

2.2. Mechanical Stress.
The application of an external force to a solid causes internal resisting forces to exist
within the body whose resultant will be equal in magnitude but opposite in direction
to the applied force. A bar subjected to a longitudinal axial force that tends to
elongate the bar is said to be in tension, while a bar subject to longitudinal axial force
that tends to decrease the axial dimension of the bar is said to be in compression. Due
to the applied forces, internal resisting forces are continuously distributed over the
cross section of the bar. If the applied forces pass through the centroid (centre of
gravity) of the cross section of the bar, the resisting forces will be uniformly
distributed over the cross section of the bar. When comparing the resisting loads of
geometrically similar members, it is more convenient to use the resistive load per unit
area as basis of comparison. This resistive load per unit area, known as the stress (S)
is given by:
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(2.2.1)

where A is the cross-sectional area, and F is the applied force. In SI units, the force is
expressed in newtons and the area is square metres, giving the unit of stress as
Newton per square metre, or Pascal (Pa). The tensile and compressive stresses arise
from internal resistive forces within the body when this is subjected to external forces.
Another direct stress occurs when there is contact between two bodies. This external
force is known as bearing, and the contact pressure between the two bodies is known
as bearing stress. The application of an external force gives rise not only to internal
resistive forces in a body, but also to internal displacements in the body, which in the
aggregate give rise to an elongation of the body if the external forces is a tensile force.
Similarly, a compressive force causes shortening of the dimension of the body in the
direction of the force. When discussing the elongation (or shortening) of a body,
several terms are used whose meaning must be clearly understood. The deformation
will be designated by the symbol 6, and it will be taken to be the total change in a
dimension due to applied force. The elongation of the bar per unit of original length
is designated by the symbol e and is expressed as

e = A-

(2.2.2)

where L0 is the original length. The elongation per unit length is called the Strain.

-2.2-

If a member is subjected to a specific stress, it will undergo a specific strain. If this
strain vanishes, that is, the body returns to its original dimensions upon the removal of
the stress, the action is said to be elastic (Hooke's law 2 ). However, if upon the
removal of the stress the body does not return to its original dimensions and there is a
residual strain, the action is said to be inelastic.
The proportionality of stress and strain can be mathematically expressed as

S = Ez

(2.2.3)

where E is the constant of proportionality relating stress and strain.

The

proportionality constant E is sometimes known as Young's modulus, or more
commonly the modulus of elasticity. Since stress is expressed in units of force per
unit area and e is non-dimensional, E has the same units as S, namely, Pa. It is
sometimes more convenient to express equation (2.2.3) in terms of the total
deformation 6, the length of the member L, the cross-sectional area A, and the applied
load F. Noting that S = F/A and e = 5/L.
— = EA
L

(2.2.4)
V
'

5=

(2.2.5)

or
EA

As was noted earlier, when a bar or member is subjected to a direct stress, the bar
changes its axial dimension by an amount directly proportional to the magnitude of
the applied stress.

In addition to this direct effect, it is found that the bar
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simultaneously undergoes a change in its lateral dimension.

This is known as

Poisson's ratio. It is important to note that if the longitudinal strain causes extension,
the lateral strain will be compressive, that is, if the applied force causes the bar to
elongate in the direction of the applied force, the bar will contract in the other
directions. Similarly, if a bar is compressed (shortened) in the longitudinal direction,
it will undergo an increase in its lateral dimensions. When a body is subjected to
stresses in more than one direction, the strains may be found by considering each
stress separately. The total effect is then the vector sum of the separate effects, with
attention to the fact that, by convention, tension causes a positive deformation, and
compression causes a negative deformation.

2.3. Concept of Temperature Stress.

If a bar is not restrained in any way, an increase in temperature will cause an increase
in its dimensions, and conversely, a decrease in temperature will cause a decrease in
its dimensions. It is usual to describe the dimensional change due to temperature
changes in terms of the change in a linear dimension. Thus the change in length of a
bar AL is directly proportional to both the temperature change of the bar At and the
original length of the bar L0. The constant of proportionality is called the linear
coefficient of expansion and is usually denoted by the symbol a.
It can be write as
AL = ccL0 (At)

(2.3.1)

Lf = L0 + a L0 (At) = LO (1 + a At)

(2.3.2)

or, as a first order equation
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The coefficient of linear expansion a is therefore the change in length per unit length
for a one-degree change in temperature. The units of a are m/(m °C).

If a bar is restrained and cannot move freely, stresses will be set up in the bar when it
undergoes a change in temperature. The stress can be found by Hooke's law:

total
initial length

and using a LQ (At) as the total deflection,

Lo

From equation (2.3.4) it can be see that the stress in the bar, when the bar is restrained
from freely expanding, is independent of the dimensions of the bar and is only a
function of the temperature change, the modulus of elasticity, and the coefficient of
linear expansion.

The evaluation of the physical properties of materials at high

temperature is very important. Most properties, such as the yield point and ultimate
strength, are temperature dependent 3. In addition, when materials are kept at constant
stress at high temperatures for considerable periods of time, a continuous deformation
of the material, known as creep, occurs 4. In general, the strength of metallic materials
varies inversely with temperature. Some typical values of the linear coefficient of
expansion 4 for materials relevant to this investigation are given in Table 2.3.1. (,All
the materials considered in this investigation have a positive coefficient of expansion)
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Material

Coefficient a
inJin.°F
mm/mm°C

Aluminium

13.96 x Iff*

25 x 1Q-*

Silicon

2.61 x Iff6

4.68 xlCT6

Silicon Dioxide

3.07xlO"7

5.5 x 10'7

Table 2.3.1: Some typical values of the linear coefficient of expansion

As shown in Table 2.3.1 the values of linear expansion for Aluminium, Silicon
Dioxide and Silicon are very different. A VLSI device is formed by successive
addition of layers composed of aluminium for the connections, silicon dioxide for the
isolation and silicon for the substrate. These different layers of different materials are
going to be subjected to expansion in the case of temperature fluctuation. Mechanical
deformation within the component is inevitable due to the mismatch in coefficients of
thermal expansion between layers.

It is essential to the consequences of this

mismatch to find the inter-layer work as well as inter-atomic work. As an example,
consider three bars composed of aluminium, silicon dioxide and silicon. Assume that
these three bars are placed in free space and are not subject to external forces and not
restrained. If the surrounding temperature changes, these three bars will be subject to
'compression' if the temperature decreases, and 'expansion' if the temperature
increases. The length of the three bars have been taken as 800 fim, width and
thickness are regarded as negligible, and the temperature changed from -100 °C to
+250 °C. Figure 2.3.1 shows the different 'expansion' of the three bars as a function
of the applied temperature.
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Length as a function of temperature

x 10

7.98
-100

-50
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100
50
Temperature in C
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Figure 2.3.1: Length of the bars as a function of the surrounding temperature.
From Figure 2.3.1 it is possible to calculate the value in percent of the 'expansion' of
each bar, enabling the rapid comparison of the expansion of the different materials.
This result is shown in Figure 2.3.2.

% growth Length as a function of temperature
0.7
0.6
0.5
0.4
f> 0.3
a
| 0.2
O 0.1
SS
0

-0.1
-0.2
-0.3
-100

-50

0

100
50
Temperature in C

150

200

250

Figure 2.3.2: Percentage of growth length of the bars in function of the surrounding temperature.
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In the case of a VLSI component, the different layers are formed by successive
additions of different materials, as shown Figure 2.3.3.

Aluminium
upper interface

Silicon Dioxide
Silicon

lower interface

N.B.: Diagram not to Scale

Figure 2.3.3 : The different layers

It is evident than the mismatch of coefficients between layers is going to involve an
additional work (stress) at every single layer to layer interface. The layer to layer
interfaces are Aluminium to Silicon Dioxide and Silicon Dioxide to Silicon. From the
previous observations in Figure 2.3.1 and Figure 2.3.2 it is possible to compute the
difference in percentage growth in length as a function of temperature to determine
the most 'stressed' interlayer. Figure 2.3.4 shows this result. It has to be noted that
the interlayer Aluminium to Silicon is only given for information purposes in the
event of the silicon dioxide layer not being present.
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Difference % growth length as a function of temperature
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Figure 2.3.4: The difference in percentage growth of length as a function of temperature.

From Figure 2.3.4, a first conclusion can be drawn.

The upper layer to layer

interface, i.e. aluminium to silicon dioxide, is going to be subjected to a high intensity
mechanical force in the event of temperature fluctuation, this being due to the large
difference between the coefficients of thermal expansion. However, the lower layer to
layer interface, i.e. silicon dioxide to silicon, is going to be subjected to a mechanical
force as well, but with a smaller intensity. It finally results from this observation that
the most 'stressed' layer has to be the middle layer: the silicon dioxide, since this is
subjected to two cumulative forces. It is therefore necessary to know the increase of
temperature in the aluminium lines to be able to determine the 'stress' involved due to
the expansion of the layers.
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2.4. Concept of Current Heating.
The heat produced, H (joules) when a current I (amperes) flows through a resistance R
(ohms) for t (seconds) is given by (reference 5 ):

H - I 2 Rt

(2.4.1)

or, The heat produced per second, H (watts) when a current I (amperes) flows through
a resistance R (ohms) is given by (reference 5 ):

H = I2 R

(2.4.2)

Heat is a form of energy. The heat produced per second by a current in a wire is
therefore a measure of the energy which it liberates in one second, as it flows through
the wire. The heat is produced by the free electrons as they move through the metal.
On their way they collide frequently with atoms; at each collision they lose some of
their kinetic energy, and give it to the atoms which they strike. Thus, as the current
flows through the wire, it increases the kinetic energy of vibration of the metal atoms:
it generates heat in the wire. The electrical resistance of the metal can be thought of
as due to atoms obstructing the drift of the electrons, it is analogous to mechanical
friction. As the current flows through the wire, the energy lost per second by the
electrons is the electrical power supplied by the power source which maintains the
current.
A second independent heating or cooling process which occurs in a single material is
called the Thomson Effect 6. This appears when an electric current flows through a
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conductor along which there is a temperature gradient 4. This effect is proportional to
the product of the current I and the temperature gradient ^T/

4? and therefore

reverses when the current is reversed. A Thomson coefficient is defined for a material
as the heat evolved when a charge of one coulomb flows from one point in a material
to another at 1 °C lower temperature. Thomson's coefficient which is normally
denoted by a has units of Joules and is exceedingly small (in the order of 10~7 for
most metals). For this reason the Thomson effect will be ignored in all the discussions
and calculations throughout this thesis.

2.5. Summary of Chapter 2.
Chapter 2 has presented the basic concept of temperature induced mechanical stress
along with the concept of current heating in the die. As the components become more
and more highly integrated, the fluctuation of temperature due to external sources or
internal Joule effect has a direct effect on the mechanical aspect of these devices.
Particularly, in V.L.S.I devices the temperature variation must be known to determine
the modification of the die shape due to stress forces which weakens the structure,
therefore reducing the life time of the component. It is essential, therefore to know the
shape modification caused by thermal expansion and to evaluate the inter-layer stress as
well as interatomic stress. One of the aims of this investigation is the development of a
mathematical model to simulate failure caused by thermo-mechanical stress in V.L.S.I
components. Chapter 3 will focus on the development of a first order model to simulate
the increase in temperature in the Al lines of the die. This model will enable a first
estimate of the temperature rise of the line to be made when current is applied.
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CHAPTER 3
First Order Model of Increase of Temperature in the Al lines

3.1. Introduction.
Consider an aluminium alloy conductor in a high ambient temperature of
which has a current I passing through it. The conductor temperature will increase due
to two effects. An increase will firstly occur due to the surrounding high ambient and
secondly due to the Joule heating effect of the current flowing through it '. This
temperature increase will cause a resistance variation 2.

3.2. First Order Model of Increase of Temperature in the AI lines.
The first order temperature approximation of resistance 3 can be represented by:

(3.2.1)

where RQ is the resistance at 0 ° C, a represents the first temperature coefficient of
resistance, T(I) is the temperature increase due to the current and T^b is the ambient
temperature. In Chapter 1 the conductive line paths within the chip were seen to be
composed of aluminium lines which are sputtered onto a planar layer of inter level
dielectric (borophosphosilicate glass BPSG). The lines or conductors are covered
with a coating of silicon dioxide doped with phosphorous passivation using chemical
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vapour deposition (PSG). As a first approximation the conductors can be considered
to be a finite aluminium cuboid of 800 fam length surrounded by a layer of doped
silicon dioxide glass. It is assumed that the metal conductors dissipate heat through
the doped silicon dioxide by means of conduction and the thermal conductivity is
constant over the temperature range concerned. Thermograms of heated integrated
circuits indicate that the dissipation length to reach ambient temperature is less than
the thickness of either the BPSG or PSG layers 4. This allows the model to utilise
conduction only. Equating the Joule heating per second to the temperature dissipated
per second gives:

(3.2.2)

where I is the current through the metallic layer, R is the resistance of the conductor, k
is taken as the average thermal conductivity of the BPSG and PSG layers. A is the
dissipation area of the conductor to the doped glass regions, T(I) is the temperature
due to the current, L is the dissipation length. This representation of the conductor,
silicate glass and dissipation length is shown in Figure 3.2.1.
Substituting the resistance from (3.2.1) :

L

(3.2.3)

Solving for T(I):

kA_
L
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2 4)

Substituting the value of T(I) in the expression for resistance in (3.2.1) produces :

R=

kA
'T
(3.2.5)

kA_

T
The above expression shows that the resistance will be dependent on both the ambient
temperature and current.

N.B.: Diagram not to Scale

Phospho Silic
Glass

Boro Phospho Silicate Glass

Figure 3.2.1: Representation of metal conductor after process flow.

For constant current the expression (3.2.5) can be written as:

(3.2.6)
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where the gradient and intercept are represented by:

=

ILv.kA

(3- 2 - 7)
(3-2-8)

Equation (3.2.5) can also be evaluated by assuming a constant ambient temperature.
The relationship in Equation (3.2.5) becomes a reciprocal expression of the form:

(3.2.9)

where the gradient and intercept are :

m2 =——7-——r
kA(l+a.Tamb )

(3.2.10)

(3.2.11)

Secondary analysis utilising the gradients and intercepts of the previous results shown
by Equations (3.2.7), (3.2.8), (3.2.10) and (3.2.11) allows further interpretation with
the following results. Equation (3.2.7) contains the variables mj and I.
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The re-arrangement becomes:

— = m,I2 +Int3
m,

(3.2.12)

where a plot of 1/mj against I2 yields a gradient and intercept
L
3-T7
kA

(3-2.13)

(3.2.14)
Equation (3.2.8) contains the variables Intj and I. The rearrangement allows the
following:
1 =mJ2 +M4

(3.2.15)

where a plot of l/Int2 against I2 yields a gradient and intercept:

<=-

(3.2.16)

KA

Int4 =—

(3.2.17)
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Equation (3.2.10) contains the variables nr> and Ta^. The rearrangement is:

(3-2.18)

where a plot of l/m2 against Tamb yields a gradient and intercept:

(3.2.19)

Int5 =-—

(3.2.20)

Equation (3.2.11) contains the variables Int2 and Ta^. The rearrangement becomes

(3.2.21)

where a plot of l/Int2 against Tgmb yields a gradient and intercept:

m6 = R^a

(3.2.22)

= R,

(3-2.23)
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Using multiple graph representation it is therefore possible to evaluate the
characteristics of the metallic conductor in terms of RQ and a and a ratio of the
thermal conductivity of the doped silicon dioxide and the dissipation length to
ambient temperature.

3.3. Experimental Results and Discussion
Numerous samples were subjected to elevated temperatures and currents and their
absolute resistance monitored. The structures were manufactured by a commercial
manufacturer using standard VLSI circuit processing techniques. These consisted of a
625 urn thick n-type doped silicon wafer of 100 mm diameter, a 5000 A of chemical
vapour deposition (CVD) layer of borophosphosilicate glass (BPSG) which was
reflowed to establish a planarised surface; the metallisation layer was produced by
sputtering a target containing aluminium with 1 % silicon (Al/l%Si), and etched to
give the dimensions of 6500 A thickness, 800 micron length with no meander and 2.5
micron width.

The metallisation layer was passivated with 1 micron of

phosphosilicate glass (PSG) and the passivation etched to reveal the metal bond pads.
The fabricated devices were subjected to a temperature range of 30 - 180 °C and a
direct constant current ranging between 10 and 60 mA.

The accuracy of the

instruments allowed temperatures of ±0.1 °C to be monitored and ± 0.1 mA in the
current. After the specified temperature and current had been set the device was
allowed to maintain equilibrium approximately one hour before the potential across
the device and current through the device were measured. This was repeated for a
fixed current with the temperature raised and then lowered, and secondly by fixing the
temperature and raising and lowering the current. The overall system configuration is
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shown in

Figure 3.3.1 which comprises a constant current source, a stabilised

temperature environment and computer monitoring of the current passing through the
device under test (DUT), the temperature and the potential across the DUT.

Constant
Current
Source

Low Impedance

High
Impedance
Micro -

Milli-ammeter

Voltmeter

Computer

Figure 3.3.1: Overall System Configuration.

The critical stage of this experimental arrangement is the constant current source since
the resistance of the DUT changes with accelerated stress. At standard temperature
and pressure a DUT can typically have resistance values around 16 ohms and upon
electromigration movement this resistance can rise to 500 ohms or more . The
constant current source was therefore required to maintain ±0.1 mA accuracy
throughout the entire range of resistance values between 10 and 500 ohms. Values
above 500 ohms resistance were regarded as open circuits and thus classified as
complete failures. The constant current source had to maintain ± 0.1 mA stability
-3.8-

over a resistance range of 10 - 500 ohms and currents up to 60 mA. For the initial
work a Tecktronix 6 current generator was used. The oven used was a Galankamp
OV204 oven

and all locations used within the oven were monitored for temperature

prior to the experiments being conducted. All locations in the oven occupied by the
DUT had a worst case accuracy of ±0.1 ° C . The monitoring of voltage and currents
was made by a fully calibrated high impedance micro voltmeter and fully calibrated
low impedance milliammeter, the accuracy of both instruments giving resistance
errors of ± 1 %.
A four stage process was used during the manufacturing of the test samples. The first
step pre-heated the wafers, the second and third steps deposited equal amounts of
aluminium alloy and the final step allowed deposition of other materials if sandwich
layers were required. For metal depositions of approximately 1 jam , a metal target
(used in the sputtering process) would typically produce around 5000 wafers using
this process . During this investigation 2 new targets were introduced and samples
0

representing LOT 1, LOT 2 and LOT 3 corresponded to start of target life, middle of
target life and end of target life respectively.

After wafer fabrication the lots

underwent wafer level test. The devices were tested on a wafer prober test system for
short-circuits between the resistor line and the guard rails and for resistance
(12 - 20 ohms) of the 1.75 micron wide line. Resistors failing either test were inked to
identify a defective die. The dice that were not inked were assembled in 16 pin
Dilmon packages. After visual inspection and hermetically sealing in a dry nitrogen
atmosphere, completed devices were again tested for resistance. For this investigation
only the 1.75 micron resistor line was bonded out. The internal structure of the
sample is given by the U.S National Bureau of Standards (NBS) for electromigration
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structures

(Chapter 1). The current passes through lal to Ia2 if the 1.75 micron

linewidth is utilised otherwise bond pads Ibl and Ib2 may be used for the 2.5 micron
linewidth (See Chapter 1, Figure 1.5.1.1) . The bond pads Sa and Sb are used to
monitor short circuits between the guard rails and test line and are not used during the
elevated temperature and current monitoring. The potential across the 1.75 micron
linewidth is monitored via bond pads Val and Va2. As an example, the data collected
from Sample 3 which corresponds to 2500 wafer depositions is presented here, since
it is typical of the true Al / 1% Si alloy and has minimal impurity content. Each
measurement presented in Table 3.3.1 represents an average of four values.

Tamb
(°Q
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180

R(Q)
for
I=(10 mA)

R(Q)
for
I=(20 mA)

R(Q)
for
I=(30mA)

R(Q)
for
I=(40mA)

R(fl)
for
I=(50mA)

15.52
16.07
16.65
17.25
17.82
18.40
18.96
19.52
20.08
20.66
21.21
21.80
22.37
22.87
23.41
23.98

15.68
16.22
16.80
17.37
17.94
18.51
19.10
19.66
20.23
20.78
21.33
21.92
22.50
23.06
23.64
24.24

15.78
16.36
16.95
17.53
18.10
18.67
19.22
19.81
20.38
20.94
21.53
22.11
22.70
23.25
23.82
24.40

15.95
16.54
17.13
17.73
18.29
18.88
19.48
20.05
20.60
21.21
21.77
22.36
22.95
23.52
24.08
24.68

16.17
16.76
17.34
17.94
18.53
19.10
19.68
20.28
20.85
21.46
22.05
22.57
23.15
23.78
24.36
24.93

R(fl)
for
I=(60mA)
16.55
17.14
17.75
18.34
18.95
19.53
20.09
20.69
21.30
21.86
22.48
23.07
23.67
24.25
24.83
25.43

Table 3.3.1 : Resistance (Ohms) of Sample 3 as a function of Temperature (°C) and Current (mA).

At each fixed current a measurement was taken for a fixed temperature with the
temperatures first increasing and then decreasing.

Secondly, for each fixed

temperature a measurement was made at fixed current with the current increasing and
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then decreasing. Throughout the target life the total number of samples tested was in
excess of 400. To pinpoint the exact sample location during the target lifetime the first
2 samples were taken from the beginning of the target life which represented LOT 1,
3 samples were picked after 2500 wafer depositions which represented LOT 2 and 2
samples chosen after 5000 wafer depositions which represented LOT 3.

3.3.1 Resistance - Temperature analysis.
From Equation (3.2.6) a plot of resistance against temperature yields a straight line as
shown in Figure 3.3.1.1 which is the graphical illustration of Table 3.3.1.
Resistance R (Ohms)
25
24
23
22
21
20
1 9

18
1 7
1 6
1 5

40

60

80

1 00
L amb

1 20

1 40

1 60

1 80

(Q

Figure 3.3.1.1. Resistance against Temperature for Sample 3.

The analysis of all samples at every fixed current produces linear relationships as
illustrated by Equation (3.2.6). Table 3.3.1.1 Appendix B represents the regression
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analysis of Sample 3 at constant current together with the determined values of
intercepts and gradients.
Every fixed value of current for each sample represents a temperature range between
30 °C and 180 °C and corresponds to 16 data points. The confidence of accuracy
within the results can be demonstrated by the values given by the mean square error
10. The accuracy of the results allows further analysis to be justified. Using Equation
(3.2.12) which represents a variation of mj with I two further graphs may be
generated. A plot of 1/Intj against I2 is shown in Figure 3. 3.1.2 whilst the plot of
against I2 is shown in Figure 3.3.1.3.

1/int, (I/Ohms)
0 .07 3

0 .072

0.07 1

0 .0 7

0 .06 9

0.0 68

0.06 7

0 .5

1 .5

2

2 .5

3 .5
x 1 0

I2 (Amps 2)

Figure 3.3.1.2 : (1/Intj) against I2 for Sample 3.
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C/Ohms)
1 8

1 7.8
1 7 .6
1 7 .4
1 7.2

1 7
1 6 .8

1 6 .6

0 .5

1.5

2

2.5

3 .5
x 1 0

I2 (Amps 2)

-3

Figure 3.3.1.3 : (l/mj) against I2 for Sample 3.
The data plotted again use values obtained from Sample 3. The results for the three
lots are shown in Table 3.3.1.2 for l/Intj against I2 and l/m\ against I2 respectively.
1/m,
sample

Mean

Int3

square

stderr

1/Int,
m3

Stderr nvj

Int3

)T2

)T3

Int4

std err Int^

m4

square

error

)T1

Mean

Stderr
m^

error

1

0.79

15.69

0.12

-157.51

40.74

0.99

0.06

1.12x10"

-1.38

0.037

2

0.74

15.69

0.15

-166

48.97

0.99

0.06

1.03x10""

-1.36

0.035

3

0.96

17.63

0.06

-207.55

20.07

0.96

0.07

1.22x10"

-1.26

0.041

4

0.76

16.83

0.13

-151.94

42.21

0.99

0.06

7.74 xlO'5

-1.32

0.026

5

0.99

17.31

0.04

-223.37

12.38

0.99

0.07

1.39 xlO"

-1.17

0.046

6

0.94

17.11

0.08

-225.20

27.34

0.99

0.07

9.53 xlO"J

-1.23

0.032

7

0.98

16.33

0.04

-226.95

13.90

0.99

0.06

1.6x10"

-1.17

0.054

Table 3.3.1.2: Analysis of (I/mi) and (1/Inti) against I2 for LOT 1, LOT 2 and LOT 3.
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It can be seen from Table 3.3.1.2 that three of the values of the mean square error are
lower than the other four values. The reason for this discrepancy is that at large
values of current and temperature the onset of electromigration takes place. As this
secondary analysis is only made from six data points the deviation from the line of
only one data point significantly changes the mean square error.

3.3.2 Resistance - Current analysis:
Table 3.3.1 shows the raw data for resistance values of Sample 3 as a function of both
temperature and current. The previous section has illustrated the information that can
be obtained from Resistance - Temperature analysis. Equation (3.2.9) shows the
variation of the reciprocal of resistance as a function of current for fixed temperature.
Figure 3.3.2.1 presents the data for Sample 3 in terms of 1/R and 1^ whilst
Table 3.3.2.1 Appendix B shows the mean square error of the line together with the
analysis for both the gradient and intercept for LOT 2.

1/R (I/Ohms)
0.07
0.065
0.06
0.055
0.05
0.045
0.04
0.035
1 .5

0 . 5

2 .5

3 .5
x

I 2 (Amps 2)

(T = 30 °C is the Top Graph, T = 180 °C is the Bottom Graph)

Figure 3.3.2.1: (1/R) against I2 for Sample 3.
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1 0

The mean square errors shown in Table 3.3.2.1 provide the confidence for further
interpretation of the data. It must be noted that although the mean square errors are
slightly lower in this table as compared with that in Table 3.1.1 the mean square
errors calculated in Table 3.1.1 are from 16 data points whereas Table 3.3.2.1 have
the mean square errors calculated from only 6 data points. Equations (3.2.10) and
(3.2.11) show that further interpretation of the gradient and intercept shown by
Figure 3.3.2.1 can be made with respect to ambient temperature. Equation (3.2.18)
indicates the variation of l/m2 with the ambient temperature and Equation (3.2.21)
shows the variation of l/Int2 with ambient temperature.

These graphs are

respectively shown in Figure 3.3.2.2 and Figure 3.3.2.3 for Sample 3, the values
for the gradients and intercepts for all the samples are show in Table 3.3.2.2.

l/int2 (Ohms)
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2 1
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1 8
1 7
1 &
1 5

40

60

80

100

120

1 4 0

1 6 0

Tamb (°C)

Figure 3.3.2.2: (l/Int2) against Temperature for Sample 3.
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1 8 0

l/m2 (ohms Amp2)
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-1 .2
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160
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Tamb ( °C)
Figure 3.3.2.3 : (l/m2) against Temperature for Sample 3.

Intj and ms
LOT1
LOT 2

LOT 3

Int6 and m6

1

Mean
square
error
0.98

-0.71

0.036

-4.92 x!0°

2

0.98

-0.72

0.030

3

0.99

-0.79

4

0.99

5

sample

std err
oflnt5

Std err of
m5
1.96x10"

Mean
square
error
0.99

15.75

0.013

0.064

7.27 xlO"3

^».84xlO'3

1.62x10"

0.99

15.72

0.16

0.064

8.75 xlO"

0.022

-4.47xlO'J

1.17x10"

0.99

13.84

0.014

0.057

7.84 x!0°

-0.74

0.024

-5.20 xlO'3

1.31 xlO"

0.99

14.45

0.015

0.059

7.98 xlO"5

0.98

-0.86

0.031

-4.34 xlO''

1.67x10"

0.99

13.98

0.053

0.058

2.91 xlO"

6

0.98

-0.81

0.030

-4.22 xlO'3

1.62x10"

0.99

14.78

0.020

0.058

1.12x10"

7

0.98

-0.85

0.028

-4.24 xlO'3

1.51x10"

0.99

15.40

0.012

0.061

6.57 xlO"5

Int5

m5

Int6

stderr
oflntg

™6

Table 3.3.2.2 : Results for Int5 , m5 and Inte , m6 for LOT 1, LOT 2 and LOT 3.

This secondary analysis allows data to be plotted for 19 values and hence any
deviation in one data point does not greatly affect the overall accuracy of the line.
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Std err of
n^

3.3.3 Analysis of the gradients and intercepts:
The previous two sections have illustrated that the primary graphs of resistance
against temperature and resistance against current allows further analysis and the
plotting of secondary graphs. It is these graphs that determine the metal conductor
characteristics RQ and a and the ratio (kA)/L. A summary of the secondary gradients
and intercepts from Tables 3.3.1.2 and 3.3.2.2 are shown in Table 3.3.3.1.

m3

LOTl

LOT 2

LOT 3

int3

Sample

-[-]

w

(M

1

1114

int4

ms

4-}
UJ \LJ

ints

m6

int6

-(-}
\alJ

(*0a)

R,

(aL\

f'l

U0aJ

(IA)

-157.50

15.69

-1.38

0.063

-4.92xlo-3

-0.71

0.064

15.74

2

-166

15.69

-1.36

0.063

-4.84 xio-3

-0.72

0.064

15.72

3

-207.55

17.63

-1.26

0.072

-4.47 xio'3

-0.79

0.057

13.84

4

-151.94

16.83

-1.32

0.069

-5.2 xio-3

-0.74

0.060

14.45

5

-223.37

17.32

-1.16

0.072

-4.43 xio-3

-0.86

0.058

13.98

6

-225.20

17.11

-1.23

0.068

-4.22 xlO'3

-0.81

0.058

14.78

7

-226.95

16.33

-1.169

0.065

-4.24 xlO'3

-0.85

0.061

15.39

Table 3.3.3.1 : Summary for Al / l%Si.

The characteristics of the metal and the accuracy of the model can be seen by
extracting the parameters for the first temperature coefficient of resistance (a) and
0 °C resistance values (Kg) as shown in Table 3.3.3.2.
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Average of RQ

Std Dev RO

Average of a

Std dev a

LOT1

15.73

0.019

4.049 xlO'3

1.36 xlO"6

LOT 2

14.09

0.322

4.11xlO"3

LlSxlO'5

LOT 3

15.09

0.430

3.97 xlO'3

1.34xlO'5

Table 3.3.3.2 : Average values of RQ and a fot LOT 1, LOT 2 and LOT 3.

The data shown in Table 3.3.3.2 represents a and RO varying with respect to usage
of the Al / 1% Si alloy target. Plots of RQ and a with respect to number of wafer
deposition (target life representation) are shown in Figure 3.3.3.1 and
Figure 3.3.3.2 respectively.

RO (ohms)

14.4

- •

14.J

• •

Target Life (Number of wafer depositions)
Figure 3.3.3.1 : RQ against Taget Life.
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a (First temperature coefficient of resistance)

400E-03

Target Life (Number of wafer depositions)
Figure 3.3.2 : Alpha (a) against Taget Life.

The change in values of RQ demonstrate the typical dependence on impurity
variation. It has been established that wafer targets contain the major proportion of
their contaminants in the initial skin and a further high level in the final portion of
a given target n . This is immediately apparent from Figure 3.3.3.1 which shows
higher values of RO at the start and end of the target life. The first temperature
coefficient of resistance (a) has a much smaller dependence upon possible
contamination levels although very small changes can be seen between the start
and completion of target life. The variation of a with respect to impurities is not
well defined as demonstrated by values presented for impurity levels and the first
temperature coefficient of resistance. The values presented in Table 3.3.3.2 allow
the determination of confidence levels in predicting the period in the target life of
the deposition. The figures presented are a subset from a large number of samples
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which allows the statistical inference of hypothesis testing on a normal
distribution

. The standard representation is:

(3.3.3.1)
where: (X j is the average of a or RQ
T is the standard deviation of a or RQ
n is the number of sample
A: is the coefficient of confidence.

The limits for RQ and a at different confidence levels are shown in Table 3.3.3.3.
K=0.675
50%
Max
Min

Average Values
LOT1

LOT 2

LOTS

K=2.S75
99%

K=1.645
90%
Max
Min

Max

Min

R0 =15.73

15.72

15.74

15.71

15.75

15.69

15.77

a = 4.049 xlO"3

4.048 xlO'3

4.049 xlO"3

4.047 xlO'3

4.050 xlO'3

4.046 xlO'3

4.051 xlO'3

R 0 =14.09

13.96

14.214

13.78

14.39

13.61

14.57

a = 4.11xlO~3

4.105 xlO'3

4.114xlO"3

4.098 xlO'3

4.121 xlO'3

4.092 xlOJ

4.127 xlO'3

R 0 =15.09

14.88

15.29

14.588

15.59

14.31

15.87

a = 3.97 xlO'3

3.963xlO'3

3.976 xlO'3

3.953 xlO'3

3.985 xlO'3

3.944 xlO"3

3.994 xlQ-3

Table 3.3.3.3: Confidence limits for RO and a.
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3.4. Summary of Chapter 3.
A first order model of steady state Joule heating in VLSI conductors has been
developed. From measurements taken at elevated temperatures and currents, values of
various parameters can be extracted by careful consideration of first order
relationships between conductor resistance, current and temperature. The values of
these parameters can be used to characterise the metal alloy and to assess the
contribution of Joule heating to the temperature increase above ambient temperature
and hence to the potential failure due to electromigration. It is clear that a study of the
hot spot area in the Al lines has to be carried out, and this will be presented in the
following chapters.
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CHAPTER 4
Microscopic Model for Stress Involved at Interfaces
4.1. Introduction.
In the fabrication of devices for integrated circuits the metal layer is deposited on a
SiO2 patterned wafer. Generally, the samples are prepared by depositing thin metal
films either by electron-gun evaporation under dry vacuum conditions or by
sputter-deposition in a well controlled atmosphere. The samples are then annealed
either in vacuum or in a controlled atmosphere. The elements and their chemical
compounds generally occur in three physical states: the solid state, the liquid state, and
the gaseous state. In crystalline solids the atoms are stacked in a regular manner,
forming a three-dimensional pattern which may be obtained by a three-dimensional
repetition of a certain pattern unit ' . When the periodicity of the pattern extends
throughout a certain material, one speaks of a single crystal. A fundamental concept in
the description of any crystalline solid is that of the Bravais lattice, which specifies the
periodic array in which the repeated units of the crystal are arranged. The units
themselves may be single atoms, groups of atoms, molecules, ions, etc., but the
Bravais lattice summarise only the geometry of the underlying periodic structure,
regardless of what the actual units may be. In fact, a Bravais lattice is an infinite array
of discrete points with an arrangement and orientation that appears exactly the same,
from whichever of the points the array is viewed. A physical crystal can be described
by giving its underlying Bravais lattice, together with a description of the arrangement
of atoms, molecules, ions, etc., within a particular primitive cell. When emphasising
the difference between the abstract pattern of points composing the Bravais lattice and
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actual physical crystal embodying the lattice, the technical term "crystal structure" is
used. A crystal structure consists of identical copies of the same physical unit, called
the basis, located at all the points of a Bravais lattice.

4.2. Different Lattice Arrangements.
To construct the face-centred cubic (FCC) Bravais lattice an additional point in the
centre of each square face has to be added to a simple cuboid. Aluminium is one FCC
lattice structure, as shown in Figure 4.2,1.

Aluminium layer formed with basic lattices (FCC structure)
x10

x 10
Yaxis

-4

-4

Xaxis

Figure 4,2.1. A FCC lattice structure: Aluminium.
On the other hand, the diamond lattice consists of two interpenetrating face-centred
cubic Bravais lattices, displaced along the body diagonal of the cubic cell by one
quarter the length of the diagonal. Silicon is a diamond lattice structure crystal, as
shown Figure 4.2.2.
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Silicon layer formed with basic lattices (Diamond structure)
X10"

Figure 4.2.2: A diamond lattice structure crystal: Silicon.
Moreover, for silicon dioxide, a three dimensional network structure is found in a hightemperature crystalline form of quartz SiO2, called cristobalite, although in the samples
the SiO2 is considered as nearly amorphous. Here all the oxygen atoms are shared by
two silicon atoms; all bonds are covalent, and the structure has a characteristic longrange order. Silicon atoms are located at the corners, face-centres, and inside of the
unit cell, with oxygen atoms between each silicon pair. Each unit cell contain rings of
six silicon atoms and six oxygen atoms. This lattice is shown in Figure 4.2.3.

Silicon Dioxide layer formed with basic lattices (Diamond structure)
x 10

xicr
Ywrj

-4

-4

Figure 4.2.3 A diamond lattice structure crystal: Silicon Dioxide
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4.3. Crystal Structure of the Samples.
Some crystal structures relevant to this investigation will now be discussed Each of
these crystal structures make up the layers of the die which are aluminium, silicon
dioxide and silicon over a very short range order. In this investigation, the layers will
be considered as crystal formation only over a few lattices Figure 4.3.1 shows the
possible arrangement of basic FCC lattices for the aluminium layer.

Aluminium layer formed with basic lattices (FCC structure)
x 10'"
15-,

0.5,

x 10
Yaxis

-5

-5

Xaxis

Figure 4.3.1: A structure of Aluminium composed of a 3x3x3 basic FCC lattices.

The Figure 4.3.2 shows the arrangement of basic Diamond lattices for the silicon
layer.
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Silicon layer formed with basic lattices (Diamond structure)
KW*

x 10"
Y axis

-5

-5

Xaxis

Figure 4.3.2. A structure of Silicon composed of a 3x3x3 basic Diamond lattices

Figure 4.3.3 shows the possible arrangement of basic Diamond lattices for the silicon
dioxide layer

Silicon dioxide layer formed wifti basic lattices (Ihamond structure)

xicr
Y «xit

Xaxis

Figure 4.3.3: A structure of Silicon Dioxide composed of a 3x3x3 basic Diamond lattices.

The crystal structure of the different layers shown in Figures 4.3.1,4.3.2 and 4.3.3 can
be superimposed, following a correct matching of layers, to form the full component.
As described previously, the component is formed by different layers linked together
-45-

by interlayers. These interlayers viewed from the microscopic side are interactions
between lattices, atoms or ions. To produce the model at a microscopic level, it is
necessary to consider the lattices of every single layer, the different possibilities of
interpenetration and finally the lattice characteristics.

The present model only

consider very small areas where it can be said that the layers are crystalline layers.
These lattice characteristics were calculated as follow. The different interatomic
distances can be found in reference 3 , as shown in Table 4.3.1.
Material
Aluminium to Aluminium
Silicon to Oxygen
Silicon to Silicon

Interatomic distance (A)
2.8635
1.617
2.352

Table 4.3.1: Interatomic distances.
Figure 4.3.4 shows the top view silicon basic diamond lattice, with one atom at the
lower right corner, point 1, and its closest neighbour atom placed at 1/4,1/4 at point 3.
This view is in fact the atomic positions in the cubic cell of the diamond structure
projected on a cube face.

1/2 a
1/4 a
1

Figure 4.3.4: Diamond structure projected on a cube face.
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Using Figure 4.3.4 it is directly possible to find the value of x as:

(4.3.1)

It is now possible to use the cube defined by point 1,2,3 and 4 shown in Figure 4.3.5.

d2

1/4 a

Figure 4.3.5: Cube defined by point 1,2,3 and 4 .

Using basic geometry, d\ = a-^/2 and d2 = aV3 . The angle a can be shown to be:
a = cos- f ±i ] = cos'1 \^±\ = cos-' | ^ | . 35.264389°
\a-j3j

(4.3.2)

Figure 4.3.6 shows the relationship between x, a and d2, where d2 is the interatomic
distance.
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d2

Figure 4.3.6 : the relationship between x, a and d2.

So:
= d2 cosot

(4.3.3)

This gives the lattice size 'a' to be:

4* = —^S=—
V3
4V2,— "2 = —f=d2
4
—F=
= >-•
V2
V2
V3V2
V3

(4.3.4)

giving:
4
a = -T= Distance

Vs

(4.3.5)

For a FCC lattice, the relation between interatomic distance and lattice size is given by
a = Distance
0.707

(4.3.6)

Table 4.3.2 gives a resume of the size of the different lattices. It can be seen that in
silicon dioxide the interatomic distance between two atoms of silicon is in fact twice
the interatomic distance between silicon and oxygen (see Table 4.3.1); this is used in
the calculation of the size a in the following table.

-4.

Material

Size a (A)
4.0496
7.4639
5.4317

Aluminium
Silicon Dioxide
Silicon

Table 4.3.2: Resume of the size of the different lattices.

The different lattices composing the layer of the basic component are now well
defined.

The first problem encountered is the difference in shape between the

different lattices, see Table 4.3.2.

A second problem is the interpenetration at

interface levels, and the possible appearance of other structures composed of a mixed
Al / Si or

Si / SiO2- To a first approximation, these extra layers are considered

not to exist for this study. For Si to SiO2 , the size of the Si lattice is 5.4317 A and the
size of SiO2 is 7.4636 A.

It can be seen that the diagonal of the Si lattice is

approximately the length of a SiO2 lattice.

This will be exploited to find the

arrangement of one layer on top of the other. It can also be seen that, when the two
lattices are compared, they contained Si atoms at the same lattice sites. Therefore the
Si atoms situated at the lower corner of the cube will be shared between the Si layer
and the SiO2 layer in the present model. Taking account of the previous observations
the result of this model is shown in Figure 4.3.7.
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-4
x10

Figure 4.3, 7: Si to Si(>2 interface for simple lattice arrangement.

In the case of SiOa and Al, the two lattices are quite different, not only in terms of
shape but also in structure and size. The Al lattice length is approximately half the
Si(>2 length. It will thus be impossible to share atoms at the corner of the lattices, as
discussed earlier, due to the fundamental differences which exist between the two
lattices. The link between these layers will be thus achieve by a fourth layer composed
of A12O3 "sapphire" structure 7, and will be subjected to Van Der Waals forces s . The
combination of the moving negative electrons and the nucleus of an atom may be
considered as a system of fluctuating dipoles. The interaction between these dipoles
associated with neighbouring atoms then gives rise to a relatively weak binding force,
but this binding increases with temperature.
The result of this observation is :
- The Al layer is linked to the SiO2 layer by A12O3 and interacting forces.
- No sharing of atoms at corners of basic lattices between the two layers will occur.
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Therefore it is possible, as a first model, to consider the Al layer as an independent
layer in terms of position. For convenience, the Al lattice will assumed to be placed on
the top of SiC>2 lattices with a thin layer of AJ^Ch

x10
2.5 — -

...--.--—i

" "•"•"--"_'

2- 1.5- -----

*•-—

*

•-*

SK

M

Figure 4.3.8: SiO2 to Al interface for simple lattice arrangement.

As shown in Figure 4.3.8, the interface layer is wdl defined for this model. For a fully
comprehensive study, a layer basic structure will be used. This is shown in Figure
4.3.9 for a surrounding temperature of 20 °C.
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x10

-9

x 10

-5

Figure 4.3,9. Large inter layer model used for stress study.

4.4. Stress Involved at Interfaces.
The basic structure is considered in a free space environment, and can extend freely in
x, y and z directions in the event of temperature fluctuations. For a comprehensive
study of stress, the stress resultant will be used. The diflferent atoms composing the
layers have been identified earlier. Results have been created using MATLAB
flowchart presented in Figure 4.4.1 show the different steps of calculation.
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The

BEGIN

Number of Lattices for each layer ?

Original Position of each atom in X, Y and Z co-ordinates
Surrounding Temperature ?
Expanded atom position calculated in X, Y and Z direction
using appropriate layer Expansion coefficient.
Calculated Forces in X,Y and Z coordinates using
appropriate Young's modulus and cross sectional Area.
Stress calculated in X.Yand Z direction using appropriate
layer cross sectional Area coefficient.
Stress resultant calculated for each atoms.

Figure 4.4.1: MATLAB flowchart for micro-model stress calculation.
The results obtained for a surrounding temperature of 150 °C, are as follows.
Si to SiO2
interlayer
x10

500

1000
1500
Atom Number

2000

2500

Figure 4.4.2: Result of the stress Resultant for every atom.
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As shown in Figure 4.4.1 the atoms situated exactly at the interlayer, shared between
Si and SiO2 or simply linked by A12O3 and Van Der Waals forces between SiO2 and
Al, are the most stressed. This will certainly weaken the structure, and can involve
interlayer

cracks . This will be considered in the following chapters to define hot

points of temperature increase giving high stressing points under elevated surrounding
temperatures and large current densities.

4.5. Summary of Chapter 4.
The different lattice structures used in the different layers of the component die have
been presented. Stress involved at interlayers has been identified for a small number
of accumulated lattices. It can thus be concluded than the two interlayers previously
mentioned are highly mechanically stressed under electromigration test conditions.
This stress, however, has to be investigated in more detail using a macroscopic model
and consequently identified over the overall sample. This work will be discussed in
the following chapters.
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CHAPTER 5
Macroscopic Model for Stress

5.1. Introduction.
This chapter will consider the thermal forces acting in a VLSI die. A simple basic
model to predict the mechanical stress due to the differential expansion and
contraction at the various points in a die will be developed. The model will then be
expanded to a full macro-model to enable stress predictions to be made.

5.2. Model assumptions.
A basic VLSI structure of 6500 A thickness Aluminium, 5000 A thickness Silicon
Dioxide (SiC>2) and 625 |um thickness Silicon (Si), all with a 800 urn length and
2.5 urn width was used to build up the model '. The reference shape may be
described as a perfect cuboid as shown Figure 5.2.1.

6500 A
5000 A!

Al
Si02

625 urn
Si

/ 2.5 jim
800 (im

Figure 5.2.1: Structure of the device (not to scale)
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The structure is composed of three different layers, each with different thermal
expansion coefficients. At an ambient temperature of 20 °C the aluminium has an
expansion coefficient of 25xlO"6, silicon dioxide 5.5xlO'7 and silicon 4.68x10'^.
The large differences between aluminium and silicon dioxide (factor of
approximately 45:1), silicon dioxide and silicon (factor of 8.5:1) are immediately
evident. Theses factors will therefore produce a severe stress in the aluminium and
silicon dioxide films.

In Chapter 4, the inter -atomic distances were used to

determine the values of the inter-layer distances. For the purpose of the model, it is
assumed that the inter-layer distance is the average of the inter-atomic distance of both
covalent layers, as shown in Table 5.2.1.

Upper Layer inter atomic
Distance
Si02 to SiO2 = 3.533 xlO ~10
AltoAl

=2.86xl(T10

Lower Layer inter atomic
Distance

Inter layer Distance

=2.35xKr10

3.1980xlO'10

SiO2 to SiO2 = 3.533 xlO '10

2.9425 xlO '10

Si to Si

Table 5.2.1: Relationship between inter atomic distance and inter layer distances (in Metres)

As the internal structure between two adjacent layers is unknown, no coefficients of
thermal expansion are attributed to these areas. It is not anticipated that this will
introduce a significant error into the model, however, as the thickness of these interlayers is very small, typically 3 A compared with 6500 A for the aluminium layer.
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53. Modelling and use of stiffness matrix.
In order to model the complete die, it is firstly necessary to develop a model for each
layer.
Consider a weightless straight bar of length L, elastic modulus E, and cross-sectional
area A. A node is placed at each end of the bar and the bar regarded as a single
element.

Only axial loads and displacements are allowed, therefore nodal

displacements are ui and uj, shown in Figure 5.3.1.

Figure 5.3.1: Aluminium layer considered as weightless containing two nodes.

In order to produce this nodal displacement, forces must be applied. These forces are
calculated using the stiffness matrix and a displacement matrix. If both ui and uj can
be simultaneously non zero, the nodal forces are :
" AE

-AE

L
-AE

L
AE
L .

L
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*u -i"
(Ui\

(FJ,

(5.3.1)

From these forces values of stress are:
_F>
a, ~ A

(5.3.2)

~ A

(5.3.3)

a,
~~E

(5.3.4)

_ C3>
£j ~ E

(5.3.5)

°,

*

and the values of strain:

5.4. A simple Basic Model.
Each single face of each layer has been decomposed into 6 nodes as shown in
Figure 5.4.1. As can be seen, each layer consist of four single elements. The overall
die structure is built up assuming it is composed of several single elements, described
in section 5.3.

X10

37

X10

x10

Yaxis

Xaxis

Figure 5.4.1: Nodal Decomposition (in Metres)
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(inter-layer not to scale)

Using a similar method of calculation, but this time using a three dimensional axis
reference, it is possible to determine the forces at each node of the cuboid (Figure
5.4.1), as well as the stress and strain. The assumption is made that only axial loads
and displacements are allowed, therefore only forces acting along the three axes
directions are considered. Each node is attributed a 3x3 characteristic, viz.:

" F ,

CJ

X

e x'

F y

CT y

£ y

F z

CT

e 2

2

(5.4.1)

The reference point can be any one of the nodes previously mentioned and, it is
therefore necessary to nominate a reference node. The component under thermal
stress is considered to have an unrestricted geometrical expansion. This means that
expansion in the three different directions can occur without restriction due to an
external body or action. To be as close as possible to reality it is assumed that the
node taken as reference must be a fixed, i.e. non-moving node in any direction. The
component has to be able to expand freely in all three directions from this node to be
in accordance with these requirements. The reference point has been taken as point 1,
placed at co-ordinate (0,0,0). The values of displacement are calculated using a
reference matrix for the perfect cuboid and a displaced matrix due to temperature
variation involving expansion or contraction of layers onto the device. Both matrices
are referenced to the point 1, and all expansions are assumed to be free in space. The
assumption is made that the component is weightless. Calculations are made using
matrix computation. Displacements we, uy and uz are calculated by subtracting the

-5.5-

displaced results from the reference values of the nodal matrix. This is shown in
Equation 5.4.2.

Bsz*

Oia

Wtn

UZx

(5.4.2)

All numerical values presented are calculated for each node, at a reference temperature
of 20 °C, and a typical considered temperature of 180 °C. (known as AT=160 °C).
Results of calculation (5.4.2) are shown in Table 5.4.1 Appendix C.
Young's modulus or modulus of elasticity is defined as the slope of the stress-strain
curve 3 . It is only defined for the linear portion of this curve, and deformations
beyond the linear range are not considered. As shown previously, knowing this
modulus and the cross section area at the target node it is possible to calculate the
force which creates the displacement of the Difference Matrix. As the nodal number
reference is known (directly related to the rows of the subtraction matrix) it is possible
to build a nodal Young modulus matrix. In order to calculate the force, another matrix
has to be defined, known as the nodal cross section area matrix. In this particular
matrix the values are the cross section areas using:

Original Width * Original Thickness = X values

for cross section

(5.4.3)

Original Length * OriginalThickness = Y values

for cross section

(5.4.4)

Original Width * Original Length = Z values

for cross section

(5.4.5)
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where every node in each layer has to be considered. Calculation of the forces in X, Y
and Z direction using (5.3.1) gives the results show in Table 5.4.2:
No
1

2
3
4
5
6
7

8
9

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Forces in X Direction
0
0
1.0471 x 10"'
1.0471 x 10"'
1.0471x10''
0
-1.0471 x 10'1
-1.0471 x 10 •'
-1.0471 x 10 •'
0
3.8830 x 10 6
3.8830 x 10 6

3.8830 x 10 6
0
-3.8830 x 10 6
-3.8830 x 10*
-3.8830 x 10 6
0
3.8830 x 10 6
3.8830 x 10 6
3.8830 x 10 6
0
-3.8830 x 10 6
-3.8830 x 10 "
-3.8830 x 10'
0
2.2408 x 10 4
2.2408x10"
2.2408 x 10*
0
-2.2408 x 10 *
-2.2408 x 10 4
-2.2408 x 10 4
0
2.2408 x 10 4
2.2408 x 10 4
2.2408 x 10 '
0
-2.2408 x 10 '
-2.2408 x 10 4
-2.2408 x 10 4
0
0
0
0

Forces in Y Direction
0
3.3509x10'
3.3509 x 10 '
0
-3.3509 x 10 '
-3.3509 x 10 '
-3.3509 x 10'
0
3.3509 x 10'
1.2426x 10 3
1.2426x 10 3
0
-1.2426x 10 3
-1.2426 x 10 3
-1.2426 x 10 3
0
1.2426 x 10 3
1.2426 x 10 3
1.2426 x 10 3
0
-1.2426xl0 3
-1.2426x 10 3
-1.2426 x 10 3
0
1.2426 x 10 3
7.1706 x 10 2
7.1706 x 10 2
0
-7.1706 x 10 2
-7.1706 x 10 2
-7. 1706 x 10 2
0
7.1706 x 10 2
7.1706 x 10 2
7. 1706 x 10 2
0
-7.1706 x 10 2
-7.1706 x 10 2
-7.1706 x 10 2
0
7. 1706 x 10 2
0
0
0
0

Forces in Z Direction
0
0
0
0
0
0
0
0
0
2.9258 x 10 s
2.9258 x 10 i
2.9258 x 10 s
2.9258 x 10 s
2.9258 x 10 5
2.9258 x 10 5
2.9258 x 10 s
2.9258 x 10 5
.2455 x 10 2
.2455 x 10 2
.2455 x 10 2
.2455 x 10 2
.2455 x 10 2
.2455 x 10 2
.2455 x 10 2
1.2455x 10 2
9.4812 x 10 3
9.4812 x 10 3
9.4812 x 10 3
9.4812 x 10 3
9.4812 x 10 3
9.4812 x 10 3
9.4812 x 10 3
9.4812 x 10 3
5.6106 x 10 "'
5.6106 x 10 •'
5.6106 x 10 "'
5.6106 x 10 •'
5.6106 x 10 •'
5.6106 x 10 •'
5.6106 x 10 •'
5.6106 x 10 •'
5.6106 x 10 "'
9.4812 x 10 3
1. 2455 x 10 2
2.9258 x 10 5

Table 5.4.2: Forces in X, Y and Z Directions (in NEWTONS)
The application of an external force to a solid causes internal resisting forces to exist
within the body whose resultant will be equal in magnitude but opposite in direction
to the applied force. If the applied force (created by the expansion) passes through
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the centre of gravity of the element, the resisting forces will be uniformly distributed
over the cross section of the element. Knowing already the values of forces in the X,
Y and Z directions it is possible using Equation (5.3.2) and Equation (5.3.3) to
calculate the corresponding stress in these directions, Table 5.4.3.
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Stress in X Direction
0
0
6.7018 x 10*

6.7018 x 10 6
6.7018 x 10'
0
-6.7018 x 10 6
-6.701 8 x 10'
-6.7018 x 10'
0
3.1064xl0 6
3.1064x10'
3.1064 x 10 6
0
-3. 1064 x 10 6
-3.1064x10'
-3.1064 x 10'
0
3. 1064 x 10'
3.1064x 10'
3.1064x10'
0
-3.1064x10'
-3. 1064 x 10*
-3.1064x10'
0
1.3790 x 10'
1.3790x10'
1.3790x10'
0
-1.3790 x 10 '
-1.3790x10'
-1.3790x10'
0
1.3790x 10 '
1.3790 x 10 '
1.3790 x 10'
0
-1.3790 x 10'
-1.3790x 10'
-1.3790x10*
0
0
0
0

Stress in Y Direction
0
6.7018 x 10'

6.7018 x 10 '
0
-6.7018 x 10'
-6.7018 x 10'
-6.7018x10'
0
6.7018 x 10'

3. 1064 x 10'
3.1064 x 10'
0
-3.1064 x 10'
-3. 1064 x 10'
-3. 1064 x 10'
0
3.1064x 10'
3.1064 x 10 '
3.1064 x 10 '
0
-3.1064 x 10'
-3.1064 x 10'
-3. 1064 x 10'
0
3.1064 x 10 '
1. 3790 x 10'
1.3790 x 10'
0
-1.3790x10'
-1.3790x 10 '
-1.3790 x 10'
0
1.3790 x 10 6
1.3790 x 10'
1.3790x10'
0
-1.3790x10'
-1.3790 x 10'
-1.3790 x 10 '
0
1.3790x 10'
0
0
0
0

Stress in Z Direction
0
0
0
0
0
0
0
0
0
1.4629 x 10 4
1.4629x10*
1.4629x 10*
1.4629x10*
1.4629 x 10*
1.4629x 10*
1.4629 x 10*
1.4629x 10*

6.2274 x
6.2274 x
6.2274 x
6.2274 x
6.2274 x

10'
10 '
10'
10'
10'

6.2274 x
6.2274 x
6.2274 x
4.7406 x
4.7406 x

10'
10*
10*
10'
10'

4.7406 x
4.7406 x
4.7406 x
4.7406 x

10'
10'
10 6
10'

4.7406x10'
4.7406 x 10 '
2.8053x10'

2.8053 x 10 6
2.8053x10'
2.8053 x 10'
2.8053 x 10'
2.8053x10'
2.8053x10'
2.8053 x 10*
2.8053 x 10'
4.7406 x 10 *
6.2274 x 10 *
1.4629 x 10*

Table 5.4.3: Stress in X, Y and Z Directions (in NEWTONS/Square Metre).
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The application of external forces gives rise not only to internal resistive forces in a
body, but also to internal displacement in the body, which, for example, would result
in an expansion of the body if the force was a tensile force. Knowing already the
values of stress in the X, Y and Z directions it is possible using Equation (5.3.4) and
Equation (5.3.5) to calculate the corresponding strain, as shown in Table 5.4.4:

No
1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Strain in Y Direction
0
3.7440 x 10 "*
3.7440 x 10 *
0
-3.7440 x 10 "*
-3.7440 x 10 *
-3.7440 x 10 ^
0
3.7440 x 10 "*
4.4000 x 10'5
4.4000 x 10 5
0

Strain in X Direction
0
0

3.7440 x 10 "*
3.7440 x 10 "*
3.7440 x 10 "
0
-3.7440 x 10 J
-3.7440 x 10 ^
-3.7440 x 10""
0
4.4000 x 10 "5
4.4000 x 10 "5
4.4000 x 10 "5
0
-4.4000 x 10 -5
-4.4000 x 10 -5
-4.4000 x 10'5
0
4.4000 x lO'5
4.4000 x 10'5
4.4000 x 10 '5
0
-4.4000 x 10 -5
-4.4000 x 10'5
4.4000 x 10'5

-4.4000 x 10'5
-4.4000 x 10 "5
-4.4000 x 10'5
0
4.4000 x 10 "5
4.4000 x 10'5
4.4000 x 10 J
0
-4.4000 x 10'5
-4.4000 x 10 "5
-4.4000 x \Q'S
0
4.4000 x 10'5
2.0000 x 10 "3
2.0000 x 10 "3
0

0

2.0000 x 10'3
2.0000 x 10°
2.0000 x 10°
0
-2.0000 x 10°
-2.0000 x 10°
-2.0000 x 10'3
0
2.0000 x 10 "3
2.0000 x 10°
2.0000 x 10°
0
-2.0000 x 10°
-2.0000 x 10 J
-2.0000 x 10'3
0
0
0
0

-2.0000 x 10 '3
-2.0000 x 10 "3
-2.0000 x 10'3
0
2.0000 x 10 '3
2.0000 x 10'3
2.0000 x 10'3
0
-2.0000 x 10 -3
-2.0000 x 10"3
-2.0000 x 10 "3
0
2.0000 x 10-3
0
0
0
0

Table 5.4.4: Strain in X, Y and Z Directions.
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Strain in Z Direction
0
0

0
0
0
0
0
0
0
2.0721 x 10 -1
2.0721 x 10'7
2.072 Ix 10'7
2.072 Ix 10'7
2.072 Ix 10'7
2.072 Ix 10'7
2.0721 x 10'7
2.0721 x 10-7
8.8207 x 10 *
8.8207 x 10 '5
8.8207 x 10 -5
8.8207 x 10 -5
8.8207 x 10 J
8.8207 x 10 -5
8.8207 x 10 -5
8.8207 x 10 "5
6.8757 x 10 -5
6.8757 x 10 -5
6.8757 x 10 -5
6.8757 x 10 -5
6.8757 x 10 -5
6.8757 x 10 "5
6.8757 x 10 "5
6.8757 x 10 '5
4.0688 x 10'3
4.0688 x 10'3
4.0688 x 10'3
4.0688 x 10'3
4.0688 x 10 '3

4.0688 x IO'3
4.0688 x 10°
4.0688 x 10'3
4.0688 x 10'3
6.8757 x 10 J
8.8207 x 10'5
2.0721 x lO'7

The mostly highly stressed node or layer can be determinated more easily from a
^graphical representation of the results, as shown in Figure 5.4.2.
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Figure 5.4.2: Result of Forces, Stress and Strain as X, Y and Z Components for every node.
Figure 5.4.2 shows clearly the relationship between force, stress and strain. It can be
seen that the high force components on a node do not always produce a high stress on
the same node, as this also depends on the Young's modulus of the layer as well as its
cross sectional area. The most stressed nodes are node numbers 34 to 42 which are
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situated on the top layer. This stress is essentially a Z component stress. It is the
result of the cumulative expansion of the Si layer, SiO2 layer and Al layer.
This cumulative expansion can be represented by:
(Z1 for5i) + (Z for 5/02)+ (Z for Al) = Total Z Expansion

(5.4.6)

The other expansion components (known as X and Y) are only involved in the final
stress resultant to a very small degree, this being due to the non-cumulative action of
expansion coefficients. Therefore the upper layer is going to be highly stressed in the
Z direction, causing the formation of microcacks or other evidence of mechanical
stress. On the other hand, it can be seen that at every inter-layer link, a stress
difference between the top and bottom of this inter-layer also enables microcracks and
internal fractures to occur(nodes 19,20,21 to nodes 27,28,29). It is possible to look at
the inter layer link, as shown in Figure 5.4.2..

Zaxis(10 (-7) Meters) //

.....

brake scale

,Y
X axis (10(-6> Meters)

axis (10(-6) Meters)

Figure 5.4.2: Detail of Displaced matrix plot in 3 Dimensions with Z brake scale.
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This simple basic model has shown that the most stressed layer is the Al layer with a
stress value approximately twice that of the stress on the other layers. Also, a highly
stressed location is the interlayer section of the basic structure. This basic model was
then expanded to cover a much larger die area and a more comprehensive die shape,
as now described.

5.5. An Enhanced Model
The basic model gave a good indication of the mechanical deformation of the different
layers, and it is reasonable to expand this model to a full macro - model consisting of
many single elements in each layer. The basic structure taken for this model is similar
to that given in Figure 5.2.1. It is a cuboid composed of three layers, thickness 6500
A for aluminium, 5000 A for silicon dioxide and 625 ^m for silicon , of 2.5 (xm for
aluminium 5 (am for silicon and silicon dioxide width, and 800 urn in length.
however, in this model, the cuboid has been divided into single elements as follow:

Faces of Silicon:

20x35 single elements in length and thickness.
1x35 single elements in width and thickness.

Faces of Silicon Dioxide :

20x34 single elements in length and thickness.
1x34 single elements in width and thickness.

Faces of Aluminium :

20x29 single elements in length and thickness.
1x29 single elements in width and thickness.

This is shown in Figure 5.5.1.
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Al
Si02

Si

Figure 5.5.1: Application to the structural cuboid.

This provides a three dimensional view of the basic component from Figure 5.2.1.

xio
Al Layer

SiO2 Layer

Si Layer
not fully
represented
xlO

Figure 5.5.2: 3 D view of the structural cuboid.
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Using the equations of stress and displacement defined previously for the first model,
(Equations 5.3.1, 5.3.2 and 5.3.3) and using a similar computational technique, the
stress area applied to the structure can be obtained as shown Figure 5.5.3.

xlO pa
16
14
12
10
8

6|

xlO
xlO

Figure 5.5.3: 3-D view of the stress applied to the structure ( Pascal).

The stress observed in the Figure 5.5.3 is much greater on the top layer (as it has
already been seen), and confirmation of the high stress density placed at the inter layer
is also shown . Figure 5.5.4 demonstrates the value of the stress resultant for all
nodes.
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Figure 5.5.4: Stress resultant per node (MPa).

This macro-model is very similar to the first model, but has the advantage of being
able to show graphically the zonal distribution of the stress. This stress is highly
concentrated in two main areas, the upper layer and the interlayer, which confirms the
validity of the assumptions.

This improved model will be later used to give a good

indication of mechanical deformation due to surrounding temperatures.

5.6. Summary of Chapter 5
A simple basic macroscopic model of mechanical stress at the interlayer has been
proposed, from which an enhanced macroscopic interlayer mechanical stress model
has been created. The results of these examinations correspond closely to the results
obtained in Chapter 4 on the microscopic model of interlayer mechanical stress. It
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can be considered therefore that the mechanical stress at the interlayer is a significant
factor. Further investigations have to be made to study the action of these stresses on
the mechanical cracking of surfaces or interlayers, which can give rise to weak areas
in the test line and consequently easier electromigration initialisation .
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CHAPTER 6
Crack Generation Model

6.1. Introduction.
Cracks of any size in structures are important since the crack poses a threat to the
stability and safety of the entire structure. It is important to determine the stress for the
specific geometry and loading involved to assess the safety factor for the cracked
structure. This is most important in VLSI structures, since any micro-cracking which
occurs in the aluminium line may seriously affect the operational characteristics of the
die. Before discussing VLSI implications, it is first necessary to consider some
general theory on crack initiation and development.

6.2. General Theory on Crack Initiation.
First, consider a section of strip with a centrally located crack, as shown in
Figure 6.2.1.

2a

Figure 6.2.1: Tension Strip with a central crack.
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The loading at the ends of the strip, well removed from the crack, is a uniaxial stress
8. An approximate solution for K,, due to Irwin ', is
= — tan—V7coCT 0
W
V no.

(6.2.1)

where Kj is known as the stress intensity factor, and is the maximum stress that the
structure can withstand without crack propagation or initiation occurring.

Note that Equation (6.2.1) may be written as
(6.2.2)
where a = J— tan ~j^ ^s a multiplier and the term Kla. = -Jnaa 0 corresponds to the
solution for the infinite plate under biaxial loading. With K} expressed in the form
shown in Equation (6.2.2) , the effect of the finite boundaries of the body is given in
terms of a multiplying factor a that acts on Klx . The magnitude of a depends on
— and ranges from 1 for — = 0 to 4 for — =0.487.
W
W
W
A crack in a body can be subject to three different types of loading. The opening
mode of loading, illustrated in Figure 6.2.2a, involves loads that produce
displacements of the crack surfaces perpendicular to the plane of the crack. In this
case the crack line or the x axis is a principal axis. The subscript I on K, indicates
that the stress intensity factor is due to opening-mode loading. The shearing mode of
loading, illustrated in

Figure 6.2.2b, is due to in-plane shear loads which cause the

two cracked surfaces to slide on one another. The displacement of the crack surfaces
is in the plane of the crack and perpendicular to the leading edge of the crack. The
subscript II on K,, implies that the stress intensity factor is due to shear-mode
-6.2-

loading. Of course, opening and shear-mode loading can occur together. In this case
the loading is defined as a mixed mode, where both K, and Kn exist in the region
near the crack tip. The tearing mode of loading, shown in Figure 6.2.2c, is due to
out-of-plate shear loading. The displacements of the crack surfaces are in the plane of
the crack and parallel to the leading edge of the crack. The subscript HI on Kia is
used to depict the tearing mode. While the superposition of the three modes of
loading gives the most general loading condition, mode I or mixed-mode loading are
the cases most usually studied since they occur more frequently in engineering
applications.

(b)

(a)

(c)

Figure 6.2.2: Three modes of crack loading : (a) opening; (b) shearing; (c) tearing.

While it is possible in many cases to determine the stress intensity factors analytically
or with numerical methods, it is more usual to measure K, or Ku in carefully
controlled experiments. Any experimental method for determining the stress intensity
factors depends upon a complete knowledge of the field equations which are valid
near the tip of the crack. In this treatment, the field adjacent to the crack tip is divided
into three regions, as shown in Figure 6.2.3.
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Figure 6.2.3: The field adjacent to the crack tip divided into (1) the very-near field
(2) the near field
(3) the far field.

The very-near-field, region (1) in Figure 6.2.3, is defined as that area adjoining the
crack tip. The near-field region, region (2), is defined as that area beyond region (1).
The far-field region (3) is avoided in measuring field quantities in an attempt to
determine the stress intensity factor, because the large number of unknown factors.
In the plane problem three unknowns CT a , cr ^ andt ^ must be determined which
will satisfy the required field equations and boundary conditions. In this particular
model only the very-near-field region (1) will be modelled. The most convenient sets
of equations 2 to use in this determination are as follow:
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30
. 0 . —
Of.1-sin—sin
—
22
2V

A
a yy- Ao r

. e . 30 .
e f i1 + sin-sm—I
-'" cos-l

(6.2.3)

30
6.6
, _,/2
T^,=^0 r cos—sin —cos —

where r is the radius around the crack tip, 0 is the angle in radians around the crack
tip and AO is given as:
A ~

(6.2.4)

The units of K,, which is the stress intensity factor for opening mode, is MPa. -Jm
The relation of stress obtained in Equation (6.2.3) for the very-near-field in opening
mode enables the computation of the stress in a geometrically defined crack in a noninfinite plane. This will be discussed further in the next section.

6.3. Stress in a Non-Infinite Plane.
Figure 6.3.1 shows a typical geometrically defined crack in a non-infinite plane.

x
"0

W

I 2a

Figure 6.3.1 : Finite plate with a central crack.
The experimental data of width W, deepness of the crack a, and stress applied 80 are
taken equal to 6500 A, lA and 10 MPa respectively. It has to be noted that the length
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of the structure or plane and its thickness are not used whereas the loading at the ends
of the plane is well removed from the crack

Crack tip
x10

Crack tip direction

x10"

Figure 6.3.2 : Resultant stress distribution zones for Opening mode loading, cross sectional view.

Figure 6.3.2 shows pictorially the forces acting near the tip of the crack. This was
obtained by solving Equation 6.2.3 using MATLAB 3 and graphically post processing
the results.

The concentration of stress in the middle of the Figure 6.3.2 involves

crack expansion due to increase in temperature. Crack expansion may occur if this
temperature increase causes the induced stress to exceed the stress intensity factor.
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This stress intensity factor is given by 2 :

Kl =

(6.3.1)

where a is the original deepness of the crack and a 0 is a uniaxial stress. The crack in
2 •

this structure will remain stable in the following case:

(6.3.2)

*le > *.

where Klc is the crack initiation toughness. Combining Equations 6.3.1 and 6.3.2
gives the stability relation

(6.3.3)

0 < K}c

Table 6.3.1 gives the value of Klc for the two common specifications 4 for aluminium
(which is going to be subjected, in the macro-model, to the highest stress).

Material
(Aluminium)
Al 2024-T851
Al 7075-T651

K) C
MPaJm
26

24

Table 6.3.1: Value of Klc for different types of aluminium.

Application of the Equation 3.3 using value for Kj c of 24, 25 and 26 for increasing
stress, give the Figure 6.3.3.
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Crack Length vs Applied Stress
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0.015
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0.035
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Figure 6.3.3: Crack length for increasing stress.

Figure 6.3.3 shows a stress ranging from 0 to 0.04 MPa. At this value of 0.04 MPa the
crack deepness became critical due to becoming equal to the Al thickness

(i.e:6500

A). In Figure 6.3.4 the same procedure is applied to the plane but for different values
of Klc ranging from 20 to 30. Again, both graphical representations were obtained by
solving and post processing the revelant equations using MATLAB .
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1Q -6

Crack Length Vs Applied Stress for 20 < K < 30

Crack length
in metres

0.01

0.02

0.03

0.04

Stress in MPa

Figure 6.3.4: Crack length as a function of stress for 20 < Klc < 30.

The crack shape, previously described, can be directly introduced into the macro-model,
for a fully working model of crack growth in Al due to the surrounding temperature. It is
assumed that the area surrounding the crack is isotropic and the stress 50 applied along
the z axis is the same at any single point. The crack fracture control defined previously is
still applicable. These results of crack fracture control are essential in setting up a good
surrounding temperature when the electromigration accelerated life test is applied. This
enables the separation of fracture due to mechanical phenomena from fractures created
by true electromigration phenomena.
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6.4. Detection of Weak Areas due to Possible Crack Initiation.
Section 6.2 introduced the principal criteria governing crack initiation. These will
now be applied to the test line in VLSI structures. The investigation of this line and
its adjacent pads will not include calculations of stress due to current loading, but only
the stress from thermal expansion due to surrounding temperature. The Figure 6.4.1
shows the structure used in this investigation. This structure is the standard test
structure presented in Chapter 1. The control lines around the pads and active lines
are required due to their influence on the overall stress and then- consequences on
crack initiation.

In order to simulate the stresses induced into the line due to

temperature increase, the enhanced model described in Chapter 5 section 5 was used.

Figure 6.4.1: Line structure for Crack initiation areas investigation.

The structure shown in Figure 6.4.1

was submitted, in the simulation, to a

surrounding temperature of 150 °C. Thickness was fixed at 6500 A for the line,
5000 A for the SiO2 and to 2.5 urn for the Si die. The die itself was fixed at 1400 urn
long and 440 nm wide. Figure 6.4.2 shows the contour plot of the test line design
under the specified test conditions.
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High Stress points = 5.55 MPa

Figure 6.4.2: Contour plot of test line at 150 °C.

The high stress point resultant of the thermal expansion, as seen in Figure 6.4.2, was
found to be 5.55 MPa. As seen previously, in equation 6.3.2, initiation of the crack
or its expansion through the structure is possible only if the stress due to by the
expansion is grater than 25 MPa, which may be taken as an average value for
aluminium. The above results indicate that the maximum stress points are not greater
than 5.55 MPa which is well below the initiation value of 25 MPa. Surrounding
temperature alone will thus not cause crack initiation.

6.5. Summary of Chapter 6.
It can be concluded from the investigation of cracks and the modelling of crack
initiation that crack initiation due to expansion caused by surrounding temperature
alone is unlikely. The present model, however, includes only deformation due to
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increase in the surrounding temperature. It must therefore be expanded to include
the extra heat, and corresponding increase of temperature, involved when the test line
is current loaded. Electro-thermal and memo-structural analysis is thus required to
determine the weakened points in the line either due to thermal stress or mechanical
stress. Chapter 7 will consider this further.
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CHAPTER 7
Finite Element Electro-Thermal Modelling.

7.1. Introduction.
Earlier chapters have sought to establish that electrical, thermal and mechanical forces
all play an active role in electromigration in VLSI devices. In order to fully model
this phenomenon, it is necessary to combine within one model the effects of all three
factors. One powerful tool which enables the modelling of both electro-thermal and
thermo-mechanical effects is finite element analysis. This chapter will introduce
finite element analysis, and show how it may be used to model VLSI systems.

7.2. A brief History of Finite Element Analysis.
Finite element analysis was first termed as such by R.W Clough in a paper on plane
stress analysis, published in 1960 '. However, the roots of finite element analysis go
back to the Ritz method 2 of numerical analysis, first introduced in 1908. Using
minimisation principles from the calculus of variations, R. Courant applied the Ritz
method to obtain "Piecewise approximations" of solutions for problems of
equilibrium and vibrations in 1943 3, and further development of these ideas
continued through the 1940s and early 1950s. By 1953, engineers had begun to use
computers to solve structural problems. The paper by M.J Turner, R.W Clough, H.C
Martin and L.J Topp, published in 1956, is considered as a major turning point in the
development of finite element analysis 4. By 1960, when the term "finite element"
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was coined, numerical analysis of engineering structures using high-speed digital
computers was advancing rapidly in the aeronautics and space industries. But it was
only in 1963 that finite element analysis was actually recognised as a variation of the
Rayleigh-Ritz method used in variational calculus 2 . This recognition established
finite element analysis as a serious academic discipline and led to much broader
research and to its application to heat transfer and fluid mechanics problems, in
addition to structural problems. By the early 1970s, finite element analysis was
established as a general numerical technique for solving any system of differential
equations and found applications in a broad range of disciplines. However, until very
recently, finite element analysis was limited to expensive mainframe computers and
was therefore primarily used by the aeronautics, automotive, defence and nuclear
industries. With the dramatic reduction in hardware and processing costs, finite
element analysis has become accessible to virtually every engineer and scientist and is
gaining wide-spread acceptance as a powerful and economic analytical tool.

7.3. Introduction to Finite Element Analysis Calculus Tools.
Finite element methods are predominantly used to perform computer-based analyses
of the static, dynamic, or thermal behaviour of physical systems, structures, and
components.

They are used primarily when hand calculations cannot provide

sufficiently accurate or detailed results, or when the system to be analysed is so
complex that hand calculations are not appropriate. Finite element analysis is broadly
defined as a group of numerical methods for approximating the governing equations
of any continuous system. In general, the objective of finite element analysis is to
approximate with a sufficient degree of accuracy the values of the unknowns of a
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governing equation at selected points on the domain of a continuous physical system
or structure. A mathematical model of the physical system or structure, divided into
nodes and finite elements, is created, and the governing equations are applied to it
and solved for each node. The process of dividing up the body is often called
'discretisation' and is normally performed by the user. Discretisation of the body or
structure is the most important phase of the analysis and greatly affects the accuracy
of the results. In addition to defining the location of nodes and elements, it is usual to
supply the geometrical properties of the elements, material properties, boundary
conditions, and loading conditions relevant to the analysis. Some finite element
programs include or allow the user the use of data-bases that automatically supply the
properties of standard structural elements. It is important to emphasise that the finite
element model is a mathematical simulation of the actual physical structure or body
that it represents. All physical properties must be specified. In the second step of the
analysis, the finite element program applies the governing partial differential equation
and its boundary conditions in the form of an equivalent integral formulation. This is
a procedure involving minimisation of a functional (variational calculus) and energy
conservation laws. The derivation of the main finite element analysis equations are
given in Appendix H, and further discussion of this procedure can be found in Bathe
and Wilson 5. Finite element programs are design to work with specific differential
equations. However, many programs include several "modules", each designed to
solve a certain type of problem. After the finite element model is completely defined,
the main numerical, or "number-crunching", phase of the analysis is performed by the
finite element program. The program treats the nodal displacements as variables of an
interpolation function, usually a polynomial (sometimes differential), to give an
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analytical expression for displacement at any point inside the element.

The

polynomials are then substituted into the integral formulation of the partial differential
equation resulting in a set of simultaneous algebraic equations which are solved to
give the nodal values of the unknowns. This may be the final step in the analysis or
may be followed by additional computation where the nodal values are used to
calculate other quantities.

Table 7.3.1 show the different steps of finite element

analysis.

1

User creates the finite
element model.

2

Finite element program
performs analysis.

3

Finite element program
reports results.

a. Define geometry, nodes and elements.
b. Specify material properties, loading conditions and
boundary conditions.
a. Formulate equation.
b. Solve equation.
a. Compute node and element values,
(displacements, temperatures, stresses, reactions forces, etc.)
b. Postprocess results (plots, code checks, etc.).

Table 7.3.1: Different steps of finite element analysis.

7.4. Introduction to the ANSYS Program.
The ANSYS 6 program is a computer program for finite element analysis and design. It
can be used to determine how a given design works under operating conditions. It can
also be used to calculate the most appropriate design for given operating conditions. The
ANSYS program is a general-purpose program, meaning that it can be used for almost
any type of finite element analysis in virtually any industry.

ANSYS software is

available on many types of computers, PCs, Workstations, Microcomputers, etc. Several
operating systems are supported, as are a multitude of graphics devices.
application a PC and DOS operating system has been chosen.
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For this

7.5. Organisation of the ANSYS program.
The ANSYS program is organised into two basic levels: Begin level and Processor
level. The Begin level acts as a gateway into and out of the ANSYS program. It is
also used for certain global program controls such as defining the job name, clearing
the database and making copies of binary files.

At the Processor level, several

processors are available, each serving a specific purpose. Figure 7.5.1 shows these
different levels.

General preprocessing

Loading and
solving

Time-History
Postprocessing

General
Postprocessing

Design
optimisation

Utilities,
statistics

Figure 7.5.1 Differents ANSYS program levels.

The ANSYS program works with one large database that stores all input data and
results in an organised fashion. The main advantage of having a database is that list,
display, modify or delete of any specific data item can be completed quickly and
easily. Regardless of which processor the program is in, the working database is the
same. This means that access to the model and the database can be completed from
anywhere in the program. "Access" means the ability to select, list or display an item.
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To define items, or to delete items from the database, the program has to be in the
appropriate processor. However, geometry and display can be selected anywhere in
the program, including Begin level. ANSYS can be run in either interactive mode or
batch mode. In this application batch mode will be used for general preprocessing,
loading and solving. The interactive mode use only for general postprocessing and
time-history postprocessing.

7.6. Model Generation
The purpose of the model is to observe, for different current densities passing through
the test strip and different surrounding temperatures, the hot spot area generation and
the stress induced during an accelerated life test. The aim is to detect probable failing
areas in the conductor line. Limits must also be applied the different current densities
and surrounding temperatures to prevent excessive stress and hot spots which, during
a life test, will probably cause early crack generation and result in a wrongly measured
electromigration phenomenon. The ultimate purpose of finite element analysis is to
re-create mathematically the behaviour of the actual system. In other words, an
accurate mathematical model of a physical prototype can be created. In the broadest
sense, this model comprises all the nodes, elements, material properties, real
constants, boundary conditions and other features that represent the physical system.
It is important to fix the physical properties and physical size of the system to be able
to produce an adequate mathematical model for the finite element analysis. The
physical size of the VLSI test structure component, already discussed in Chapter 1, is
complex and will be totally modelled in 3 dimensions. Figure 7.6.1 shows this
physical model.
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Figure 7.6.1: Physical model size.

The material properties of the different elements composing this model are extremely
important for a proper computation. The current, with a high density value, passes
though the test line and causes joule heating (see Chapter 2 ). Moreover a high
ambient temperature surrounds the device when it is placed in the life test oven.
These two effects cause an increase in temperature from the original state of the
device and will create expansion in the device (Chapter 2). Table 7.6.1 shows the
variation with temperature of the main temperature dependent properties of the
materials under consideration.

Specific heat
capacity
J Kg-'K '
Temperature °K
Aluminium
Silicon
Silicon Dioxide

273
880
680
700

373
937
770
830

573
1000
850
1020

273
232
168
11

373
240
108
8.3

573
233
65
5

Kgm'3

Qm
273
2.5 10"6
0.1
50

373
3.55 10"°
0.1
50

Table 7.6.1: Temperature dependent material properties.
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Density

Resistivity

Thermal
Conductivity
Wm^KT1

573
5.9 10'"
0.1
50

all temp.
2698.9
2330
2330

Density is assumed to remain constant for all values of temperature. The Figures
7.6.2 and 7.63 shows the graphical representation of these temperature dependent
material properties for specific heat capacity and thermal conductivity respectively.

Figure 7.6.2: Specific Heat Capacity Vs Temperature in °K.

250

200

i.
SO

373
TarrpadirelnK

Figure 7.6.3: Thermal Conductivity Vs Temperature in °K.
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53

The test device is composed of different materials, of different shapes and dimensions.
Each of these has to be modelled. Figure 7.6.4 shows the pads and active conductor
line which form the actual test conductor inside the device.

Figure 7.6.4: Pads and active conductor.

The pads and active conductors are made of aluminium. The pads are used to attach
gold wires which will eventually be bounded to the external pins in the case of DIL
package. Figure 7.6.5 show the physical shape of the pins.

Tff

Figure 7.6.5: Pin connection for 18 DIL package.
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The pins are mounted on the edges of the ceramic DIL package. The ceramic package
is manufactured such that the silicon die, where the pads and line are sputtered, is
countersunk . Figure 7.6.6 show the layout of the DIL package.

Figure 7.6.6: Ceramic package.

The countersunk section of the ceramic package is covered by an aluminium lid
enabling the silicon die to be hermetically sealed. Figure 7.6. 7 show this lid.

Figure 7.6.7: Aluminium sealing lid.
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The important section to be modelled is the silicon die, composed of a silicon layer,
silicon dioxide isolation layer, aluminium pads and line, and a BPSG covering layer
for isolation of the conducting line. For purposes of modelling the isolation layer, that
is the silicon dioxide layer, will be assumed to be the same as silicon. The BPSG
layer, on the other hand, will be modelled as a single 'cap' on top of the aluminium
active conductor. Figure 7.6.8 shows the silicon / silicon dioxide layer and Figure
7.6.9 the BPSG cap.

Figure 7.6.8: Silicon / Silicon dioxide layer.

Figure 7.6.9: BPSG cap surrounding Al active line.
All the various components of the physical model are shown in Figure 7.6.10
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Figure 7.6.10: Overall physical model with exposed view of top lead.

7.7. Mesh Generation.
The next step of the modelling process is to determine the shape and size of the
control mesh. This step is one of the most important of the entire analysis, as the
decisions made at this stage will profoundly affect the accuracy and economy of the
analysis. A free meshing set has be chosen, since in free meshing operations, no
special requirements restrict the solid model. Free meshing can use either mixed area
element shapes, or alternatively all-triangular area elements. Table 7.7.1 shows the
different shapes and sizes of the meshing elements chosen.
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Lots
Ceramic
Pins
Top lead
Si / Si02 die
BPSG sides
BPSG top
Pads & line

Element Shape

Element size(mm)
3 xlO'3
3 xlO"3
4 xlO'3
2 xlO"3
8xlO'5
IxlO"4
8xlO'5

Triangular
Area

Analysis

Thermal

Electro-Thermal

Table 7.7.1: Different sections, meshing elements shapes, element size, analysis.

Since the current only flows though the pads and active conductor test line, only these
sections need to be electro-thermally modelled. The remaining sections will be
modelled using only thermal analysis. Figure 7.7.1 shows the overall mesh of the
device and Figure 7.7.2 shows the internal meshing.

Figure 7.7. 1: The overall mesh of the device.
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Figure 7.7.2: Internal meshing of the device.

7.8. Coupling and Constraint Nodes.
When generating the model, it is necessary to define the relationships between
different degrees of freedom by using elements to link the nodes together. However,
it is also sometimes necessary to be able to model distinctive features which cannot be
adequately described with elements. In this case, coupling and constraint equations are
used to link together the nodes. An example of this is the coupling of the voltage
degree of freedom (DOF) of the pads and active line, due to the difference of potential
created from one side to the other when the loading current is applied. In other words,
all voltage drops in these parts must be linked when the electro-analysis is carried out.
This is not described by the element properties, and a coupling equation has to be
used. Coupling will cause only the prime DOF to be retained in the analysis matrix
equations, and will cause all the other DOFs in the coupled set to be eliminated. The
value calculated for the prime DOF will then be assigned to all the other DOFs in the
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coupled set. Even though coupling reduces the wavefront, it will increase the overall
matrix formulation time. A term frequently used in finite element analysis is the
wavefront. This is simply the number of degrees of freedom retained by the solver
during triangularisation because they cannot yet be eliminated.

As the solver

processes each element and its degrees of freedom, the wavefront swells and shrinks,
and finally becomes zero when all DOF have been processed. Figure 7.8.1 show the
two coupled sets used to describe the input and output areas of current, each
respectively placed on opposite pads.

Current Input Area

Current Output Area

Active Line

Figure 7.8.1: the two coupled set.

7.9. Loading Steps.
The primary objective of the finite element analysis is to examine the response of the
component to certain loading currents and thus to heating effects. Specifying the
proper loading conditions is, therefore, a key step in the analysis. A load step is
simply a configuration of loads for which a solution is obtained. In a linear static or
steady state analysis, different load steps can be used to apply different sets of loads
for the current value as well for the surrounding temperature. In a transient analysis,
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multiple load steps are used to apply different segments of the load history curve.
Both types of analyses will be investigated.

7.10. Transient analysis.
Prior to carrying out a transient analysis, a steady state analysis is performed. This
step is used to set the initial temperature condition, this being solely due to the
surrounding temperature.
The steady state values are used as the starting point for the transient analysis. The
current passing through the line will be increased linearly up to its maximum value
(fixed for each analysis). The current will be stabilised at this maximum value for the
duration of the analysis. This slow increase of the current will cause a smooth heating
of the device, and the equilibrium point at maximum current value will thus be
reached more rapidly. Figure 7.10.1 show these multiple load steps.

LOAD
2

-o

Max. Current

Steady

Linear

Figure 7.10.1: Multiple load steps.
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TIME

The surface load is a distributed load applied over a surface. In this analysis it is
assumed that the surface will only lose heat by convection. The ambient temperature
is set at a steady value for the overall analysis of the effect of a certain load current in
the active line. This convection is a free convection (that is, the device will not be
force cooled).

7.10.1 Solution Step.
Solution is the phase of the analysis in which the computer takes over and solves the
simultaneous equations generated by the finite element method. The results of the
solution are:

(a) Nodal degree-of-freedom values.(from primary solution)
(b) Derived values.(from element solution)

Two methods of solution are available in the ANSYS program: Frontal solution and
Jacobian conjugate gradient (JCG) solution. For this investigation the frontal solver
will be used, owing to its increased computation speed when dealing with high
numbers of elements.
The main feature of the frontal solver is that it does not assemble the complete global
matrix. Instead, the assembly and solution steps are performed simultaneously as
each element is processed by the solver. The method proceeds as follow. After the
individual element matrices are calculated, the solver reads in the degrees of freedom
(DOF) for the first element. Any degrees of freedom that can be expressed in terms of
the other DOF are eliminated. This process is repeated for all elements until all
degrees of freedom have been eliminated and a complete triangularised matrix
remains. The nodal DOF solution is then calculated by back substitution, and the
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individual element matrices are then used to calculate the element solution. Figure
7.10.1.1 shows these main steps.

Formulate element matrices
Assemble and triangularise global matrix
Back-substitute for solution

Figure 7.10.1.1: Main steps and files in the frontal solution.

7.10.2 Overview of Postprocessing.
Postprocessing is that phase of an analysis in which the results can be reviewed. Two
postprocessors are available to review results in ANSYS and both are used in this
investigation. The first allows the review of the results over the entire model at
specific load steps and substeps (or at specific time-points); the second allows the
review of the variation of a particular result item at specific points in the model with
respect to time, or with respect to some other result item. An important point to keep
in mind is that the postprocessors in ANSYS are just tools use to review analysis
results. Engineering judgement to interpret what the results mean will still be needed.

7.11. Electro-Thermal Analysis of the Device.
As seen previously, the overall model generation, materials properties, meshing and
loading have been determined and completed. The first analysis to be carried out is an
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electro-thermal analysis with a current load of 50 mA and a surrounding temperature
of 150 °C (423 °K). The convection factors from device to ambient air have been
fixed to a ratio of 1, meaning that ambient and convecting faces are both at 150 °C.
These convecting faces are all assumed to be in contact with the surrounding air
(including pins, ceramic, top lead). These faces are presented in Figure 7.11.1.

AIR at 150 °C

AIR at 150 °C

AIR at 150 °C
AIRatl50°C

Figure 7.11.1: convecting faces.

7.12 Summary of Chapter 7.
Chapter 7 has introduced the finite element analysis tool applied to electro-thermal
modelling of the full test device. Calculation steps and modelling steps also have
been presented and described. As a result, a fully working electro-thermal model has
been established.

Chapter 8 will present the results obtained from the previous

models and compare them with the results of the finite element analysis model.
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CHAPTER 8
Validating the Modelling Process.

8.1. Electro-Thermal analysis.
8.1.1 Introduction
As seen in the previous chapters models of thermal stress and crack initiation have
been developed using different modelling techniques. It is necessary to compare the
actual model results with the experimental values, both for different current loading
and surrounding temperatures in order to validate the models. Different methods of
thermal measurement on the surface of samples have been carried out to cross-check
the results of the finite element electro-thermal model.

This investigation was

necessary to ensure the quality and resolution of the finite element model, and hence
to determine the suitability of the finite element model for thermal-stress analysis.
This chapter will present the results of the finite element electro-thermal analysis, and
also the results of experimental tests on the detection of the surface temperature of
samples submitted to loading currents. A conclusion linking all models and measured
results will also be presented.

8.1.2 Simulation Results.
First Order Model for Joule Heating.
As shown in Chapter 3, the resistance of the Al line in the VLSI device is given by
equation 3.2.1.
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That is:
(Eq 3.2.1)

After multiple substitution the equivalent first order joule heating equation was shown
to be (Eq 3.2.4):
(Eq 3.2.4)

"'' ^

The following figures, Figures 8.1.l(a), (b) and (c), present different results of
increase line temperature for different typical batch sample lots (see Chapter 3,
Table 3.3.3.1), current density and surrounding temperatures.

60

LOT1

LOT 2

LOTS
60

60

50

50

50

-140 C
170 C

O

O
'§40

$40

-20 C

-50 C
80 C
110C

| 40
I

30

30

I 30

<S 20

20

20

10

10

10

0

0.05
current in mA

0.1

Figures 8.1.1(a)

Increase of Temperature
for lot 1 in AL line.

0

0.05
current in mA

0.1

Figures 8.1.1(b)

Increase of Temperature
for lot 2 in AL line.
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0

0.05
current in mA

0.1

Figures 8.1.1(c)

Increase of Temperature
for lot 3 in AL line.

The following table gives typical temperature increase values for 50 mA and 90 mA
current loading at 25 °C.
LOT 1
LOT 2
LOT 3

Current load 50 mA
Current load 50 mA
Current load 50 mA

Surrounding temperature 25 °C
Surrounding temperature 25 °C
Surrounding temperature 25 °C

Temperature increase in Al line 6.9975 °C
Temperature increase in Al line 8.3111°C
Temperature increase in Al line 9.66 1 2 °C

LOT 1
LOT 2
LOT 3

Current load 90 mA
Current load 90 mA
Current load 90 mA

Surrounding temperature 25 °C

Temperature increase in Al line 24.0583 °C
Temperature increase in Al line 28.9357°C
Temperature increase in Al line 33.95 1 1 °C

Surrounding temperature 25 °C
Surrounding temperature 25 °C

Table &.Z..Z.'Typical line temperature increases for I=50mA and 90 mA at 25 °C.

In the case of a typical electromigration test the surrounding temperature will be
150 °C and a loading current of 50 mA will be applied. This will result in an
increased temperature for each lot presented in Table 8.1.2.
LOT 1
LOT 2
LOT 3

Current load 50 mA
Current load 50 mA
Current load 50 mA

Surrounding temperature 150 °C
Surrounding temperature 150 °C
Surrounding temperature 1 50 °C

Temperature increase in Al line 10.21 19 °C
Temperature increase in Al line 12.1828 °C
Temperature increase in Al line 14.0250 °C

Table 8.1.2: Increase of Temperature in Al line for LOTl, 2 and 3 in Electromigration test conditions.

It has been proved, even though the coefficients of the variables in Eq 3.2.4 were
different for each of the lots tested (see Chapter 3, Table 3.3.3.2), that the increase in
temperature in the test lines is quite similar (within 27 %) in each case ( Table 8.1.1
and 8.1.2). It has also been shown, that, in the case of tests at high surrounding
temperatures the line temperature increase will be much greater than at 20 °C
(Figure 8.1.1(a), (b) and (c)). Moreover this result can be used as a guide line for the
next investigation on electro-thermal finite element analysis.
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Finite element Electro-Thermal Analysis.
As seen in Chapter 7 a foil electro-thermal model using finite element analysis has
been created. The Figures 8.1.2(a) and (b) give the results of the simulation after 500
seconds including the convection factor described in Chapter 7 for currents of 50 mA
and 90 mA respectively. A thermal image of the upper surface of the sample is thus
obtained.

TOP VIEW

Increase in °C
referred to 25 °C

Figure 8.L2(a): Temperature Shading Time=500 sec.
I=50mA SIMULATED.

Increase in °C
referred to 25 °C

Figure «./.2(&):Temperature Shading Time=500 sec.
I=90mA SIMULATED.

It is necessary to know the maximum temperature values in the active lines in order to
cross check the results obtained from the first order model presented earlier.
Figure 8.1,3(a) and (b) show the active line and pads at 25 °C for loading currents of
50 mA and 90 mA respectively.
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I ISOMETRIC VIEW

&7.3(a): Line Temperature Shading Time=500sec. I=50mA SIMULATED.

ISOMETRIC VIEWJ

Figure 8.1.3(b): Line Temperature Shading Time=500 sec. I=90mA SIMULATED.
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From Figure 8.1.3(a) and (b), it can be seen that the maximum increase in
temperature of the line is similar to the results obtained from the first order model
shown previously in Table 8.1.1 (within 5%). Thus, the finite element model is
considered accurate enough to proceed with a thernio-structural

(thermal-stress)

analysis. It is essential, however, to check and validate the temperature migration into
the ceramic package to ensure that a full and accurate model of electro-thermal impact
on the structure is created. This will be investigated in the following sections.

8.1.3 Results From Experimental tests.
Different methods of thermal measurement on the surface of samples have been
carried out to cross-check the result of the finite element electro-thermal modelling.
This investigation was necessary to ensure the quality of the finite element model and
confirm its possible transfer from electro-thermal analysis to thermal-stress analysis.
This section will present the results of this finite element electro-thermal analysis and
compare them with the results obtained from real experiments on the measurement of
the surface temperature of the ceramic packages submitted to loading currents.

Thermocouple Device Measurements:
In these experiments, K type thermcouples coupled to a K type signal conditioner
capable of measuring ambient temperatures up to 200 °C to an accuracy of 0.1 °C
were used to measure the temperature at various points on the surface of the sample
packages. Loading currents were passed through the test line, causing Joule heating
and temperature rise in the device. A schematic diagram of the experimental system
used is shown in Figure 8.1.3.1.
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8 Thermocouples
Box Enclosure

Figure 8.1.3.1: Schematic diagram of the apparatus used in the thermo-couple experiment.

Eight thermocouples were used in the test and arranged as Figure 8.1.3.2. The tip of
each thermocouple was coated with a thermal cream compound to increase heat
transfer from the surface of the sample to the thermocouples, thus reducing the
thermal inertia of the thermocouple and increasing the accuracy of the measurements.
However, the heat capacity and convection ratio of the upper surface of the sample
will change due to the presence of the thermocouples themselves, giving minor
measurement errors. Fine thermo-couples with a tip area of less that 1.5 mm were
used to minimise measurement disturbance. This temperature disturbance will be
considered negligible in the following investigation.
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24.38ma> mm

7.87 mm

Figure 8.1.3.2: Positions of the 8 thermocouples.

The ceramic package under test and the connected thermocouples were placed inside a
chamber, considerably larger than the test specimen itself. A large enclosure was
required for the following reasons. The sample radiates an energy density which
decreases with distance.

The heat transfer coefficients are related to this energy

density and altering the energy density of the immediate surroundings, by means of a
reflected field ( e.g. from the walls), would change the heat transfer coefficient. To
overcome this experimental problem the enclosure was made many times larger than
the sample size which allowed the field intensity to decrease proportionally with
squared distance due to the spreading of the field, and also by e"^x due to attenuation
where \n is the absorption coefficient of air and x is the displacement though the air.
The reflected radiation was kept to a minimum by coating the inside of the chamber
with matt black paint. This was to eliminate all traces of reflected radiation.
Furthermore, the size of the enclosure was made large enough for the enclosed
ambient air temperature to be unaffected by the heat input as this would induce
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irregularities in the results. This may be checked by calculating the temperature rise
in the box due to the input maximum electrical power which was approximately the
maximum power generated within the samples used in these experiments. Equation
8.1.3.1 show the calculation of maximum input electrical power.

P = Rtyp^, * Imax2 = 22*90e'3 = 0.1782 Watts

(8.1.3.1)

Taking a value of 718 J/kgK for the specific heat capacity (Cv) of air and 1.15 kg/m3
for its density (m), for a box with dimension of 0.2m x 0.2m x 0.2 m the temperature
rise for an experimental run may be determined from equation (8.1.3.2):

Q = mCvAT

(8.1.3.2)

where Q is the energy released
From Equation 8.1.3.2,
AT=Q/(mCv)

(8.1.3.3)

In the case considered Q will be generated only by electro-heat, and so be equal to the
maximum electrical power input calculated in equation 8.1.3.1.
Equation 8.1.3.3 becomes,

AT=P/(mCv)
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(8.1.3.4)

giving:
AT- 0.1782 / [(0.2x0.2x0.2x1.15)718] = 0.0269 °C

this is sufficiently small compared to the temperature of the sample to be ignored
The box was also sealed very carefully in order to avoid draughts This in turn allowed
the occurrence only of natural convection which is simpler to account for in the
calculation than a mixture of natural and forced convections, and is acceptable for a
first order model. Figure 8.1.3.3 (a) and (b) shows the results obtained
Increase in °C
referred to 25 °C

Increase in °C
referred to 25 °C

I1 3

Figure 8.1.3.3 (a): Temperature Shading Time=500 sec.
I=50mA. Experimental results from
thermocouples.

Figure 8.1.3.3 (b): Temperature Shading Time=5()0 sec.
I=90mA. Experimental results from
thermocouples.

The results of these tests will be discussed in section 8.1.4.

Pyrometer measurements:
In these experiments, a HEIMANN infrared radiation pyrometer type KT14, capable
of measuring between room temperature and 300 °C to an accuracy of 0.5 °C was
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used to measure the temperature at various points on the surfaces of the samples.
Electric currents were passed through the conductive test line, causing a rise in the
temperature of the sample. The test chamber described previously was also used in
this experiment. A schematic diagram of the apparatus is shown in Figure 8.1.3.4:

Box Enclosure

Figure 8.1.3.4: Schematic diagram of the apparatus, Pyrometer experiment.

The above configuration allowed the specimen to be easily placed in position for
testing. The infrared pyrometer was positioned with its axis perpendicular to the
plane of the upper sample surface. The distance L (Figure 8.1.3.4) between the edge
of the lens barrel and the surface was set to exactly 80 mm as specified by the
manufacturers. A specially designed insertion gauge, Figure 8.1.3.5 consisting of a
flat disc and a rod which screwed into the centre of the disc was used for this purpose.
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1

T

80mm-

1 mm

Figure 8.1.3.5: Insertion gauge.

The total height of the disc and rod was adjusted to exactly 80 mm. The diameter of
the rod was 1 mm which made it possible to aim quite accurately at a certain target
position by sliding the flat surface of the disc onto the lens barrel. The tip of the rod
marked the minimum target spot at the proper working distance of 80 mm. To limit
the manual displacement of the pyrometer, a computer driven X-Y table was used to
place the sample at the appropriate measurement spots. These spots have been placed
on the sample as shown in Figure 8.1.3.6.
24.3 8™, mm

*..*..-•

t

0.77 mm

x

1 mm-

1.3 mm

Figure 8.1.3.6: Spots placed on the Sample.
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7.87mm

The pyrometer is designed to respond accurately only for surfaces with emissivities of
almost 1. To overcome this problem when dealing with the sample composed of
different materials with emissivities different to 1, the samples were coated with a
extremely thin layer of black velvet paint (type 2010 from 3M Ltd). This material is
claimed to have an emisivity of 0 95. Figure 8.1.3.7 (a) and (b) show the result of
measurements for current loading equal to 50 mA and 90 mA respectively. These
results have been post-processed to enable spot measurements not to be presented as
spot temperatures but in a form of temperature intercepts resulting in a reconstructed
thermal picture of the upper surface of the sample. The results of these tests will be
discussed in section 8.1.4.

Increase in °C
referred to 2 5 °C

Figure 8.1.3.7 (a>:Temperature Shading Time=500 sec.
I=50mA. Experimental results using
the Pyrometer.
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Increase in °C
referred to 2 5 °C

Figure 8.1.3.7 0>:Temperature Shading Time=500 sec.
I=90mA Experimental results using
the Pyrometer.

8.1.4 Comparison of Experimental Results with Model Prediction.
A comparison of the results obtained with the thermocouple (Figure 8.1.3.3(a)
and (b)) and the pyrometer (Figure 8.1.3.7(a) and (b)) can be made and compared
with the results of the simulation using electro-thermal finite element analysis. It has
to be noted that surface temperature measurements using the eight thermocouples give
accurate results at the measurement spots. Nevertheless, these measurements contain
an error due to the inertia of the thermocouples themselves and also due to their
thermal interference on the surface of the sample. This comparison is shown in Table
8.1.4.1(a) and (b). In this table measurements at 150 °C are not possible, because the
measurement apparatus (i.e.: chamber, pyrometer or thermocouple signal conditioner)
are not designed by the maker to work with such surrounding temperatures).
Current
(mA)

Surrounding
Temperature
(°Q

50
50
90
90

25
150
25
150

Results from Finite
Element Analysis

CC)

Themocouple
Apparatus
(°Q

Standard
Deviation

Pyrometer
apparatus
(°Q

0.2397

26.81
26.82
NOT PRACTICALLY APPLICABLE
29.52
29.51
29.6
NOT PRACTICALLY APPLICABLE
26.4

0.0493

Table 8.1.4.1(a): Maximum surface temperature and standard deviation, EXPERIMENTAL.

Current (mA)

Surrounding
Temperature
(°C)

50
50
90
90

25
150
25
150

Results from First Order
Model (°C)
(average between Lots)
33.323266
162.1399
53.9817
192.27286

Results from
Finite Element
Analysis (°C)
35.2
166.417
56.695
203.191

Standard
Deviation
1.3271
3.0244
1.9186
7.7203

Table 8.1.4.1(b): Maximum line temperature and standard deviation, SIMULATION.
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It can be seen that no experimental measurements for comparison have been carried
out at 150 °C ambient temperature for practical reasons. It has been shown by
experiment that the result obtained from the simulation are accurate enough
(within 1.5 %) to prove the viability of the a thermo-structural finite element model
obtained from the electro-thermal model. This will now be further investigated.

8.2. Thermal-Structural Analysis
As seen previously, electro-thermal investigation of the samples has been applied and
a correlation between experiment and simulation obtained. From these themal results
it is therfore possible to calculate, using finite element analysis methods, the stress
intensity created by thermal increases and as well as determining the areas on the test
line with the highest stress. These areas would be most susceptible to stress cracking
and electromigration onset. Owing to the extremely small dimensions of the sample,
it is not, unfortunately, possible to check the results obtained experimentally.

8.2.1 Simulation Results.
The following section will use the mechanical properties of materials listed in
Table 8.2.1.1.
Material
Aluminium
Silicon
Silicon Dioxide
BPSG
Ceramic

Elastic modulus
(Pa)
75.5 xlO9
100 xlO9
36.9 xlO9
36.9 xlO9
57.6 xlO9

Coefficient of
thermal expansion
23.1 xlO'6
2.6 xlO"6
6.8 xlO"6
6.8 xlO'6
6.8 xlO'6

Poisson's Ratio

Table 8.2.1.1. Mechanical properties of relevant materials.
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0.345
0.42
0.4
0.4
0.4

The application of thermo-structural analysis is straight forward, but unfortunately only
steady state investigations are possible with the software available. For convenience in
the simulation, a steady state analysis of stress was performed at a time of
500 seconds.

It has been shown that this elapsed time allows the sample to thermally

stabilise. Stress results of the test line only and the complete sample at 50mA and
90mA are presented in Figure 8.2.1.1 (a),(b) and Figure 8.2.1.2(a),(b) respectively.

ANSYS 5.0 fi
JUN 16 1995
64:56:57
PLOT NO.
2
NOML SOLUTION
STEP=1
SUB =1
TIME=598

. 1471*6
.295E*«
.442I* 6
B.5J9K+ 6
B.73VK+
B.8J4I+'

H

Figure 8.2.Ll(a) Stress in line at 50mA,
500sec.,150°C.
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.118I* 7
.133K«7

Figure 8.2.1.1(b): Stress in sample at 50mA,
500 sec., 150 °C.

ANSVS 5.8 fl
JUH 29 1995
63:55:26
PLOT NO. 1
NOML SOLUTION
STEP=1
SUB =1

,461E*|j
.768E^
.123E* 7
.138E47

Figure 8.2.1.2(a).Stress in line at 90mA,
500sec.,150°C.

Figure 8.2.1.2(b): Stress in sample at 90mA,
500sec.,150°C.

Recall of results from Crack generation model
From Chapter 6, it will be recalled that the investigation at 150 °C (no applied
current), showed that no crack initiation occurred ( stress resulting from loading was
less than crack initiational stress criteria - see equation 6.3.2-)

A reminder of the

location of stress points from this simulation is shown in Figure 8.2.1.3.
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High Stress = 5.5 MPa

Figure 8.2.1.3: Resume STRESS spots at 150 °C surrounding 1
These high stress points will now be compared with a full tl
element model.

Resume of results from structural finite element model
It can be seen from the previous finite element structura
essentially the points of high stress occur at each extremity oft
joins the connection pads. This is essentially due to the extre
between the line and the connection pads. Likewise, stre:
different parts of the test line, being due to the large differences
between the line itself and the surrounding BPSG or silicon-di
depicts the pads and test line with the actual high stress spots m;
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Electrical Current
High Stress

Smaller Stress

not to scale

Figure 8.2.1.4: pads and test line with the actual STRESS spots.
It can be seen that as shown in Chapter 6 equation 6.3.2, no crack initialisation is
created by pure mechanical deformation in this situation. The maximum value is less
than the crack initialisation criteria of 25 MPa (the average for aluminium). The
effect of stress close to the pads can be destructive if the expansion due to thermal
heat increase is large. However, in the considered case of electromigration, (50 mA
loading current and 150 °C surrounding temperature) it is still found that the stress
remains below the crack initiation threshold of 25 MPa.
From the thermo-structural analysis, it can be concluded that simulations, using
different techniques, give very similar results. The actual value of stress generated in
both cases is different, due to the fact that in the case of the crack generation model no
current load was applied to the test line and therefore no induced heat was generated
in the sample. Stress spots have been located and identified. The values after 500
seconds of simulation for current of 50 mA and 90 mA were found and spot
classification carried out. As a conclusion on the thermo-structural analysis it can be
stated that structural defects due to heat are not destructive (that is, no cracks are
initialised), but nevertheless may well be an acceleration factor in electromigration.
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8.2.2 Identification of Hot spots due to Heat and Stress
Figures 8.2.1.3 and 8.2.1.4 show the pads and test line stress spots.

The

corresponding hot spots on the same line and pads, are shown in Figure 8.2.2.1.

Electrical Current
Small Heat

Maximum Heat

not to scale

Figure 8.2.2.1: pads and test line with the actual HEAT spots.
From Figures 8.2.1.3, 8.2.1.4 and 8.2.2.1 it can be seen that hot spots are adjacent to
the stress spots.

Thus, the mutual action of electro-heat, stress and, as seen in

Chapter 1, electron flow though the conductive line can cause depletion of the line
material. Figure 8.2.2.2 shows these highly thermally and mechanically stressed
areas.

High Thermally and
Mechanically stressed areas

Electrical Current

not to scale
Figure 8.2.2.2: pads and test line showing the hot spots.
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83. Summary of Chapter 8.
Cross-linking between thermal and structural energy increases due to Joule heating
and stress have been presented. Maximum values in each cases, for both simulation
and experimental tests, have been given. Spots of high thermal increase and high
stress have been identified. A detailed observation of these spots and their supposed
interaction has been proposed. In order to fully identify the depletion areas in the line
which would occur during electromigration, visual pictures of the line using
electromicroscopy are required. Chapter 9 and 10 will present the test equipment for
accelerated life tests, and analyse the results obtained using scanning electron
microscope techniques.
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CHAPTER 9
Equipment for VLSI Accelerated Life Testing.
9.1. Introduction.
Several methods of testing electromigration and the life span of devices are known '.
One of the most popular is shown in Figure 9.1.

In this test arrangement, test

samples are placed in an oven at an elevated temperature and subjected to a fixed
initial high current (approximately 50 mA), until failure occurs. Owing to the increase
of sample resistance with electromigration, the test current reduces. This reduction
will vary from sample to sample. Since the test current is not constant for each
device, the value of this test method is extremely limited. In order to test the devices
under realistic, albeit accelerated conditions, a constant current supply is required.

Figure 9.1: Popular experimental arrangement.
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9.2. Test Equipment.
In order to meet the stress requirements necessary for accurate electromigration
experimentation, a purpose built stressing facility was designed which enabled the
simultaneous testing of a large numbers of devices (50 devices). This system had to
be capable of continuously stressing the devices under test (DUT) under carefully
controlled conditions. Initially, it was required that the current should stay constant as
the DUT resistance varied typically from 10 to 40 Ohms up to a proposed maximum
limit of 500 Ohms. Anticipated current and temperature setting were 10-50 mA and
up to 200 °C. These characteristics necessitated the adoption of specially designed
current sources and the use of an accurate fan-oven. 24 hour constant monitoring was
desirable, and this was achieved using a IBM 286 computer with analogue to digital
converter (ADC) input which was sequentially connected to each of the DUT voltages
via a multiplexing network. A very high stability current source was required, and the
design of this is discussed in the following section.

9.2.1 Current Source Design
The important requirement of the design was current stability of the source when
subjected to voltage supply fluctuations and changes in ambient temperature. A
generator was designed using the transistor feed-back current generator method as
shown in Figure 9.2.1.1.
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•R28
•2k

7

DUT
500
05

D1 /
.R27.
50-

D3

R7 • ?

505.

V1

LI: Transistor feed-back current generator.
for different surrounding temperature values of 27 °C, 50 °C,
JT resistance from 0 to 500 Ohms, gave the results shown in
Figure 9.2
A simulation using Pspice _____
100 °C and variation of D -— 25 °c
Figure 9.2.1.2:
50 °C
-

60

MOO°C

Current
(mA)
40

H

Load Resistance (Ohms)

.n at 27 °C, 50 °C and 100 °C for DUT resistance from 0 to 500 Ohms.
20

l

100

Figure 9.2.1.2: Simulati
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From this simulation it is clear than such a design is not suitable for a life span test
experiment due to its instability with temperature.

A feedback device must be

introduced into the circuit to compensate for surrounding temperature changes, to
enable the current to remain constant over a wide temperature range. This design is
shown in Figure 9.2.1.3.

R1
220k

C2
•0.1
V1
D1

_L -C3
5.1V

Figure 9.2.1.3: Constant current source compensated for temperature change.

The important component for the stability of this source is the voltage reference diode
Dj which has an associated voltage which is very static with temperature. This diode
is used to clamp the voltage across the 200 Q potentiometer so that setting this resistor
selects the current magnitude. Any variation in this current will cause negative
feedback to the op-amp biasing the transistor with the effect of counteracting the
current change. A Pspice simulation of this circuit for temperatures of 27 °C, 50 °C
and 100 °C is shown in Figure 9.2.1.4.
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60

-

50

Current

30

20

+0

100

500

Load Resistance (Ohms)

Figure 9.2.1.4: Simulation at 27 °C, 50 °C and 100 °C for DUT resistance from 0 to 500 Ohms.

The simulation implies a temperature stability which is sufficient for the life span test
(within ±0.05 mA). The circuit was constructed and experimental measurements
compared with those obtained from the simulation. These are shown in Figures
9.2.7.5 and 9.2.1.6 respectively.
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Acceptable range

Current
(mA)

50

90

130

170

210

250

290

330

Load Resistance (Ohms)

Figure 9.2.1.5: Simulated values of current supply capability.

Acceptable range
6.00B-02 —

5.00E-02 . .

4.00E-02

. .

3 OOE-02

170

210

Resistance in Ohms

Figure 9.2.1.6: Real values of current supply capability.
From the graphs, it can be seen that agreement was within ± 1 %. The experimental
values show that the circuit is capable of supplying a constant current within ±0.5 %
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over a ambient temperature range of 100 °C. This circuit was therefore considered
suitable for the constant current tests.

9.2.2 Temperature Monitoring.
The monitoring of the oven temperature is a very important parameter for the
measurement and post-treatment of the data. Any fluctuation of temperature must be
recorded to enable proper prediction. The oven temperature was monitored using a
single negative temperature coefficient (NTC) resistor situated in the middle of the
DUTs. The NTC resistor characteristic is not linear, Figure 9.2.2.1 showing the
experimentally measured characteristic of resistance of the NTC for the particular
oven (Galankamp OV204 oven) used when loaded with samples. This measurement
has be carried out using an accurate ohmmeter.
Experimental NTC resistor Caracteristic
300 ————————————————————————————————————————————————

250 ._—— >
\
r -\- -

~

\

1-

L-———>\~ ——— _ _ _ _ .

§

_____

_ _ _ _ _ -----

-----

-----

' & & O <

•e

\

3
tn

'8 100

b.
---^^
I

la
50

~ ~ ~ ~ ~

r _

_

_

_

- -- ~1

____.,

J&~'^e~

' ^ O- ^ ^

°0

20

40

60

80
100
Temperature in C

120

140

160

180

Figure 9.2.2.1: Experimentally measured resistance characteristic of NTC for DUT loaded Oven.
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Figure 9.2.2.2 shows the circuit arrangement of the NTC temperature measurement
used.

N-p(~,

Current , j i
Generator V/

|

| V(lllt

Figure 9.2.2.2 : The typical circuit arrangement of the NTC temperature measurement.
A polynomial curve fitting technique was applied to this data to enable the oven
temperature to be determined by measuring the voltage across the NTC resistor.
Using Ohm's law, the resistance of the NTC can be calculated, but a 5th order
polynomial is required to fit properly the resistance value to an equivalent
temperature.
This polynomial is given by :

This polynomial gives typically a good fit to the experimental data points. Figure
9.2.2.3 gives the fit curve and the error regarding the equivalent temperature from a
resistor value. The error was estimated to be less than ± 0.4 %.
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Curve fit for NIC resistor and Error with real value
T

300

20

40

60

80

100

120

140

160

180

Figure 9.2.2.3 : The NTC temperature interpretation fit curve and error.

This polynomial will be used as the temperature determination factor in the life test
measurement equipment.

9.2.3 Monitoring and Interfacing.
A IBM 286 microcomputer was selected to monitor device voltages because of the
facility to be fitted with a 4 channel ADC and its simplicity of operation. There was
also the need to multiplex the DUTs DC voltages and this could be done, using an
output address from the Digital I/O port of the fitted card. On the other hand, it was
necessary to save and store data on disc. This has been achieved by sending the data
directly after acquisition of the value, to the hard disc of the IBM. The data was saved
as ASCII characters. Post-analysis was completed after the tests. Since the ADC of
the fitted card has a maximum input of ± 4V whereas the DUT has a maximum
voltage drop (at open circuit) of approximately 15 V it was necessary to step down

-9.9-

this voltage using two voltage divider stages before it was applied to the ADC port,
Figure 9.2.3.1.

15V

Constant current i'
74]

DUT
100 ten
ov_

D

68 KO
I -I5V
77KH

-*-ToIBM
ADC

Figure 9.2.3.1: Voltage step-down to satisfy multiplexer and ADC limitations.

The voltage from each DUT was firstly halved to comply with the limit of 15v set by
the multiplexer specifications. In order to keep any comparison between devices
valid, this was done using two 100 KQ. 1% tolerance resistors which were carefully
measured and matched to reduce the spread in dividing ratio to within 0.1%. This
voltage was input to the multiplexer via a buffer op-amp to isolate it from the
impedance of the following stages. Figure 9.2.3.2 shows the Pspice model use for
simulation of one multiplexer channel and Figure 9.2.3.3 shows the values of
voltages measured by the ADC input of the IBM 286 fitted card.
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Figure 9.2.3.2: Pspice model use for simulation of one multiplexer channel.

200

Cuntnt in OUT
(mA)

Voltage input on

IBM -ADC(Voltt)

100

200

300

500

OUT Resistance (Ohms)

Figure 9.2.3.3: Values of voltages measured by the ADC input of the IBM 286.

The 16 channel multiplexers used (DG506ACJ) enable 64 voltages to be handled
when inputting each multiplexer to a separate ADC channel, Figure 9.2.3.4, via
another voltage divider.
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User I/O port of the computer

16 BUT

16 BUT

16 Bin-

ABC in computer

16 BUT

Figure 9.2.3.4: Multiplexing to IBM Channels
It is desirable that the voltage divider reduces the maximum DUT voltage to
approximately 4v to obtain the best possible range available. It was found that this
could easily be achieved using the standard size resistors 68KD and 77KH. Several
1% tolerance resistors were compared to obtain the closest matched pairs and, for the
four multiplexer outputs, the fractions attained were calculated as 0.12823 ± 1.9e
(0.15%). The exact method of voltage monitoring and handling has altered several
times since the system was first used and its limitations identified. Initially the device
voltage input to the monitor was that from the point of connection to the current
source outside the oven to the common ground rail.

This was found to be

unsatisfactory because of the sizeable voltage drop across the line to ground for all
devices which decreased with each device failure. Several methods of reducing this
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influence were attempted, such as greatly increasing the ground lead thickness. This
was found satisfactory. Shown in Figure 9.2.3.5, is the Pspice simulation model of
this unsatisfactory grounding arrangement and the associated current drop is shown in
Figure 9.2.3.6.

.R2200

•01
•OUIQ

.0-1A

r

L_i

o.iu\

ft

" O.iuN

Kl—'
R1220<

01

Figure 9.2.3.5: Pspice model of unsatisfactory grounding.
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100

200

300

SOD

DUT Resistance (Ohms)

Figure 9.2.3.6: Current drop curve associated with unsatisfactory grounding.
It can be seen that with a defective ground resistance equal to 75 Ohms the influence
of current on the other current generators can be quite damaging for the accuracy of
measurements. Moreover the use of high temperature cable to link the DUT to the
current generator from oven to main board will involve the same 75 Ohm resistor.
Greatly increasing the ground lead thickness, will therefore remove this effect of
ground defect giving an adequate voltage measurement connection as well as a low
impedance to ground. The sensitivity of the monitoring is mainly limited by the IBM
12 bit ADC. Taking into account the voltage dividers the system can register an
increase in DUT voltage of 0.0009v. The corresponding resistance increase which can
be monitored will depend on the current being used. The monitoring process is
therefore more sensitive for the higher current tests. These distinguishable resistance
increments are quite large percentage changes in the typical initial device impedance
range of 10 Q to 40 Q, typical of the structures to be investigated (-2% to +14%).
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9.2.4 Analogue to Digital Quantization Errors.
A 12-bit ADC type ICL7109 was used 3. This 12-bit conversion gives 4096 bipolar
codeword outputs. For the application only the positive conversion side was used.
Figure 9.2.4.1 shows the typical codewords and staircase conversion outputs.

+Vo= +4 v.

minium
mnmino
miiiimoi

Used converter
side

100000000000

ooooooooooio
oooooooooooi
000000000000

_Vo= -4v.

Figure 9.2.4.1: Typical codeword and staircase conversion outputs.
The range of conversion used was thus 0 to + 4 volts giving 2048 possible codeword
outputs. In the typical case of a DUT with an original resistance of, say 22 Ohms
subjected to a current of 50 mA, the voltage drop across the line will be 1.1 V. With
the Voltage step-down resistor network used in Figure 9.2.3.1 the ADC voltage input
will be 0.257931034 V. The codewords are also called quantization levels and the
difference between two adjacent quantization levels is termed quantization interval.
The quantization interval used will be 1.954 mV and the actual quantization error will
be 0.977 mV, which in the worst case will produced a resistor reading error of
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±9.777 mQ for the DUT with 50 mA current load (±0.0444 % error). This value is
acceptable for a precise variational resistance monitoring.

9.3. Design of Test Equipment.
For ease of use the equipment will be divided in two parts:
- The Eurocard sub-rack system.
- The computer for management and saving of data.
Both parts will be enclosed together in a standard 12U rack cabinet. Figure 9.3.1
shows the overall system arrangement. This comprises an oven, Eurocard sub-system
and a computer. Each part is linked together with grounded wires for noise reduction
and the internal wiring of the oven is insulated with high temperature silicon rubber
capable of withstanding temperatures of up to 300 °C for short duration, and a normal
continuous operating temperature of- 60 °C to + 260 °C.

_240 v~ power in

24 Control wires with
EMG grounding

Computer for management and
hard saving of data

240 v~ power in

Eurocard Subrack System

Figure 9.3.1: Overview of the complete system.

-9.16-

9.3.1 The Eurocard sub-rack System.
The system consists of a basic sub-rack kit forming the main frame, which accepts up
to 12 individual Eurocards. The current generator circuits, discussed in previous
sections, were used to provide the constant current through each individual DUT.
Each Eurocard contained five identical current generator circuits. The overall current
generator card design is shown Figure 9.3.1.1.

Figure 9.3.1.1: Current Generator Card and Measurement Amplification stage.
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The design of the PCB was such that each current generator and its associated measurement
amplifier were placed horizontally, with current / amplifier number one on the top of the card.
Each equivalent component of each amplifier was placed vertically to aid noise reduction and ease
of identification. The potentiometers were placed on the edge of the card enabling an easy
adjustment when the card was plugged in. Figure 9.3.L2(a),(b),(c) show the hardware design
chosen for these cards.(l/4 reduced)
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9.3.2 Multiplexing Cards.
Two multiplexing cards have been designed and constructed to enable the possibility
of testing 50 components at a time. Figure 9.3.2.1 shows the layout of these two
cards.

CONCH !OQN04>aONCH)aON(M XI

Figure 9.3.2.1 : Layout of the Multiplexing cards.

Figure 9.3.2.2(a),(b),(c) Show the multiplexer card hardware design.(l/4 reduced)
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Figure 9.3.2.2(a >:Place Plan

Figure 9.3.2.2(b ^.-Solder Side

Figure 9.3.2.2(c ^.-Component Side|

Note:
The ground plane layout of the cards was carefully designed to minimise
unwanted noise signals.

9.3.3 DUT Testing Board.
The DUTs are placed in the oven and electrically connected through a high
temperature resistant board mounted with special sockets.

The maximum oven

temperature at which tests can be made is 260 °C, this limitation being essentially due
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to the circuit link from the oven to the test equipment using silicon wire not being
suitable for higher temperatures.

Figure 9.3.3.1 shows the mapping of the

components on this board.
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25 >*-" 26
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11
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16
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19

20

15

10

Connector 52 ways

Figure 9.3.3.1 :Mapping of the components on the high temperature board.

The temperature monitoring sensor (NTC) is placed between components 25 and 26.
This enables a good temperature measurement which is taken in the middle of the
board. Overall oven temperature variation is within ±0.1 °C.

9.3.4 Input and Output card.
In order to sample the measurement voltages from all the DUTs under test, it is
necessary to use a multiplexed multichannel I/O card plugged into the PC. A simple
I/O extension card was satisfactory due to the very slow sample rate required for this
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test ( preliminary tests showed that a 10 minute sample rate was satisfactory). The
characteristics of this proprietary I/O card are as follows:
- 32 I/O lines.
- 3 programmable counter/timers.
- One 12-bit D-A converter.
- One 12 bit A-D converter.
- 8 multiplexed analogue inputs.
- Fully buffered bus.

The computer and the card communicate via the bus buffer. All data, address and
control lines are buffered to prevent damage to the computer's internal circuitry. The
address decoder translates the address and control signals from the computer into
block selection signals for the I/O circuits. The card address range can be selected by
means of a jumper. Both available ranges (30Xh and 31Xh) fall within an address
area reserved by IBM for experimental extension cards in the PC.
The I/O extension card can be safely mapped there because the relevant address area
will almost certainly not be shared with other cards. The main building blocks on the
I/O card are a programmable interval timer (PIT), two programmable peripheral
interfaces (PPIs), a 12 bit A-D converter (ADC) and a 12 bit D-A converter (DAC).
The input of the ADC is driven by an 8 channel analogue multiplexer, so that the card
has a total of eight analogue inputs. The 12 bit ADC type ICL7109 is really a 13 bit
type since it provides a polarity bit in addition to the 12 data bits. The DAC will not
be used in this experiment. Preliminary experiments using 10 ohm 0.01 % metalised
resistors were made to establish the overall stability of the test and measurement
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system. Figure 9.3.4.1 shows the stability of the current generator and the I/O card
for different values of current.

AID convenor value over a
100 scale

30
24C

1Di 243

Time in Seconds and Temperature in C

180C
1SOC

Figure 9.3.4.1: Stability of the current generators and A/D converter for increasing value of
temperature, different current settings on 10 Ohms 0.01% metal resistor.

Input pins for the four Channels of the ADC used are as follows, Table 9.3.4.1:

On the Eurocard sub-system
Multiplexer 1 ( blue wire)
Multiplexer 2 ( green wire)
Multiplexer 3 ( red wire)
Multiplexer 4 (yellow wire)

On extension Card
1
2
3
4

Table 9.3.4.1: Input pins location.
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Output pins for external sub-system multiplexing are:

fortD;

37 : MSB to both multiplexing cards on sub-system
35............................................................................
33............................................................................
31 : LSB to both multiplexing cards on sub-system
29 : Enable to both multiplexing cards on sub-system

For ease of data management, the data was saved on hard disk with a visualisation of
the current state for each device being displayed on screen. The analysis of the overall
data was carried out after each test.

The programming language adopted was

QBASIC for its ease of I/O card access, screen display and saving of data.
Figure 9.3.4.2 shows how the software manages the sample timing as well as the
video display of the actual state of the test and the hard saving of the data.
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day=l
A=l
B=l
INIT. TIME=0

Channel = A
Component = B

ADC MEASURE (Average of 10 measurements)
VIDEO DISPLAY
SAVING measured value on DAY

TIME=INITTIME+10 ?

DAY=DAY+1
INITTIME=TIME

Figure 9.3.4.2: Associated flowchart.
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9.4. Summary of Chapter 9.
This chapter has described and justified the requirements of the test equipment
designed and built to cany out the accelerated life tests. Chapter 10 will present the
results of actual test samples subjected to accelerated life tests using this equipment.
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CHAPTER 10
Prediction of Life Span from Experiments

10.1. Introduction.
Chapter 1 introduced the concept of electromigration, and subsequent chapters have
sought to establish a link between electromigration in VLSI conductors, temperature
and mechanical stress. This chapter will firstly discuss some of the underlying theory
of electromigration, as it is presently understood, and how accelerated testing may be
related to normal long time operation. The results of stressing the VLSI test devices
(described in Chapter 1) using the test equipment (Chapter 9) will then be presented
and a statistical and numerical analysis of the results will be carried out.

10.2. Electromigration and Accelerated Testing.
In order to be able to interpret the results obtained from accelerated testing, the
relationships between the ' normal time * and ' accelerated tests ' must be clearly
understood.
The acceleration factors are current and temperature, and the model adopted in this
work is that given by Black 2. This assumes a current density exponential of 2 and a
Boltzmann temperature acceleration factor.
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i.e.:

II/XA

Current Acceleration Factor = —
\J2

(10.2.1)

I2/XA

Where:

current.

Jl = Experimental current density.
J2 = Working current density.
= Experimental
11
12 = Working current.
XA = Cross-section area n = 2.

and
Temperature Acceleration Factor = exp

1
EA
K \T2
Where:

1
Tl

(10.2.2)

EA = Activation energy.
K = Boltzmann constant.
T2 = Working temperature.
Tl = Oven temperature &
Joule heating temperature.

The above equations use the following assumptions: the working current is equivalent
to 1.25 mA/um. The exponential is 2, the activation energy is 0.5 eV and the Joule
temperature varies from 10-40 °C, depending upon the current.
The solid-state principles which dictate the diffusion of ions in a conductor are well
documented. Several researchers have summarised these details with regard to the
process of electromigration 3' 4' 5. The ease with which an ion can move through a
material (similar or dissimilar) depends on the restraining forces of its surroundings.
In the Al-alloys pertinent to the VLSI industry the basic structure under consideration
is the face centred cubic (FCC) crystal.

However, the usual metal deposition

procedures result in thin layers which are polycrystalline in nature with varying
grainsize distributions and which include many crystal irregularities.

Black

describes how an ion in a crystal lattice is held in position by the electrostatic forces
-10.2-

of the surrounding ions but is still able to vibrate within this location when thermally
excited. At some precise level of excitation the ion will have sufficient energy to
overcome the lattice restraining forces and move out of its location.

At any

temperature above absolute zero the ionic kinetic energy states within a crystal lattice
are instantaneously described by the Boltzmann distribution. This indicates that for
any temperature above absolute zero there is always a proportion of ions with energy
greater than that required to escape from a lattice position. The proportion above an
energy level Q, at temperature T is given by

(-Q\

exp——
*V kTJ

where k is the Boltzmanns constant

(10.2.3)

Self diffusion is the purely random process of ion rearrangement which takes place
within a homogeneous crystal. Two steps are necessary for such diffusion to occur:
Ions must leave their lattice sites (activation energy Q, = 0.73eV in a pure Al crystal),
other immediate neighbour ions must have enough energy to move into the open site
(Q2 = 0.75eV).

The probability of the two energy requirements occurring in neighbouring lattice
positions will be proportioned to the product of the two Boltzmann proportions.
Hence the process of self diffusion in Al can be seen to be dependent on an overall
activation energy of:

Q} +Q2 =lA&eV
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(10.2.4)

This is only applicable, however, within a pure Al crystal. There are many factors
which can reduce the activation energy and increase ion movement such as crystal
defects, non-similar alloying elements or impurity atoms and crystal edge effects as
surface and grain boundary. The last of these is of great importance to volume ratio
and are divided by numerous grain boundaries. Grain boundary activation energy for
self diffusion (measured as 0.55eV in pure Al) is much lower than that of bulk lattice
diffusion so that the ions in the boundary are much more mobile at a given
temperature than those more tightly fixed in the grain bulk. The effect of alloy
addition and impurities on diffusion activation energy, both within the lattice and
along grain boundaries, is also significant in interconnect behaviour. Self diffusion is
an isotropic process, but there are several phenomena which can cause this random ion
motion to result in a net transport of ions from one location to another. Any existing
gradients within a conductor of ion concentration temperature, mechanical stress or
electric potential will result in a directional flow of ions.

When attempting to

investigate electromigration it must be noted that any of the other ion moving forces
may be in effect and that the very nature of VLSI interconnect material renders the
various non-moving contributions unavoidable and inseparable. When a potential
difference is applied across a conductor and an electric current flows, ions in the
lattice are subject to two forces:
1.

A force Fe due to the influence of the electric field on the
positively charged ions,

2.

a force Fp brought about by an "electron wind" effect whereby
momentum is transferred from the moving electrons to the
ions.
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The two forces act in opposite directions (for an electron current - hole current both
act in the same direction). From experimental evidence the force caused by the
impinging electrons is the most dominate of the two in an aluminium or Al alloy
crystal 5> 6. Hence when a current flows through an aluminium conductor, Al ions
migrate towards the anode. The net force on an ion due to an applied e.m.f is often
described by attributing an effective charge, Z , to the ion, its value being the number
of positive electronic charges which would experience the same force in the applied
electric field. It is apparent that Z must be negative for Al ions since they are moved
towards the anode. A flux of ions along a uniform conductor will not result in open
failure of the line. Electromigration induced open fails occur because some means of
flux divergence is present within the metal strip which nucleates vacancy
condensation bringing about void growth. In Al (a three grain junction), grainsize
variations or stripe width and thickness variations.

Other failure mechanisms

observed in VLSI interconnects which are incurred due to ion migration are
incidences of contact failure by spiking or pitting 7; spiking is the growth of Al
extrusions into the contact material while pitting occurs by the dissolution and
transport of the contact material into the metal interconnect. The use of Si in Al
alloys to reduce the uptake of silicon at contacts has been seen to result in the
Q

Q

formation of Si nodules within the metal line causing failure ' . Ion flux divergence
within a metal line leads to void formation but it also induces growth of hillocks 7
which in the situation of multilevel interconnects can cause shorting ' .
The method of measuring electromigration can be discribe as following.
The force experienced by an ion in a conductor due to an applied electric field and
resulting "electron void" cannot be directly measured but the displacement of the ions
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caused by this forces over a certain period can be monitored by several means. The
ion flux in a bulk sample is given by 12 :

(10.2.5)

where N

/
j

is the ion density.
is the self diffusion coefficient.
(specific to the lattice type).
the volume resistivity.
the electron current density.

The vacuum deposited films used in VLSI circuits are by no means simple bulk
samples and Equation (10.2.5) must be modified to account for the granular texture
of these films and the increased level of ions transportation which occurs along
boundary regions. One such modified equation is that of D' Heurle and Ho 13 which
assumes an ideal grain texture.

6 Df ,
-TT^

(10-2.6)

is the total flux of metal ions.
where Jf
Nf is the local density of ions at the boundary.
5 is the effective width of the boundary.
(allowing for some lattice diffusion).
Df the diffusion coefficient of the boundary.
zf* the effective charge of an ion in the boundary.
Equation (10.2.6) also uses the assumption that mass transport along all boundaries is
an identical process whereas in a typical deposited film grain boundaries orientation
can be random have a preferred direction which has an effect on boundary transport
capabilities. The grainsize distribution in a deposited film is normal but many random
effects are seen to occur giving stripes textures which are far from ideal. For these
-10.6-

reasons the quantities in Equation (10.2.6) relating to the grain boundaries must be
considered to be averages for each specific case. Measurement of mass movement
within metal bulk and thin film samples have been used to investigate
electromigration. Bulk material measurement have involved radioactive or other
tracer elements M or visible techniques such as surface notching or marker atoms
imprinted on the surface ' . Thin film samples have been tested using radioactive
tracers , surface notches , metal edge displacement 18> 19 and void volume analysis
20.

In the field of interconnect technology a most important measurement of

electromigration progression is the mean time to failure (MTTF) of a metal structure.
This is defined as the time taken for 50% of a group of similar lines to fail under
identical current and temperature stressing conditions (total failure or partial failure).
Black 4 has shown that the MTF can be related to the cross sectional area of a film and
the divergence of the ion flux to a first approximation as
MTTF = ——-——
Div.Jton

(10.2.7)

and using the calculations of Chabra and Ainslie 5 derived the equation
(10.2.8)

MTTF = —j^j"e™

where k is a constant of proportionality,
n is the current density exponent.
The value of which is variable being dependent on j itself, strip geometry and
temperature. There has always been some disagreement as to the relationship of n to j
which is understandable on consideration of the many possibilities for differences
between samples which exist in terms of stripe microstructure and influence on stripe
temperature. Several values of n have been reported. Theoretical calculations of n
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have yield 1 < n < 3 where 3 applies to high current density 21 and n=l for low current
-2

densities between 10 to 10 A cm" , n>3 for high current densities

. Experimentally

determined n values 23> 22> 24 are n=2, n=1.5 and n=1.7. The method by which the
constant n, and likewise the activation energy Q, can be determined from failure data
will now be outlined. The typical failure rate curve for a group of integrated circuits
of any one type operating at similar conditions is illustrated in Figure 10.2.1.
Failure
rate

Burn-in

Useful Life

Wearout

overall curve
j:arly
failures

Stress related
(random) failures

• Wearout
failures

Time
Figure 10.2.1: Bathtub curve.

There are three distinct regions:
(a) the early fails region where processing defects cause failure,
(b) the steady state region where very few fails, if any, occur in a random fashion,
(c) the wearout region where device failures occur by some life limiting factor
characteristic of the structure.
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A log-normal probability distribution function of the form

i - —11-e 4

[ln(Q-ln(<so )f

(10.2.9)

where t50 is the mechanism time to fail and a is the dispersion coefficient, can be used
to describe (separately) any of the three regions.

The dispersion coefficient is

different for each case; a > 1 for (a), a = 1 for (b) and a < 1 for (c). The cumulative
density function

(10.2.10)

o

gives the total percentage of the population which has failed at time t. Log-normal
plots of failtime versus F(t) are straight lines of gradient a as shown in Figure 10.2.2.
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Figure 10.2.2: An example of Log-Normal plotting paper showing device
failure distribution at three temperature.
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The failure rate at any instant is given by:
/

(10.2.11)

(0

and this function is illustrated graphically in Figure 10.2.3 for each of the three
regions of the failure curve (Figure 10.2.1).

Figure 10.2.3: Cumulative distribution function F(t) and failure rate A,(t) for
the Log-Normal failure distribution.
In many

incidences

when

experimental

failure

times

from

accelerated

electromigration tests have been plotted lognormally linear graphs resulted with a < 1
indicating that electromigration is a wearout process. Occasionally a few "infant
fails" are observed arising from the steady state region of Figure 10.2.1. When a
lognormal plot is obtained which has a > 1 this represents an early fail process and
can be interpreted as an indication of some interstripe variation to which the
electromigration process is very sensitive. It should be noted that the use of the
lognormal distribution assumes the dependence of failure on one dominating
mechanism. When more than one mechanism are dictating fail-time it is unlikely that
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they will have similar distribution and use of lognormal analysis is incorrect here
unless the various contribution can be separated.
Accelerated conditions are employed for electromigration testing because of the very
long timescale. One way of testing the validity, for temperature extrapolation at least,
is by using an Arrhenius plot 25. TTF (Time to Fail) is monitored for several group of
samples of some structure type at various temperatures but the same current density.
The data should be plotted log-normally for each temperature and should be linear for
this type of analysis to be valid. If extrapolation of temperature is appropriate the
point will lie in a straight line. From Equation (10.2.7), it is apparent that the
activation energy Q of the material can be obtained from the gradient of the Arrhenius
plot. If the plot is not straight then the electromigration mode of transport may be
different for elevated temperature or other breakdown phenomenon may be more
dominant at high temperature.

The extrapolation of current density from high

accelerated-life densities to maximum operating specifications is complicated by the
need to know the current density dependence coefficient n. In practice the exponent n
is usually selected from criteria defined by theoretical calculations such as the models
of Venables and Lye 22> 26 in conjunction with previous experimental observation.
Assuming, then that extrapolation for temperature is appropriate and a value of n has
been chosen, the MTTF at normal operating conditions is given by

(10.2,2)
The actual operating condition of devices are very significant in determining
lifetime 27> 28> 29 .When performing experimental electromigration measurements care
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must be taken over the choice of test vehicle, stressing conditions and failure criterion.
In this investigation, the VLSI samples were manufactured by a chip manufacture
using an identical process to that used for commercial devices (see Chapter 1).

10.3. Results.
The life span of the VLSI components under test is very sensitive to variables such
as current density and surrounding temperature. Before each experiment, it was
necessary to firstly assess and then set-up the required conditions.

This set-up

procedure was divided into two main parts:

a) Calibrating and setting the required current density .
b) Carrying out the test, for a predetermined temperature.

Each current generator was directly linked to the associated DUT (Device Under
Test). It was thus possible, in a same test run, to set different loading currents for
each individual DUT. In this investigation, however, all currents were set to the same
value, enabling the comparison and analysis of the results obtained under the same
test conditions. The current passing through each DUT was accurately set to the
required value ( ± 0.1 %).
estimated to be 0.05 %.

The error of current matching between DUTs was
To achieve this accuracy for each of the 50 current

generators the following procedure was applied.
The computer program Transres.bas (Appendix E) was run, which enabled the DUT
current to be displayed on the computer monitor and adjusted to the required value. A
10 Ohms resistor at 0.01 % was placed between pins 3 and 4 of socket number 1.
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The current supplied by generator number 1 was matched to the desired value using
the screen display. The matching resistance was then moved one socket forward, and
the matching of next current generator completed. This calibration procedure was
essential to ensure accurate results and was completed at the commencement of each
new test.
Each DUT was marked with heat resistant ink for later identification and analysis.
The test circuitry was supplied by an uninteruptable power supply.
The Qbasic program life.bas, shown in Appendix F, was use as the test program
manager.

The oven was switched on,

the test temperature set and the safety

thermostat set to 20 °C above the required test temperature. After switch on, a
settling time of 5 hours was allowed to enable the oven temperature to stabilise. A 1 0
minute acquisition sample time was used ( see Chapter 9). After a test run had been
completed, the raw data was transferred to a more powerful computer for further
processing. The use ofMATLAB ' enabled the sample data to be analysed and visual
displays produced.
Numerous samples were subjected to elevated temperatures and currents and their
absolute resistance determined by monitoring the voltage drop across them. The test
temperature was fixed at 150°C ± 0.4 % and the current at 50 mA ± 12.5uA.

Equation (10.3.1) give the average current density in the Al line.
Loading Current
Current Density = — ———————
. . . ,..
Thickness of line * Width of line
As shown in Chapter 1, the thickness of the test line is 6500 A and the width is
2.5 urn. With a loading current of 50 mA this results in a current density of
- 10. 13-

-JO

A/m . The error in current density due to current generator matching

3.0769 x 10

defect (limited at 0.05%) is:
3.0761538 x 1010 < Current density < 3.0776923 x 10 10
The number of samples in each test were limited to 25, and the test continued until
every device had failed.

10.3.1 Raw Results.
As an example of the type of data produced, Figure 10.3.1.1 shows the resistance
variation of Device number 3 test number 1 with the associated oven temperature
variation.

Life Test at 50mA for Device N : 3
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Figure 10.3.1.1: Resistance variation of Device number 3 test number 1 and temperature.
Each device will have a slightly different initial resistance value, and thus it is
necessary to normalise each resistance to a base value. Resistance at time = 0 for each
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device was taken as reference, and the maximum amplitude display limited to 60%
(device considered as defective when the resistance value increased or decreased by
50%). Figure 10.3.1.2 shows this representation.
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Figure 10.3.1.2: Variational Percentage Resistance curve.
Using this technique it is possible to compare and analysis numerous device resistance
curves. Figure 10.3.1.3 for example, shows the display of resistance variation for
device numbers 1,2,3 and 7.
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Figure 10.3.1.3: Resistance variation for device 1,2,3 and 7.
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More results are presented in Appendix G. This type of data display is not suitable,
however, for further investigation due to the complexity of the data set. Statistical and
probability analysis will now be used.

10.3.2 Number of Accelerating Factors Involving Failures During Life Test
Cumulative percentage representation was introduced to determine if the data formed
a normal distribution. If the data followed a normal distribution, the plot would be
linear. Other distribution types will introduce curvature in the plot. Figure 10.3.2.4
(a) and (b) show the two types of cumulative function.

Normal Probability Plot... TEST 1

Linear Cumulative Percentage Plot... TEST 1
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Figure 10.3.2.4 fo):Linear scale cumulative.

Figure 10.3.2.4 (^.-Normal scale cumulative.

As it can be seen in Figure 10.3.2.4 (b), the normal cumulative distribution is linear
and thus the time to failure follows a normal distribution. From this result it can be
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said that only one acceleration factor involving failure is present during the
accelerated life test investigation.

Normally distributed probability investigation of

failures can thus be used.
The first step in this investigation is the calculation of the mean time to failure,
expressed in equation 10.3.2.1.
u _ cummulative total time
Sample size

/•IA-JOII

It is as also necessary to find the standard deviation about the mean time to failure,
shown in equation 10.3.2.2.
I number of sample

]T (M - Time to fail of each sample)
c=\\——-—————————————————
number of sample - 1

(10.3.2.2)

As an example, the results of test 1 will now be presented. The calculated mean time
to failure for this test was 1158.9 hours (using equation 10.3.2.1), with a standard
variation of 556.5102 hours (using equation 10.3.2.2). Figure 10.3.2.1 shows the
graphical representation of the standard linear failure probability density function for
testl.
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The instantaneous failure rate (equation 10.3.2.3) may now be obtained and also the
mean time to fail (MTTF) of the test 1, show in equation 10.3.2.4.

_ Nurrber of items failing per hour at time t
) ~
Number of surviving items at time t
MEAN(MTTF) =

*

(10.3.2.3)
(10.3.2.4)

Numerical application using test 1 gives:
MEAN ( MTTF ) = 993.6257 Hours
This mean (MTTF) related to the failure probability curve (Figure 10.3.2.2) gives a
failure probability of 0.3828.
investigations on reliability

It is thus possible to say, according to previous
than the failure rate (A,) is constant and equal to

equation 10.3.2.5

mean(MTTF)

(10.3.2.5)

For test 1, this gives a constant failure rate of: 0.0010 failure per hours.
Therefore, the reliability of the devices under test is given by,

(10.3.2.6)
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Equation (10.3.2.6) applied to the results of test 1 gives a reliability curve shown in
Figure 10.3.2.3.

MTTF=993.6257 Hours.
R(t)= 0.3828
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1500
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Figure 10.3.2.3: Reliability curve for result of test 1.
It can be concluded from this curve that the failure is linearly distributed and the
failure rate is constant. It results from this that only one failure mechanism has been
developed during the accelerated tests (due to the single linear cumulative distribution
curve). The failure factor has to be identified.

In the following section, results of

visual inspection of this failures using scanning electron microscope pictures (SEM
pictures) and statistical analysis of the area where failures occurred will be
investigated.

10.4. Scanning Electron Microscope Results.
The specimens, or devices tested were examined using a scanning electron
microscope. The test devices were firstly subjected to accelerated life test conditions
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(150 °C and 50 mA). The lid and upper BPSG layer were removed mechanically and
chemically respectively. The size of the aluminium lines is much too small (2.5 urn in
width) to be observed using a standard optical microscope, thus a scanning electron
microscope (SEM) was used.

SEMs are powerful instruments which permit the

observation and characterisation of heterogeneous organic and inorganic materials and
surfaces on a local scale.

The area to be examined, or the microvolume to be

analysed, is irradiated with a finely focused electron bean, which may be static or
swept in a raster across the surface of the specimen. A three dimensional appearance
of images is possible using the reflected secondary electrons, backscattered electrons,
Auger electrons, X-rays and photons.
As an example of such an SEM picture, Figure 10.4.1 shows a typical stressed line
for

test 1 sample 1. Several more examples are shown in Appendix D.

Figure 10.4.1: Typical SEM Observation 15,3 Kx25Kv WD:l8MMTest Time = 179.7 Hrs 50mA
150 °C. Poor line-width definition , few small edge voids, one crack across the test line.
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10.4.1 Visual Inspection And Percentile Quantitative Location Analysis.
All devices which were subjected to accelerated life stressing were visually inspected
using a scanning electron microscope (SEM). The test lines have been decomposed in
a form of grid mesh to enable quantitative failure location.

This grid mesh

decomposition is shown in Figure 10.4.1.1.
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Figure 10.4.1.1: Grid mesh line decomposition.
Each failure location, in the visual inspection of the devices, has been counted as 1
when failure was present in grid location and 0 when not present in grid location.
Table 10.4.1.1 gives the percentile results of failure locations along the test line.
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Table 10.4.1.1: Percentile quantitative failure location result.
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M

N

From Table 10.4.1.1 it is possible to plot a failure density curve, shown in
Figure 10.4.1.2.

Figure 10.4.1.2: Percentile failure density curve.

Analysis of the SEM photographs has enabled the physical positions of high
electromigration activity to be pinpointed on the aluminium line. If these observed
positions coincide with the positions of thermally induced mechanical stress, then it
may be reasonably concluded that mechanical stress has a significant influence on the
rate of electromigration.

10.5. Links Between Mechanical Stress and Electromigration.
The density of failure locations can be presented in a graphical form in
Figure 10.4.1.2, or can be re-plotted as follows:
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Figure 10.5.1: Percentile failure density curve along Aluminium line only at 150 °C 50 mA

Figure 10.5.1 shows the failure density locations along the conductive aluminium line
from the SEM investigation. This can be compared with Figure 10.5.2(a) and (b)
which is the result of the mechanical stress in the aluminium line from the finite
element analysis model.
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Figure 10.5.2(a): Stress in MPa and failure density bar chart along Aluminium line at 150 °C 50 mA.
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Figure 10.5.2(b): Stress in MPa and failure density contour along Aluminium line at 150 °C 50 mA.

In order to link mechanical stress with electromigration failure, it is necessary to
determine some form of correlation between the two sets of results. Absolute values
of mechanical stress, or stress gradient may be the determining factors.
Figure 10.5.2(a) and Figure 10.5.2(b) show the stress values against the distance
along the conductor, with overlay of the failure percentage bar graph and failure
percentage contour plot.
It can be seen that there is a some correlation between the mechanical stress gradient
and failure percentile in the conductive line. Most of the failures have been identified
in the region 246 \im to 677 ^m length. From the mechanical stress curve shown in
Figure 10.5.2, it can be seen that the same area (246 ^m to 677 urn length) is
subjected to very high stress compared with the rest of the line. The high mechanical
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stress point, situated at 560 p,m with a value in excess of 5.5 MPa has also been found
to be hottest point on the line with a temperature of 439.41 K for a loading current of
50 mA and a surrounding temperature of 423 K. This particular point has also been
found to be the highest failure point with a typical failure rate of 32.6 %.

It can be thus concluded that there some high degree of correlation between the points
of highest thermal and mechanical stress and the initialisation points of
electromigration, although clearly there are other factors which influence the complex
failure mechanisms which are not fully understood.

10.6 Summary of Chapter 10.
Chapter 10 has presented the statistical and probability analysis of the failure factors.
It has been shown that only one accelerating factor is present during the life test
stressing procedure.

This failure factor has been visually identified as

electromigration, and quantitative failure location identification carried out. It has
also been shown that the initiation points of electromigration coincide with the points
of highest thermal and mechanical stress. More work is needed in this area, however,
to confirm the exact relationship between all the failure mechanisms.
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CHAPTER 11
Conclusions and Recommendations for Further Work.

Electromigration phenomena in VLSI devices, as referenced in numerous works
(see Chapter 1), has been hitherto considered to be generated only by the current
density in the device, and the surrounding temperature.
The work described in this thesis, however, has shown that whilst current density and
temperature are indeed contributing factors, a third major contributor is mechanical
stress. Extensive investigation of this newly identified factor has enabled predictions
of electromigration initiation spots along the conductive paths in VLSI
semiconductors to be made. This knowledge will enable VLSI chip designers to
significantly reduce the impact of electromigration effects and thus increase the
operational life of VLSI devices.
The investigations have consisted of both the computer simulation of the effects of
mechanical stress on electromigration phenomena, and the verification of these new
computer models by practical measurements. Several novelties have been identified,
regarding both the mode of operation of electromigration, and the way in which it can
be modelled.
These novelties include:
•

A first order model of steady joule heating in VLSI conductors.

•

A microscopic model to quantify the thermally induced mechanical stress at
the interlayer of a VLSI die.
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The use of finite element analysis tools for electro-thermal and thermo-

•

structural analysis of VLSI devices.
•

A new accelerated life test for VLSI conductors.

Novel methods have been developed to model the effects of both temperature and
mechanical stress on the operational characteristics of VLSI devices, and the results of
these models compared with practical results obtained under carefully controlled
experimental conditions. It has been shown that the onset of electromigration on the
aluminium lines is not due to early cracking of the line surfaces. Mechanical stress
induced due to the effect of high ambient temperature (~ 150 °C) is limited to
approximately 5.55 MPa with a cracking threshold of 25 MPa and cannot itself cause
crack generation which will introduce a premature electromigration phenomena
initiation.

Nevertheless, the highly mechanically stressed areas of the line, due to both current
density and ambient temperature, have perfectly matched the experimental evidence
of electromigration revealed during examination of the stressed conductive lines in
numerous typical VLSI test structures.

Therefore it has been concluded that electromigration is a three component
phenomenon, with the accelerating factors current density, ambient temperature and
mechanical stressing.
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The models have also shown that within the die, the Si to SiO2 interlayer is the most
mechanically stressed, and it is the aluminium line adjacent to this interlayer location,
where the onset of electromigration will most likely occur.

Finite element analysis has been applied to electro-thermal and thermo-structural
analysis. A new electromigration model of the overall semiconductor package has
been created. This new model include pins, package, die, line, and convection to the
surrounding air.

Statistical and probability analysis have been presented for the failure factors obtained
from practical testing using accelerated ageing equipment designed to simulate the
long time operation of VLSI devices. The devices subjected to this life test have been
inspected using a scanning electron microscope.

The failure locations due to

electromigration have been identified and recorded over the aluminium line subjected
to the life test stressing process.

The models developed are fully operational, and may be applied to find layer stress
and shape deformation of the component either from Joule heating or mechanical
stressing. A new emphasis on electromigration phenomena initial locations has thus
been made based on mechanical stress on conductive metallic lines.

Further investigations can be carried out, regarding the possible case of defects or
mismatch in materials due to a faulty fabrication procedure, or under normal working
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conditions either at elevated temperatures or in corrosive, highly irradiated
atmospheric environments.
The new electromigration test procedure described in this thesis needs to be carried
out on different devices with different design or line compositions.

Probability

analysis from these test results should also be carried out to characterise an
acceleration factor under these new conditions.
Using this, an improved model link between mechanical stress and electromigration,
initiated by the present work, could be developed which will be well received by
industry which is striving for component miniaturisation. This miniaturisation will
extend possibilities for high packing density, increased current densities and
knowledge of interactions at a molecular level.

In conclusion, the novel modelling techniques described in this thesis enable VLSI
failure mechanisms to be examined and evaluated to a depth previously not possible,
and a fundamental information on failure mechanisms obtained. This information is
invaluable to the VLSI designer as it will permit the prediction of the failure factors
and locations in all devices and eventually lead to the design of VLSI devices with
enhanced life expectancies.
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Appendix 6
Tables from Chapter 3
sample

PLOTI^

l

2

[LOT 2

3

4

5

[LOT 3

6

7

Current
10mA
20mA
30mA
40mA
50mA
60mA
10mA
20mA
30mA
40mA
50mA
60mA
10mA
20mA
30mA
40mA
50mA
60mA
10mA
20mA
30mA
40mA
50mA
60mA
10mA
20mA
30mA
40mA
50mA
60mA
10mA
20mA
30mA
40mA
SOmA
60mA
10mA
20mA
30mA
40mA
SOmA

Mean square
error

Int,

Std err of
Int,

m,

Std err of
m,

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

15.77

0.034
0.014
0.024
0.013
0.070
0.053

0.99

13.85

0.032

0.185 xlO°
7.43 xlO'5
1.28x10°
7.03 xlO°
3.8 xlO'5
2.86 xlO°
1.85x10°
7.32 xlO'5
1.28x10°
7.03 xlO°
1.69 xlO°
2.86 xlO°
1. 72x10*

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

13.96
14.07
14.23
14.43
14.79
14.46
14.58
14.72
14.90
15.17
15.52
13.95
14.05
14.16
14.32
14.58
14.79

0.012

0.063
0.064
0.064
0.065
0.066
0.066
0.063
0.064
0.064
0.065
0.066
0.066
0.057
0.057
0.057
0.058
0.058
0.059
0.059
0.059
0.060
0.060
0.060
0.061
0.058
0.058
0.058
0.059
0.060
0.060

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

15.91
16.08
16.27
16.68
17.09
15.77
15.91
16.08
16.27
16.63
17.09

14.78
14.92
15.04
15.23
15.47
15.82
15.40
15.55
15.64
15.80
16.15
16.46

0.034
0.014

0.024
0.013

0.031
0053

0.012
0.013
0.018
0.013
0.034
0.013
0.016
0.017
0.021
0.032
0.022
0.010

0.011
0.010
0.016
0.024

6.55 xlO°
6.66 xlO°
7.06 xlO°
9.76 xlO°
6.91 xlO°
l.SSxlO'5
7.06 xlO°
8.72 xlO"5
8.98 xlO°
1.12x10°
1.74x10"
1. 17x10*
5.81 xlO°
5.65 xlO°
5.64x10°
8.41 xlO°
1.31x10°

0.027

0.039
0.012
0.026
0.022
0.018
0.017
0.010
0.0 11
0.0 11
0.015
0.032

0.059
0.059
0.059
0.060
0.062
0.061
0.062
0.062
0.063
0.636
0.064

2.14xlO's
6.6 xlO'5
1.42x10°
1.22x10°
9.9x10°
9.47 xlO°
5.52 xlO°
6.1 xlO°
5.98 xlO°
8.26 xlO°
1.71x10°

Table 3.1.1: Results of Inti and m] for LOT 1, LOT 2 and LOT 3.
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sample
3

4

5

Tamb
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180

Mean square error

Int2

std err of Int2

m2

Std err of m%

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.98
0.98
0.99
0.99
0.99
0.98
0.98
0.98
0.97
0.97
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

0.064
0.062
0.060
0.058
0.056
0.054
0.053
0.051
0.050
0.048
0.047
0.046
0.045
0.044
0.043
0.041
0.062
0.059
0.057
0.055
0.054
0.052
0.050
0.049
0.048
0.046
0.045
0.044
0.043
0.042
0.040
0.040
0.064
0.061
0.059
0.057
0.055
0.054
0.052
0.051
0.049
0.048
0.046
0.045
0.044
0.043
0.042
0.041

1.47x10°
1.26x10°
1.44x10°
9.74 xlO"5
8.64x10°
8.42x10"*
9.322 xlO°
7.6 xlO"5
7.288 xlO°
5.294 xlO"5
5.485 xlO°
8.675 xlO°
9.885 xlO"5
8.611 xlO°
1.021x10°
1.1 05x10°
1.33x10°
1.4x10°
1.59x10°
1.03x10°
1.05x10°
1.37x10°
1.413x10°
1.346x10°
9.96x10°
1.167x10°
1.189x10°
1.397x10°
1.525x10°
1.424x10°
1.531 xlO°
1.563 xlO°
1.15x10°
1.11 xlO°
1.25x10°
1.04x10°
9.05 xlO°
1.09x10°
1.095x10°
9.57x10°
7.725 \10°
9.346 x 10 5
1.046 xlO'
6.22x10°
5.17x10°
8.973 xlO°
5.795x10°
6.65 xlO 3

-1.08
-1.06
-1
-0.95
-0.92
-0.86
-0.82
-0.80
-0.78
-0.75
-0.74
-0.69
-0.67
-0.68
-0.66
-0.63
-1.11
-1.09
-1.02
-0.97
-0.90
-0.85
-0.79
-0.77
-0.76
-0.72
-0.71
-0.68
-0.66
-0.64
-0.62
-0.60
-1.04
-1
-0.94
-0.90
-0.87
-0.82
-0.78
-0.75
-0.74
-0.71
-0.69
-0.67
-0.65
-0.65
-0.65
-0.63

491 xlO'2
422 xlO'2
482 xlO'2
325 xlO'2
289 xlO'2
281 xlO'2
312xlO'2

Table 3.3.2.1: Results of int 2 and m2 for LOT 2.
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254 xlO'2
247 xlO"2
177 xlO'2
183 xlO"2
290 xlO'2
330 xlO'2
288 xlO'2
341 xlO'2
369 xlO'2
444 xlO'2
467 xlO'2
532 xlO'2
344 xlO'2
350 xlO'2
458 xlO'2
472 xlO'2
450 xlO'2
333 xlO'2
390 xlO'2
397 xlO'2
467 xlO'2
510 xlO"2
476 xlO'2
512 xlO'2
522 xlO'2
386 xlO'2
371 xlO'2
416 xlO'2
348 xlO"2
302 xlO'2
364 xlO'2
366 xlO'2
320 xlO"z
258 xlO'2
312xlO'z
347 xlO'2
208 x!0'z
173 xlO'2
300 xlO"2
194 xlO'2
222 xlO'2

Appendix C
Tables from Chapter 5

1
2
3
4
5
6
7
1
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

X
0
0
4x10"
4X10"4
4x10"
0
-4x10"
•4x10"
•4x10"
0
4X10"4
4x10"
4x10"
0
-4x10"
-txlO"
•4x10"
0
4x10"*
4x10"
4x10"*
0
•4x10"*
^xlO"
•4x10"
0
4x10"
4x10"*
4x10"
0
-4x10"
•4x10"
•4x10"
0
4x10"
4x10"
4x10"
0
-4x10"
-4x10"
-4x10"
0
0
0
0

Y
0
1.25X10"6
1.25x10"*
0
-1.25x 10"*
-1.25x 10"*
-1.25x 10"*
0
1.25x 10-"
1.25x 10"6
1.25x 10"*
0
-1.25x10"*
-1.25x 10*
-1.25x 10"*
0
1.25x 10"6
1.25x 10"*
1.25x10"*
0
-1.25x 10"*
-1.25x10"*
-1.25x 10"*
0
1.25x 10"*
1.25x10"*
1.25x10"*
0
-1.25x 10"*
-1.25x10"*
-1.25x 10"*
0
1.25X10"6
1.25x10"*
1.25X10"6
0
-1.25x 10"*
-1.25x10"*
-1.25x10"*
0
1.25x10"*
0
0
0
0

Z
0
0
0
0
0
0
0
0
0
2.9425 xlO"'°
2.9425 xlO" 10
2.9425 xlO" 10
2.9425 xlO"10
2.9425 xlO"10
2.9425 xlO"10
2.9425 xlO"10
2.9425 xlO"10
5.0029xlO"7
5.0029x10"'
5.0029xlO"7
5.0029xlO"7
5.0029x10"'
5.0029x10"'
5.0029x10"'
5.0029x10"'
5.0061xlO"7
5.0061x10"'
5.0061x10"'
5.0061x10"'
5.0061x10"'
5.0061x10"'
5.0061x10"'
5.0061x10"'
.1506x10"*
.1506x10"*
. 1506x10"*
.1506x10"*
.1506x10"*
.1506x10"*
.1506x10"*
.1506x10"*
1.1506x10"*
5.0061x10"'
5.0029x10"'
2.9425 xlO"10

Reference Matrix
- Displaced Matrix -

Displaced Matrix

Reference Matrix

Nt

X

0
0
4.0030x1 0"*
4.0030x1 0"4
4.0030x10"
0
-4.0030x10"
-4.0030x10"*
-4.0030x10''
0
4.0004x1 0"4
4.0004x10"
4.0004x10"
0
-4.0004x10"
-4.0004x10"
-4.0004x10"
0
4.0004x10"*
4.0004x10"
4.0004x10"
0
-4.0004x10"
-4.0004x10"
-4.0004x10"
0
4.0160x10"
4.0160x10"
4.0160x10"
0
-4.0160x10"
-4.0160x10"
-4.0160x10"
0
4.0160x10"
4.0160x10"
4.0160x10"
0
-4.0160x10"
-4.0160x10"
^.0160x10"
0
0
0
0

Y
0
1.2509xlO"6
1.2509X10"6
0
-1.2509X10"6
-1.2509xlO"6
-1.2509x10"*
0
1. 2509x1 0"6
1.2501x10"*
1.2501x10"*
0
-1.2501x10"*
-1.2501x10"*
-1. 2501x10"*
0
1.2501x10"*
1.2501x10"*
1.2501x10"*
0
-1.2501x10"*
-1.2501x10"*
-1.2501x10"*
0
1.2501x10"*
1.2550x10"*
1.2550x10"*
0
-1.2550X10"6
-1.2550x10"*
-1.2550x10"*
0
1.2550x10"*
1.2550x10"*
1.2550x10"*
0
-1.2550x10"*
-1.2550x10"*
-1.2550x10"*
0
1.2550x10"*
0
0
0
0

7.
0
0

1,1
0
0
0

0

0

0
2.9435 xlO' 10
2.9435 xlO" 10
2.9435 xlO" 10
2.9435 xlO' 10
2.9435 xlO" 10
2.9435 x 1 0"'°
2.9435 xlO" 10
2.9435 xlO' 10
5.0034x1 0"7
5.0034x1 0"7
5.0034x10 7
5.0034x1 0"7
5.0034x1 0"'

5.0034x1 0"7
5.0034x10"'
5.0034x1 0"7
5.0060x1 0'7

5.0066x1 0"7
5.0066x1 0"'
5.0060x1 0"7
5.0066x1 (Y1
5.0(100x1 0 7
5.0060x1 0"7
5.0060x1 0'7
1.1533x10"*
1.1533x10'*
1.1533x10"*
1.1533x10"*
1.1533xlO"6
1.1533x10"*

1.1533xlO"6
1.1533xlO"6
1.1533xlO'6
5.0066x1 O^7
5.0034x1 0"7

2.9435 xlO 10

X
0
0
2.9952x10"'
2.9952x10"'
2.9952x10"'
0
-2.9952x10"'
-2.9952x10"'
-2.9952x10"'
0
3.5200x10"'
3.5200x10"'
3.5200x10"'
0
-3.5200x10"'
-3.5200x10"'
-3.5200x10"'
0
3.5200x10"'
3.5200X10"8
3.5200X10"8
0
-3.5200xlO'8
-3.5200x10"*
-3.5200X10"8
0
1.6000x10"*
1.6000x10"*
1.6000x10-*
0
-1.6000x10"*
-1.6000x10"*
-1.6000x10"*
0
1.6000x10"*
1.6000x10"*
1.6000x10"*
0
-1.6000x10"*
-1.6000x10"*
-1.6000x10-*
0
0
0
0

Y
0
9.36 xlO"10
9.36 xlO"10
0
"'.36 xlO"10

-'.aexio-10
-".36X10-10

0
9.36 xlO"10
l.lOxlO'10
1.10x10''°
0
-1.10x10"'°
-1.10x10"'°
-1.10x10"'°
0
l.lOxlO"10
1.10x10"'°
1.10x10"'°
0
-1.10x10"'°
-1.10x10"'°
-1.10x10"'°
0
1.10x10"'°
5xlO"»
SxlO"9
0
-5xlO"»
-5x10"*
-SxlO"9
0
SxlO"8
5x10*
SxlO"9
0
-5x10^
-SxlO"9
-5x10"*
0
SxlO"9

Table 5.4.1: Different type of Matrix and Difference matrix calculation.
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0
0
0
0

Z
0
0
0
0
0
0
0
0
0
1.0360xlO"13
1.0360x10""
1.0360xlO"13
1.0360x10""
1.0360x10""
1.0360x10""
1.0360x10""
1.0360x10""
4.4104x10""
4.4104x10""
4.4104x10""
4.4104x10""
4.4104x10""
4.4104x10""
4.4104x10""
4.4104x10""
4.4692x10""
4.4692x10""
4.4692x10""
4.4692x10""
4.4692x10""
4.4692x10""
4.4692x10""
4.4692x10""
2.6447x10"'
2.6447x1 0"9
2.6447X10"9
2.6447X10"9
2.6447x10*
2.6447X10"9
2.6447X10"9
2.6447X10"9
2.6447x10*
4.4692x10""
4.4104x10""
1.0360x10""

Appendix D
SEM Pictures.
$$M pictures for test 1: ( 9 opened sample )

Picture 1:150 °C, 50mA, Device 1

Picture 2: 150 °C, 50mA, Device 2

Pictures. 150 °C, 50mA, Device 3

Picture 4: 150 °C, 50mA, Device 4
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Picture 5: 150 °C, 50mA, Device 5

Picture 6. 150 °C, 50mA, Device 6

Picture 7: 150 °C, 50mA, Device 7

Picture 8: 150 °C, 50mA, Device 8
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Picture 9. 150 °C, 50mA, Device 9

SEM pictures for test 2: (10 opened sample )

Picture 10. 150 °C, 50mA, Device 1
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Picture 11: 150 °C, 50mA, Device 2

Picture 12: 150 °C, 50mA, Device 3

Picture 13: 150 °C, 50mA, Device 4

Picture 14: 150 °C, 50mA, Device 5

Picture 15: 150 °C, 50mA, Device 6
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Picture 16: 150 °C, 50mA, Device 7

Picture 17: 150 °C, 50mA, Device 8

Picture 18: 150 °C, 50mA, Device 9

Picture 19: 150 °C, 50mA, Device 10
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Appendix E
Computer Program Transres.Bas
10 '..........

20 X = 0: '.......
30X = &H300 + X*&H10
40'..........
50AH = X+ 1: 'Ms-byte
60 AL = X + 2: 'Ls-byte
80C = X+8:F = X + 9:D = X+10:C2 =
90 TO = X + 12: Tl = X + 13: T2 = X + 14: C3 = X + 15
100 DAT = 0
110 OUT C1.&H80: '........
120 OUT C2, &H9B: '..........
130 OUT e, DAT AND 127: '.....
140X3=1
150 OUT C3, (0 * 64 + 1 * 16 + 3 * 2 + 1): '......
160 OUT C3, (1 * 64 + 1 * 16 + 3 * 2 + 1): '......
170 OUT C3, (2 * 64 + 1 * 16 + 3 * 2 + 1): '......
180 OUT TO, X3: '.....
190OUTT1.X3: 1 ....
200 OUT T2, X3
210'..............
220 CLS : LOCATE 23, 1: PRINT "Matching of Current Generators on 10 Ohms Resistors"
230 DUT = 0: lue = 0: ch = 0: 'init of OUT number and A/D channel
240 OUT B, 0: 'init of MUX selection
464 '........................MATCHING RESISTANCE LOOP.,
465X2 = 0:DAT = 0:
466 ANALOG = 0: ' init of A/D converter
470 ANALOG = ch: OUT B, lue: ' a/d channel selection and Mux increments
500 DAT = (ANALOG OR 8) OR (DAT AND 247): '......
510 OUT e, DAT
520 IF INP(F) AND 1 = 0 THEN 520
530 IF INP(F) AND 1 = 1 THEN 530
540 DAT = ANALOG OR (DAT AND 247): '.......
550 OUT e, DAT
560 XI = ((INP(AH) AND 48)): X2 = (((INP(AH) AND 15) * 256 + INP(AL)))
": GOTO 595
570 IF (XI AND 16) = 16 THEN PRINT " Overflow
-X2
=
X2
THEN
0
=
32)
580 IF (X1 AND
595 LOCATE 3, 10: PRINT " Voltage Across DUT Number : "; DUT + 1;: PRINT "on channel "; ch;
: PRINT " is "; : PRINT USING "#####.#"; ((X2 * 2000!) / &H800) * 3.6;: PRINT " mV ":
600 LOCATE 4 10: PRINT " Current Throught DUT Number: "; DL'T + 1; : PRINT "on channel ";
ch;: PRINT " is ";: PRINT USING "#####.#"; (((X2 * 2000!) / &H800) * 3.6) /10.32;: PRINT " mA
II.

610'
614 LOCATE 20, 1: PRINT "Press Space to Match next DUT..........."
620 IF INKEYS o " " THEN 465 ELSE GOTO 1000
1000 DUT = DUT + 1: lue = lue + 1:
1010 IF DUT = 16 THEN lue = 0: ch = 1:
1020 IF DUT = 32 THEN lue = 0: ch = 2:
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1030 IF DUT = 48 THEN lue = 0: ch = 3:
1035 IF DUT = 50 THEN GOTO 1060:
1040 GOTO 465
1060 CLS
1070 LOCATE 10, 10: PRINT " The DUT current Matching is Completed
1080 END
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Appendix F
Computer Program Life.Bas
10 CLS
TYPE TestDonne
'....definition of types
Donne AS STRING * 11
END TYPE
13 DIM measured AS TestDonne
14 sampleRate = 10: a = 0: loopNumber = 0: csple = 1: dd = 1:
15 '______________ INITIALISATIONS ____________
16savePlace = 1:
20X = 0:'.......
30X = &H300 + X*&H10
40'..........
50AH = X+1:'Ms-byte
60AL = X + 2:'Ls-byte
70 a = X + 4: E = X + 5: B = X + 6: Cl = X + 7:
80 C = X + 8: F = X + 9: D = X + 10: C2 = X + 11
90TO = X+ 12: Tl =X+ 13: T2 = X+ 14: C3 =X + 15
100 DAT = 0
110 OUT C1,&H80:'........
120 OUT C2, &H9B:'..........
130 OUT E, DAT AND 127:'.....
140 X3 = 1
150 OUT C3, (0 * 64 + 1 * 16 + 3 * 2 + 1):'......
160 OUT C3, (1 * 64 + 1 * 16 + 3 * 2 + 1):'......
170 OUT C3, (2 * 64 + 1 * 16 + 3 * 2 + 1):'......
180 OUT TO, X3:'.....
190OUTT1,X3:'....
200 OUT T2, X3
210 TIMES = "00:00:00" '..... init time computer
220 OUT B, 0: '................ init of i/o digital
230'—————— Ready Screen -—-—————--—
231 CLS : LOCATE 10, 10: PRINT " Press Space when READY to start TEST ....":
232 IF INKEYS o " " THEN GOTO 232
233 LOCATE 20, 20: PRINT "Test will start in 10 seconds":
234 FOR hh = 1 TO 30000: NEXT hh
235 CLS
250'____________ Originals GRAPHICS _____________________
"
LIFE TEST
260 LOCATE 1, 20: PRINT "
"
_
______
"
PRINT
20:
270 LOCATE 2,
:"
Mapping
Components
"
PRINT
1:
4,
280 LOCATE
: "; STRS(sampleRate): : PRINT " Mns"
290 LOCATE 23, 1: PRINT " Sample Rate
dd:
:";
293 LOCATE 22, 55: PRINT " DAY
294 LOCATE 22, 1: PRINT " Number of Samples : ";" 0":
295 LOCATE 23, 55: PRINT " Elapsed Time : ";
300 LOCATE 23, 35: PRINT "Oven T§ : ";: COLOR 4: PRINT "xxx": COLOR 7:
3460 '____________ ADC, MUX and Graphics__________________
3465inc = 0: ch = 0:placel = 1: incl = 1: inc2 = 1: lecture = 1: mux = 0:
3470 ANALOG = ch: X2 = 0: OUT B, mux:
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3490 LOCATE placel + 7, (inc2 * 8) - 7:
3500 DAT = (ANALOG OR 8) OR (DAT AND 247):
3510 OUT E, DAT:
3520 IF INP(F) AND 1 = 0 THEN 3520
3530 IF INP(F) AND 1 = 1 THEN 3530
3540 DAT = ANALOG OR (DAT AND 247):
3550 OUT E, DAT
3560 XI = ((INP(AH) AND 48)): X2 = (((INP(AH) AND 15) * 256 + INP(AL)))
3561 IF X2 * 3.6 < 15 THEN X2 = 0:
3570 IF (XI AND 16) = 16 THEN PRINT " Over ": GOTO 3590
3580 IF (XI AND 32) = 0 THEN X2 = -X2
3581 COLOR 5: PRINT USING "#####.#"; ((X2 * 2000!) / &HSOO) * 3.6:
3582 FOR tempo = 1 TO 200: NEXT tempo: COLOR 7:
3583 LOCATE placel + 6, (inc2 * 8) - 5: COLOR 2: PRINT CHR$(177). COLOR 7:
3584 LOCATE placel + 7, (inc2 * 8) - 7: PRINT USING "#####.#"; ((X2 * 2000!) / &H800) * 3.6
3585 IF ((X2 * 2000!) / &H800) * 3.6 > 10000 THEN LOCATE placel + 6, (inc2 * 8) - 5: COLOR 6:
PRINT CHR$(177): GOTO 3590: 'detection of voltage over lOv only
3586 IF ((X2 * 2000!) / &H800) * 3.6 > 1000 THEN LOCATE placel + 6, (inc2 * 8) - 5: COLOR 14:
PRINT CHR$(177): GOTO 3590:' detection of voltage over Iv only
3590' .....readings, saving and incrementation
'....... 10 reading of the same value
5026 lecture = lecture + 1:
3470: ELSE value = ((X2 * 2000!) / &H800) * 3.6: GOSUB 30000:
GOTO
THEN
7
<
lecture
IF
5027
1:
=
lecture
5030 IF placel = 16 THEN placel = 1:'..................... place of value
5040 IF incl = 16 THEN ch=l: DAT = 0: XI =0:X2 = 0: '...Jump of entry
5050 IF incl = 32 THEN ch = 2: DAT = 0: XI = 0: X2 = 0:
5060 IF incl = 48 THEN ch = 3: DAT = 0: XI = 0: X2 = 0:
5070 IF incl = 50 THEN ch = 0: incl = 0: inc2 = 0: placel = 1: DAT = 0: XI = 0: X2 = 0:
5080 inc2 = inc2 + 1: incl =incl + 1: '............. Increments
5090 IF inc2 = 11 THEN inc2 = 1: placel = placel + 3:'..... Reinitialize
9000 LOCATE 23, 55: PRINT " Elapsed Time : "; : COLOR 6: PRINT TIMES: COLOR 7:
9100 loopNumber = loopNumber + 1:
9101 mux = mux + 1: IF mux = 16 THEN mux = 0: '...... mux increments
9102 IF mux = 2 AND loopNumber = 50 THEN mux = 0: OUT B, mux:
10000 IF loopNumber o 50 THEN 3470
10001 loopNumber = 0:
10002 GOTO 40000:
10010 IF MED$(TIME$, 7, 1) = "0" AND MIDS(TIME$, 8, 1) = "0" THEN FOR tt = 1 TO 4000:
NEXT tt: cmpt = cmpt + 1:
10011 IF MID$(TIME$, 1,1) = "2" AND MID$(TIMES, 2, 1) = "3" AND MID$(TIME$, 4, 1) = "5"
AND MID$(TIME$, 5, 1) = "9" AND MID$(TIME$, 7, 1) = "5" AND MID$(TIME$, 8, 1) = "9"
THEN FOR tt = 1 TO 3000: NEXT tt: dd = dd + 1: savePlace = 1:
":
10015 LOCATE4, 25: COLOR 7: PRINT"
csplc:
";
:
Samples
of
Number
"
PRINT
1:
22,
LOCATE
10016
10020 IF cmpt = sampleRate THEN cmpt = 0: csple = csple + 1: LOCATE 22, 55: PRINT " DAY
:"; dd: GOTO 3470:
10100 LOCATE 23, 55: PRINT " Elapsed Time : ";: COLOR 6: PRINT TIMES: COLOR 7: GOTO
10010
20000 END
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'..... saving of datas
30000
30001 LOCATE 4, 25: COLOR 20: PRINT "AQUISITION..."; : COLOR 7:
30002 'PRINT " Channel"; ch; : PRINT " DUT "; mux:
30003 name$ = "Lf_":
30009 name$ = nameS + LTRIM$(STR$(dd)) + ".dat":
30010 OPEN nameS FOR RANDOM AS #1 LEN = LEN(measured)
33020 RSETmeasured.Donne = STRS(value) + CHRS(13) + CIIRS(IO)
33030 PUT #1, savePlace, measured
33040 CLOSE #1
33050 savePlace = savePlace + 1:
33100 RETURN
40000 cc = 0:'..... Mesure Of Oven Temperature and saving in place 51 of each sample
40490 ANALOG = 3: DAT = 0: X2 = 0: OUT B, 2: ' mux for temperature and ch3
40500 DAT = (ANALOG OR 8) OR (DAT AND 247):'......
40510 OUT E, DAT
40520 IF INP(F) AND 1 = 0 THEN 40520
40530 IF INP(F) AND 1 = 1 THEN 40530
40540 DAT = ANALOG OR (DAT AND 247):'.......
40550 OUT E, DAT
40560 XI = ((INP(AH) AND 48)): X2 = (((INP(AH) AND 15) * 256 + INP(AL))):
40565 res = (((X2 * 2000!) / &H800) * 3.6) / 28.1: temp = (2.086 * 10 A 2) - (4.5622 * (10 A 0) * res) +
(5.9156 * (10 A -2) * res A 2) - (4.033 * (10 A -4) * res A 3) + (1.3302 * (10 A -6) * res A 4) - (1.6599 *
' determination of Temp, with NTC captor type TH3
(10 A -9) * res A 5):
40570 LOCATE 23, 35: PRINT "Oven T§ :";: COLOR 4: PRINT USING "###.##"; temp: COLOR 7:
40571 IF cc < 10 THEN cc = cc + 1: GOTO 40490 ELSE cc = 0:
50003 nameS = "Lf_":
50009 nameS = nameS + LTRIM$(STR$(dd)) + ".dat":
50010 OPEN nameS FOR RANDOM AS #1 LEN = LEN(measured)
53020 RSET measured.Donne = STRS(temp) + CHR$(13) + CHRS(IO)
53030 PUT #1, savePlace, measured
53040 CLOSE #1
53050 savePlace = savePlace + 1: DAT = 0: X2 = 0:
53580 GOTO 10010:
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Appendix H
Finite Element Analysis Equations.

Conduction and Convection for each element:

The generalised three dimentional heat equation may be stated as:
(Appendix H.I)
Where:

Q = Density.
c = Specific heat.
T = Temperature.
t = Time.

dX
_5_

ar
_a_
az

• = Vector operator.

= velocity vector for mass transport of heat.
{q} = Heat flux vector.
q = Heat generation rate per unit volume.
It should be realised that the therm {L}T and (L} T {q} may also be interpreted as VT
and V.{q}, respectively, where V represents the grad operator and V. represents the
divergence operator.
Next, Fourrier's law is used to relate the flux vector to the thermal gradients:

{q}=-[D]{L}T
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(Appendix H.2)

where:
Kxx 0 0
[D]= 0 Kyy 0
0 Kzz
0

Conductivity matrix.

Kxx, Kyy, Kzz = Conductivity in the element x,y,z directions, respectively.
Combining equation (Appendix H. 1) and (Appendix H.2):

Qc(^+{V}T {L}T) = {L}T ([D]){L}T) + q

(Appendix H.3)

Expanding equation (Appendix H.3) to its more familiar form:
"i
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It will be assumed that all effects are in Cartesian system.

Three types of boundary conditions are considered. It is presumed that these cover the
entire element.
1. Specific temperature acting over the surface S,:
T=T*

(Appendix H.5)

where T * is the specified temperature.
2. Specified heat flow acting over the surface S2 :
= -q*

(Appendix H.6)

where {t|}= unit outward normal vector.
q = Specified heat flow.
3. Specified convection surfaces acting over the surface S3 (Newton's law of cooling):
{q} T {T]}= - hf (T,, -T)
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(Appendix H.7)

where hf = Film coefficient. Evaluated at (TB + Ts) / 2 .
TB = Bulk temperature of the adjacent fluid or air.
Ts = Temperature at the surface of the model.
Note that positive specified heat flow is into the boundary ( i.e: in the direction
opposite of {T|}), which accounts for the negative signs in equation (Appendix H.6)
and (Appendix H.7).

Combining equation (Appendix H.2) with equation (Appendix H.6) and (Appendix
H.7)
{TI} T [D] {L}T - q*

(Appendix H.8)

{r|}T [D] {L}T = hr (TB -T)

(Appendix H.9)

Premultiplying equation (Appendix H.3) by a virtual change in temperature,
integrating over the volume of the element, and combining with equation (Appendix
H.8) and equation (Appendix H.9) with some manipulation yields:
+ {v} T {L}T\ + {L} T (dT)([D](L}T)} d(vol) =
J
J
\Th f (TB - T) d(S 3 )+ \dTqd(vol)
S3

where:

(Appendix H.10)

vol

vol = Volume of the element.
d T = an allowable virtual temperature (= d T(x, y, Z, t))

As stated earlier, the variable T was allowed to vary in both space and time. This
dependency is separated as:

T = {N} T {Te}
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(Appendix H.I 1)

where:

=T(x,y,z,t) - Temperature.
T
{N} = (N(x,y,z)} = Element shape functions.
= Nodal temperature vector.
{Te} = {Te (t)}

Thus, the time derivatives of equation (Appendix H.I 1) may be written as:

(Appendix H. 12)

T = — = {N} T {Te }
dT has the same form as T:

(AppendixH.I3)

37= {ar e }' {N}
The combination {L}T is written as

(Appendix H. 14)

{L}T = [B] {TJ
where: [B]={L}{N} T

The variational statement of equation (Appendix H.10) can be combined with
equations ( Appendix H.I 1) to (Appendix H.14) to give:

\Qc {dTe } T {N} {N} T {Te } d(vol)+ \Qc {dTe }" {N}{V} T [B}{Te } d(vol)
vol

,,,._

vol

(Appendix H. 15)

ml

\{dTe } T {N}q'd(S2 )+ l{dTe }{N}hf (TB -{N} r {Te}}d(S3 ) + \{dTe } T {N} q d(vol)
S2

S3

vol

Q is assumed to remain constant over the volume of the element. On the other hand, c
and q may vary over the element, so they also may be removed from the integral.
Since all quantities are seem to be pre-multiplied by the arbitrary vector {dTe }, this
term may be cancelled from the resulting equation.
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Thus, equation (Appendix H.I5) may he reduce to :

Q\c {N}{N} T d(vol) {te } + Q\c {N}{V} T [B]d(vol) {Te }
(Appendix H.I 6)

vol

vol

$ [B] T [D][B] d(vol) {Te } =
vol

i- \hf {N}{N} T {T.} d(S,} + I (N}qd(vol)
52

S3

vol

Equation (Appendix H.I6) may be rewritten as:

where :

[cj ]

= Q \c {N} {N } '' d(vol)

= Element specific heat matrix

vol

(thermal damping) .
[C] =Q\c{N}{V}'[B}d(vol)
vol

= Total element conductivity matrix.
vol

S3

S2

, = Total element heat flow vector.
S3

(N}qd(vol)

=
vol
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Thermal - Electric Elements Implementation:

There are two forms of interrelationships between the electrical and thermal parts of
the solution.
1.

The Joule heat vector {Q1 }, used by the thermal part of the solution, is derivated
from the electrical part of the solution.

2.

The electrical conductivity matrix [Kv], used by the electrical part of the solution,
has temperature-dependent material properties using temperatures computed in the
thermal part of the solution.

The thermal and electrical aspects of the problem are combined into one element
having two different types of working variables: temperature and voltages.
equilibrium equations for one element have the form of:
[CT ] [0]
[0]

[0]

where: [Cl]
[Kl]
[Kv]
{T}
{ fj
{V}
{Qnd }
{Ind}
{Qc}
{Q8}

4-

[K T ] [0]
[0]

[K* ]

_ {Qnd }\ + \{QC} 1 H28 } L \{Qj }\
{V}\ \{rd }\ ({0} J |{0} J |{0} J

= Specific heat matrix.
= Thermal conductivity matrix (material and convertion surfaces).
= Electrical conductivity matrix.
= Nodal temperature vector.
= Vector of variation of nodal temperatures with respect to time.
= Nodal voltage vector.
= Nodal heat flow vector.
= Nodal current flow vector.
= Convection surface vector.
= Internal heat generation rate vector.
= Vector of heat flows into a node caused by Joule heating.
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The

The joule heating load vector is:
[QJ }=

where: {N}
{Vg}

(Appendix H. 19)

= Shape function of the element.
= Vector of voltage gradients.
~sx 0 0 "

[a]

= Conductivity matrix = 0 sy 0
0 0 sz

' —l uo uo"

&

o -L o
Qy
00

ox
Qy

±

= Electrical conductivity in the x - direction.
= Electrical resistivity in the x-direction.

The voltage gradient are:
(Appendix H.20)
where: [B]
= Matrix of derivatives of the shape functions in the x,y, and z directions.
{Vn.t } = Nodal voltages from the previous iteration.
Structural Matrices for each element:
The principle of virtual works states that a virtual (very small) change of the internal
strain energy must be offset by an identical change in external work due to the applied
loads, or:
(Appendix H.21)
where :

U = Strain energy (internal work).
V = External work.
d = Virtual operator.

The virtual strain energy is:
dU, = J{SE} r {a}d(vol)
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(Appendix H.22)

where:

{8} = Strain vector.
{cr} = Stress vector.
vol = Volume of element.

Continuing the derivation assuming linear materials and geometry, equation (Appendix
H.21) and (Appendix H.22) are combined to give.
dU, = J({ds} r [D]{s} - {de} T [D]{s*})d(vol)

(AppendixH.23)

vol

The strain may be related to the nodal displacement by:
{s}=[B] {u}
where:

(Appendix H.24)

[B] = Strain-displacement matrix, based on the element shape functions,
{u} = Nodal displacement vector.

It will be assume that all effects are in the global Cartesian system.

Combining

equation (Appendix H.24) with equation (Appendix H.23), and noting that {u} does
not vary over the volume:
at/, = {du} T \[B] T [D}[B] d(vol){u} - {5u} T J[5] r [Z)]{e'*} d(vol)

(Appendix H.25)

vol

vol

Another form of virtual strain energy is when a surface moves agaisnt a distributed
resistance, as in a foundation stiffness. This may be written as:
dU2 = J {dwn } T {a } d(area f )
area $

where:

{wn } = Motion normal to the surface.
{CT} = Stress carried by the surface.
= Area of the distributed resistance.

Both {wn } and {a} will usually have only one non-zero component.
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(Appendix H.26)

The point-wise normal displacement is related to the nodal displacements by:
{wn }=[NJ{u}
where:

(Appendix H.27)

[Nu] = Matrix of shape functions for the normal motions at the surface.

The stress, {a}, is :
{ a } = k { wn }
where:

(Appendix H.28)

k = The fondation stiffness in units offeree paer length per unit area.

Conbining equation (Appendix H.26) thru (Appendix H.28), and assuming that k is a
constant over the area,
dU2 = {du} Tt

[Nn ] T [Nn ] d(area/ ){«}

(Appendix H.29)

Next, the external virtual work will be considered. The inertial effects will be studied
first:
d(vol)
dV. = - Jl{dw} T ¥-$-\irt1
vol

where:

vol

(Appendix H.30)

{w} = Vector of displacements of a general point.
{Fa} = Acceleration (D'Alembert) force vector.

According to Newton's second law,
^7- = Q^r M
vol

where:

dt 2

(Appendix H.31)

Q = Density.
t - time.

The displacement within the element are related to the nodal displacement by:
{w} = [N] {u}
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(Appendix H.32)

where:

[N] = Matrix of shape functions.

Conbining equation (Appendix H.30), (Appendix H.31), and (Appendix H.32) and
assuming that Q is constant over the volume,
dV = -du T

(Appendix H.33)
vol

The pressure force vector formulation starts with:
= \{dWn } T {P}d(area p )

where:

(Appendix H.34)

{P} = The applied pressure vector.
area,, = Area over which pressure acts.

Combining equations (Appendix H.32) and (Appendix H.34),

(Appendix H.35)
Nodal forces applied to the element can be accounted for by:

(Appendix H.36)
where:

{F"d } = Nodal forces applied to the element.

All material properties for stress analysis elements are evaluated at the average
temperature of each element.
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Finally, equations (Appendix H.21), (Appendix H.25), (Appendix H.29), (Appendix
H.33), (Appendix H.35) and (Appendix H.36) may be combined to give:

\[B} T [D][B]d(vol){u} - {du} T \[B] T [D}{e'h }d(vol)+{du} T k ^N^N^area^u} =
vol

vol

area t

-{du} T Ql[N] T [N]d(vol)~{u}+{du} T \[Nn } T d(areap }+{du} T {Fend }
..*r

Ol

(Appendix H.38)

_____

T

Noting that the {6u} vector is a set of arbitrary virtual displacements common in all
above terms, the condition required to satisfy equation (Appendix H.37) reduces to :

] + [K{ ]«} - (F?}=[M.]{*} + {Ff} + {F;d }

where:

[Ke]

= \[B] T [D][B}d(vol}

(AppendixH.38)

= Element stiffhess matrix.

vol

[Kg1]

=k \[Nn } T [Nn ]d(area f ) = Element foundation stiffness matrix.

{F.*} = J[5] r [D]{e* }d(vol)

= Element Thermal load vector.

vol

[Me]

= Q $[N] T [N]d(vol)

= Element mass matrix.

vol

d2

= Acceleration vector (such as gravity effects).

{Fepr} = \[N H ] T {P}d(area p )

= Element pressure vector.

Equation (Appendix H.38) represents the equilibrium equation on a one element basis.
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