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WAFER LEVEL RELIABILITY FOR
APPLICATION SPECIFIC INTEGRATED CIRCUITS

ABSTRACT

Semiconductor designs and processes have undergone rapid changes in complexity,
performance and size in a response to increased economic pressures to produce parts that are
cheaper and more reliable than ever before in this highly competitive industry. New
semiconductor processes, testing methodologies and procedures are being developed to
increase the amount of reliability assurance testing through Wafer Level Reliability Testing, a
new and emerging field in this industry, the subject of this thesis. The fundamentals of
semiconductor manufacturing processes (e.g., photolithography, ion implantation and
diffusion, thin film deposition, etching, etc.) are presented as part of a knowledge base
required to understand the possible failure mechanisms, test structures and burn in reliability
necessary to understand the application of Water Level Reliability Testing to custom ASIC (i.e.
Application Specific Integrated Circuits) semiconductor devices and its importance to traditional
life time reliability testing methodologies. Wafer Level Reliability (i.e., WLR) Testing
fundamentals involving the fabrication and integration of test structures and production parts on
a single wafer and specific tests for these test structures are presented. These unique WLR
structures presented in this thesis for ASIC manufacturing have not been published to date in
the literature. Empirical test results of traditional life time reliability testing for designed and
fabricated wafers containing test structures and ASIC parts are presented. The empirical results
are analyzed in detail to determine if there is any correlation between existing process monitor
test and the reliability of the product to develop WLR lifetime models. Based on the empirical
test results, the benefits and limitations of Wafer Level Reliability in controlling manufacturing

processes of ASIC semiconductor devices will be discussed in detail in this thesis.
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Anisotropic:

Array:

Assembly:

ASIC:

Base Array:

Bipolar

Transistor:

BEM:

GLOSSARY OF TERMS

An etch profile that is straight down or totally vertical with no horizontal
etch.

A matrix of uncommitted logic functions comtained in a single chip of

silicon.

The process in semiconductor manufacturing where a completed die is put
into a package or mounted directly onto a circuit board and connecting wire
bonds are defined between the die and the package or circuit board.

Application Specific Integrated Circuit. This is a custom chip with an unique
design. This part is not mass produced, and is generally referred to as a
custom integrated circuit.

A gate array with the gates built up to the transistor level only. These wafers
are not customized at this point and consist of standard sizes of chips with

varying number of gates.

The transistor type that works on current to switch or amplify.

Electromigration test methodology that uses Median Energy to failure -MEF-.



Burn In:

Chip:

Clean Room:

Contact:

CMOS:

Contamination:

CVD:

Defect:

The acceleration of semiconductor parts to provide stress to shorten the
lifetime of the parts such that information about the reliability can be
obtained. Burn in usually involves heat as a stress and can be for infant

mortality screening or product lifetime testing.

A small piece of silicon that is a complete semiconductor device or integrated

circuit.

A room where the environment is strictly controlled and the level of airborne
particulates is controlled through air filtration.

A hole in the BPSG dielectric to allow first metal to connect to the transistor

or doped silicon regions of a circuit.

Complementary Metal Oxide Silicon. Both N-channel and P-channel
wransistors are used together to form logic circuits. CMOS logic is low

power.

Undesirable material. In semiconductor manufacturing, this refers to foreign
matter in the circuit or chemicals/gases used in the manufacture of the
Chemical Vapor Deposition - The process of depositing thin films on a
wafer in a reactor by chemicals in gas form, reacting and growing a thin film

on a wafer.

A problem in a circuit on a wafer that can cause malfunction of the circuit.



Deposition:

DI Water:

Die:

Diffusion:

Doping:

Downstream
Etcher:

DUT:

ESD:

The process in semiconductor manufacturing in which thin films are grown

on a wafer.

De-lonized Water is water that has been purified to the point where most of
the ions usually present in water have been removed. This ultra-pure water

is used throughout the manufacturing of semiconductor integrated circuits.

An integrated circuit that is in wafer form and is in the process of being
manufactured.

In semiconductor manufacturing, this refers to the process of using heat to
allow movement of impurities through the semiconductor crystal structure

and helps to define the conductive areas in transistors.

The process of injecting impurities into the semiconductor crystal structure
to help define the conductive properties of the device.

A type of plasma etcher, that has the gas plasma formed away from the
wafer, so that the wafer is subjected to the minimum plasma damage. The
wafer sits "downstream”, closer to the vacuum pump, rather than closer to

where the plasma is ignited.

Device Under Test. This refers to the integrated circuit that is being tested by
a computerized testing system.

Electrostatic Discharge. Static damage is one way an integrated circuit can be
damaged to cause failure in the circut.



Fab: An industry common term that is an abbreviation for the Wafer Fabrication

Facility.

FET: Field Effect Transistor. This type of transistor uses voltage to build up a
charge or electric field. This voltage is then amplified or used to switch on
and off the transistor.

Final Test: Upon completion of the assembly processes, the finished semiconductor

product is subjected to a full functional test, fully testing the circuit to
operational logic and functionality.

Foundry: In ASIC gate array manufacturing, this refers to the initial processes in
wafer manufacturing in which the silicon wafer has the transistor and logic

gate structures defined up to the protective BPSG layer.

Gate Array: A type of ASIC circuit that consists of logic gates.
HCMOS: High Speed CMOS circuits.
Impurity: In semiconductor manufacturing, this refers to atom(s), ion(s) or chemicals

in the crystal structure of the semiconductor or a material that is not the
material in question. Impurities in semiconductors are sometimes desirable.
Impurities are used to define the conduction characteristics in the

semiconductors.

Integrated A circuit that is realized in a single semiconductor part.
Circuit (IC):



Invertor Gate:

Ion

Implantation:

Isotropic:

Killing Defect:

Laminar Flow:

Line Yield:

Mask /
Reticle /
Photomask:

Masterslice:

A basic logic gate that inverts the input or charges the input from high to
low or from low to high.

A semiconductor process that is used in manufacturing to put impurities into
semiconductors to define conductive regions. A specialized machine is used

to ionize impurities and accelerate them into the target; the wafer.

An etch profile that is rounded. The etch rate of the vertical etch rate is the

same as the horizontal etch rate.

A defect on a die that prevents the circuit from working.

In semiconductor manufacturing, this refers to the continuous flow of
filtered air in a clean room. The filters usually cover the entire ceiling area in
VLSI manufacturing. This causes the flow to be everywhere within the

clean room.

This yield is the amount of good wafers or parts that are left after a particular
process step(s).

The plates that contain the patterns which are imprinted onto a wafer during

the photolithographic process.

Another term for a base array. A masterslice consists of uncommitted,

unconnected logic functions only finished to the transistor level.



Memory Chip:

MEF:

Metallization:

Micron:

Misalignment:

MOS:

MOSFET:

MTTF:

N-Channel

Transistor:

N-Type Silicon:

A chip that contains cifcuitry that can store data in the form of binary digits

for later retrieval.

Median Energy to Failure. The median amount of energy used in BEM

electromigration testing that causes a test structure to fail.

The finishing processes in wafer manufacturing in which the metal

interconnections of the uncommitted circuitry is defined.

An unit of measure that is one-millionth of a meter.

One or more layers of a chip are not lined up properly with the other layers.
This is a mistake or defect caused in the photolithographic process-

Metal Oxide Silicon wansistor. An abbreviation for MOSFET, a type of field
effect transistor. The metal-oxide-silicon refers to the physical construction
of the transistor. There is an insulating oxide underneath the gate conductor.

Metal Oxide Silicon Field Effect Transistor. See MOS

Median Time to Failure. The point in time where 50% of a population has
failed.

A type of MOSFET with N-type semiconductor source and drain regions.

Silicon with impurities implanted in the crystal structure, usually a type IV
element, that gives an extra electron in the orbital shell.



NAND Gate:

Nitride

Non-Killing:

Defect

NOR Gate:

Oxide:

P-Channel

Transistor:

P-Type Silicon:

Parametric
Test:

Parametric

Tester:

Particle:

A basic logic gate.

An abbreviation for Silicon Nitride thin film which is used in the

manufacturing of semiconductors.

A defect that has not stopped the circuit from working.

A basic logic gate.

An abbreviation for Silicon Dioxide thin film which is used in the the

manufacturing of semiconductors.

A type of MOSFET with P-type semiconductor source and drain regions.

Silicon with impurities implanted in the crystal structure, usually a type Il

clement, that gives an extra space for an electron or a "hole" in the orbital
shell.

A test of the basic transistor circuit parameters usually done on specific test

transistors and other associated structures in the scribe lines.

A type of tester that is used to test out bsic transistor or circuit electrical
parameters.

A piece of contamination that cc#ld endupon a die.



PECVD:

Photolithography:

Plasma Etching:

Process

Monitor:

Reliability

Semiconductor:

Seribe line:

Plasma Enhanced CVD. The energy of the plasma gas is used to provide the
energy for the chemical reaction.

The process in semiconductor manufacturing of transferring the design from
masks to wafers and defining the design in photo sensitive resist.

The process in semiconductor manufacturing of etching exposed areas of
materials through the use of excited reactive gases in the plasma state.

An in process test where tests are per‘ormed on wafers during the
manufacturing fabrication processes. This can be done on dedicated test

wafers or production wafers.

In semiconductor manufacturing, this refers to how long the circuit will

continue to work after manufacturing.

Reactive Ion Etcher. This type of plasma etcher uses ion bombardment to
assist the plasma etching. Wafers sit on the powered electrode.

A solid crystalline material (c.g. silicon) whose electrical conductivity is
intermediate between conductors and insulators.

The area between the die on the wafer where test structures,
photolithography alignment targets and alignment measurement structures
are located. This is the area also reserved for the width of the cutting saw
when the wafer is cut up into individual die during the assembly processes.



Stepper:

Substrate:

SPC:

SWEAT

Test Structure:

Thin Film:

Transistor:

A camera system which is used in the photolithographic process. This
camera System only exposes a single or a few die at a time, called a field.
After exposure of a field, the system moves or "steps” to the next location
where it aligns to the previous layer(s) and exposes the same field in the
next location.

A Silicon base upon which the logic functions are fabricated. The substrate
influences the electrical characteristics of the transistors, which make up the

circuit and also isolates the transistors from one another.

Statistical Process Control. The application of statistics to build quality into
a manufacturing process and product. Processes are reacted to before they
are in an out of control condition. This is an entire manufacturing

philosophy.

Standard Wafer-level Electromigration Acceleration Test - A test

methodology and types of structure used in accelerated electromigration
lifetime testing.

A specific sub-circuit that is designed to test for one particular failure mode
ar to provide specific data. These structures can either exist on a dic or in

the scribe line area.

A very thin layer of material deposited in a substrate, usually in the order of
microns thick.

A semiconductor device that acts primarily as an amplifier or a switch.



ULSI:

Via:

VLSI:

Wafer:

Wafer

Fabrication:

Wafer Sort:

Yield:

Ultra large Scale Integrated circuits. This refers to the fabrication of circuits
containing a high number of devices. Usually refers to over 100,000 logic

gate devices.

A hole in the interdielectric material to allow one layer of metal interconnect

to connect with another layer of metal interconnect.

Very Large Scale Integrated Circuits. This refers to the fabrication of circuits
containing a high number of devices. Usually refers to over 10,000 logic

gate devices.

A thin disk of semiconductor material in which many chips are fabricated at

one time.

The processes in which the desired integrated circuit is manufactured and
fabricated into a wafer.

The functional test that is done at the wafer level to determine which die are
operating within normal specified parameters.

The number of good devices or parts at the end of a process.
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CHAPTER 1
INTRODUCTION

The manufacturing of Semiconductor circuits is a complex, highly technical process.
Todays industrial trends are to fabricate more complex circuits with smaller and smaller
geometries and with more compiex combination of materials and layers. These Integrated
Circuits, (IC) are manufactured on wafers. A wafer contains many die (i.e., die are called ICs
in the final stages of fabrication) which are the individual circuits being constructed as
illustrated in Figure 1.1 with various test structures for Wafer Level Reliability. All the dieona
wafer are usually duplicates of the same circuitry and design.

Not all of the die on a wafer will function upon the completion of the manufacturing
process. The number of working, functional die on a wafer is referred to as the wafer yield.
Fora completed circuit to work, all of the individual circuits that make up the die must be fully
functional. A defect is a physical imperfection on a die that can cause part of a circuit not to
work. A killing defect is a defect that actually prevents the circuit in question from working. In
a working die, there must be no killing defects on the die. Defects do occur on die but are
Jocated such that they do not interfere with the operation of the circuit in question. These
defects are called non-killing defects and do not reduce the yield of the wafer.

The wafer sort yield of a wafer is determined by fully functional testing of every die on the
wafer with a tester and a test program upon completion of the manufacturing processes. After
wafer sort testing, the ICs are tested again after each die has been packaged and the results are
called Final Test. An IC is working, but for how long? Some non-killing defects can cause
infant mortality reliability problems or early wear our reliability problems that significantly
reduce the life expectancy of the IC. These failures are a major problem in the semiconductor
industry
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detected at the wafer sort step of the fabrication process and the reliability of the parts (ie.,
individual ICs) was tested through bum in procedures. These procedures control infant
mortality and collect data on circuit lifetime. The feedback from the burn in procedures was
communicated to the engineers involved with the processing set up and control. The processing
engineers tended to be more concerned with the immediate yield concerns and keeping their
processes in control. Traditionally, reliability tasks involved initial burn in of finished parts to
detect and weed out infant mortality failures and involved life time testing though accelerated
stressing of the ICs and re-testing the ICs after the stressing. The wafers tended to be sampled
from lots and these life time tests results were not known for a period of months. This delay
prevented immediate feedback to correct out-of-control manufacturing processes.

But the industry has changed. Some of the assumptions that were valid five and ten years
ago are now questionable. The majority of defects in the past tended to be infant mortality 1],
e.g., Similar to human life expectancy. The IC parts are now more sensitive due to the smaller
geometries. The defect densities have decreased, enabling semiconductor factories to get yields
on devices that were considered impossible several years ago. This has meant that there has
been a shift towards more early wear out reliability failures. These early wear out failures (i.e.,
life expectancy greater than infant mortality) are becoming more dominant than the infant
mortality failures that were seen in the past [1}. Because the dimensions are smaller, the parts
are more susceptible to failures associated with current densities, materials, material stresses,
etc.

Another issue of significance is that more processing is now done in a single wafer than
ever before, The sampling plans for reliability were generally based on a lot by lot bases. Now
the processes that individual wafers may see within a lot may have more variability than the
variability in processing wafers from lot to lot. Some sampling plans that are based on lot
variation may now be invalid. [1].

One of the biggest factors influencing the reliability picture of semiconductor devices is that
customers are demanding higher quality than ever along with higher assurances of quality at an
ever decreasing cost. To insure higher levels of quality through testing and yet continue to
reduce the cost of the final product is an almost impossible task. To sample more ICs the
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traditional way that reliability testing was done costs more.

The answer? The semiconductor industry is working on incorporating more Wafer Level
Reliability testing into the manufacturing processes. What Wafer Level Reliability testing refers
to is the design of test and test structures that are sensitive to known physical attributes, that are
carefully tested to control the stress variables and that promote a single primary failure
mechanism while minimizing other failure mechanisms. These are placed on wafers that
contain production die. These test structures are tested on a parametric tester. To test on a
parametric tester, the structures and the tests have to be designed so that the tests can be
performed quickly, usually in under a minute. The principle behind wafer reliability testing is
the continuation of building in quality. Itis being proactive rather than being reactive.

Traditionally, testing for product lifetime meant a life test through the use of five common
types of stressing on the parts ~ temperature, voltage, current, humidity and temperature
cycling [2]. Most product lifetimes are determined through temperature acceleration, based on
the Arrhenius Equation [3). Parts (i.e., ICs) are “burned in" to determine their lifetimes. Burn
in refers to placing packaged parts in a bum in-oven operated at elevated temperatures (¢.g.,
125°C), powering the parts up, and periodically testing the parts during the time terminated
failure tests (¢.g., common test procedures are terminated at the end of 1000 hours).

Upon failvre, analysis is done to determine the defects that caused the failure. The
procedure of burn in and analysis usually takes a period of months to complete. Most
semiconductor manufacturers today adhere to an industry accepted military Standard
MIL-STD-883 [4]. This involves a 1000 hour operating life test at 125%C. The problem is
that the time involved here is a period of months. With the complex processing that is going on
in todays semiconductor manufacturers, many unreliable products can be produced during this
period before manufacturing problems are detected and rectified. This is a costly proposition
for the semiconductor industry. The feedback froma single problem could take months. With
Wafer Level Reliability testing, rapid feedback is now possible. Wafer Level Reliability will
not replace the traditional bum in testing that is done for both infant mortality and long term
life time testing, rather it will supplement this testing. It will provide additional data over a
larger sample size that will ensure outgoing quality levels and provide quick feedback to control



the on-going manufacturing process.
1.2 Wafer Level Reliability

Wafer Level Reliability is the testing of structures at the wafer level to determine reliability.
Traditional semiconductor reliability testing has identified certain reliability failure mechanisms.
Test routines and test structures have been proposed to test for these failures at a wafer level.
These test routines and structures have been designed to allow for quick testing by a parametric
tester. A parametric tester is a tester designed to test the electrical characteristics of
semiconductor parts.

Wafer Level Reliability uses the combination of test structures and electrical stress to test
for known reliability failures. The types of failures that these structures detect are: failure in
metallization due to electromigration, stress voiding, contamination; failure in dielectrics dueto
trapped charges, radiation damage during processing, impurities, film stress; and failure in
transistors due to hot electrons, ion impurities and improper processing.

1.3 ASIC Circuits

ASIC manufacturing is the manufacturing of Application S pecific Integrated Circuits.
Each product manufactured is a different chip. These are custom chips that are manufactured
specifically for individual customers. This differs from other semiconductor manufacturers
who manufacture standard devices where large quantities of a few designs are manufactured
for multiple customers. There are basically two types of custom chips manufactured: array
based and cell based [6]. Amay based designs have the customized layers as the metal
interconnection of circuits only. Array based designs have base array wafers. These base array
wafers are used by multiple customers. They are only finished up to the transistor level and
have the building blocks such as transistors, logic gates, memory, etC. arc predefined. The
designer customizes the circuit by specifying how these blocks are interconnected. Cell based
designs are fully customized with the designer choosing which building blocks to use and the
interconnection of them.

1.4 ASIC Wafer Level Reliability

Vaiation of customers designs results in variations in yield and reliability. A specific design

on a array ASIC can have its own yield and reliability problems that are not seen on another
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design on the same base array. Todays ASICs are more complicated than they were teén years
ago. ASICs now can contain on a single chip microprocessors, RAM, ROM, bipolar
transistors, high current drivers in addition to the standard logic gates.

The problems with traditional Reliability testing through life time and infant mortality
stressing are even greater with ASIC parts. There can be as few as two wafers run in a year for
a particular design. ASIC manufacturers tend to have a great number of designs with just a
few wafers each being manufactured for those designs at any given time, than do
manufacturers of standard parts.

The traditional sampling plans for testing reliability failures through burn in are not
adequate to account for all the different designs and circuits run in an ASIC plant. They tend to
test for generic process failures. In the beginning of the ASIC manufacturing this was
probably a valid assumption, but with the complexity of todays ASICs, there is a variation of
physical structure and function between designs such that this may no longer be valid. The
reliability of one design may riot mean that another design is reliable.

The answer to this problem is to do testing on all designs. This can be economically
accomplished by Wafer Level Reliability testing. However, there are still unique difficulties and
challenges to doing Wafer Level Reliability on ASICs. Specifically, Wafer Level Reliability has
been done on standard products in production lines that have few designs. ASIC production
has hundreds of different designs. ASIC production involves the use of base arrays. The
challenge is in adapting the Wafer Level Reliability test structures to utilize the existing base
array structures.

1.5 Thesis Objectives

This thesis is directed at investigating Wafer Level Reliability, a key new area in today’s
semiconductor industry. To fully investigate Wafer Level Reliability on ASICs, the following
thesis objectives will be presented and discussed in detail:

1. To present the basic VLSI/ASIC manufacturing process knowledge base

necessary to understand the types and design of circuits being developed
today, the types of failures encountered, the methods and equipment
that test the parts and the types of reliability screening and testing used.
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2. Adaptation of existing Wafer Level Reliability test structures to an ASIC Base
Array.

3. Development of Test Routines to perform Wafer Level Reliability using a
Parametric Tester.

4. Evaluate the results of Test Wafer Chips that were tested for Wafer Level Gate
Oxide Reliability. These wafers contained real ASICs that will be subjected to
traditional reliability burn in and lifetime tests.

5. Compare test structure lifetime reliability data with the production ASIC
lifetime reliability data.

The Wafer Level Reliability test structures are not the same as the structure of the
production IC circuitry. Answers to the following questions will be presented and discussed in
some detail in this thesis: (1) Will the test structures accurately predict product life time? (2) Do
the results of traditional reliability testing correlate with Wafer Level Reliability predictions?

Wafer Level Reliability structures and test methodologies will be adapted to the ASIC
manufacturing environment. Structures, test programs and test methodologies will be designed
to work within the constraints of ASIC manufacturing. The failures predicted by Wafer Level
Reliability will be compared with the failures on ASIC product that have been subjected to life
time burn in reliability testing. This thesis will investigate Wafer Level Reliability and evaluate
its adequacy in predicting lifetime failures and provide immediate reliability failure mode
analysis to control wafer fabrication processes.

1.6 Scope of Thesis

Chapter II will describe the basic VLSI manufacturing processes necessary to understand
the nature of defects that cause failures in semiconductor circuits. Chapter ITI will present the
fundamentals on yield and reliability concepts and definitions. Chapter IV will present the
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fundamentals of electromigration, a significant failure mechanism in very large scale integrated
circuits. In this chapter a description of today’s electromigration testing techniques will be
presented. Chapter V presents the details of ASIC gate array Wafer Level reliability test chip
design and layout incorporating electromigration, dielectric breakdown and hot carrier test
structures. Chapter VI will present the basics of semiconductor reliability accelerated testing
and monitoring. The fundamentals of the VLSI manufacturing processes, failure mechanisms,
test chip design and burn in reliability presented in Chapter I to VI will provide a knowledge
base for evaluating monitored processes and reliability test results. Actual normalized process
monitoring and product reliability test results conducted on selected lots by LSI Logic
Corporation will be presented and analyzed in detail in Chapter VII. Chapter VIII will present

the conclusions and discussions of the thesis.
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CHAPTER II
VLSI BASIC MANUFACTURING PROCESSES

2.1 Introduction

In modern manufacturing and fabrication of Integrated Circuits, the production of cost
effective and reliable working parts is the key to success. Over the last twenty years, the
fabrication of Integrated Circuits, (IC) has gone from a fledgling industry to one of the most
important and demanding manufacturing technologies in the world today. Today's ICs are larger,
more dense, faster and require a higher level of manufacturing technology than even the circuits
manufactured five years ago. To keep competitive, a manufacturer must have good yields. This
means that a manufacturer must always try to maximize the number of good reliable parts. The
yield is nothing more than the ratio of good parts to the total parts manufactured. This is not as
simple as it sounds. With the increasing demands on performance, quality, cost and reliability of
the finished ICs, yield becomes extremely important and harder to maintain. The state-of-the art in
terms of manufacturing continues to change quickly in the industry.

To properly examine what yield and reliability is in today's Integrated Circuit manufacturing
technology, one must have a basic understanding of the manufacturing processes involved. There
must be an understanding of the types and design of circuits being manufactured, the types of
failures encountered, the methods and equipment that test the parts and the types of reliability
screening and testing used. This interrelationship is becoming more complex. With the demand to
make circuits better, faster, and with higher performance, understanding their interrelationships are
important to understanding why integrated circuits fail. A basic overview of some of the
processing steps is important to understand where circuit failures can occur.
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2.2 Clean Room Technology

In today's Integrated Circuit (IC) manufactusing sechnetoav, ICs are manufactured in factories
that contain clean rooms. A clean room is a toom whice L= 2 controlled environment that is
compatible with the requireraents for manufacturing of Yery Luzge Scale Integrated circuits (VLSD
and Ultra Large Scale Integrated circuits (ULSI). Most ioas wacnring of VLSI and ULSI involves
dimensions in the one micron and sub-micron regions 5 «:rfore, conf: Aling the environment is
critical in obtaining working circuits. To what jsvel i # _ spvirgunseat controlled? The level of
control of the environment is partially dependent on il [-sxcessing ste?s that are being performed
in the particular clean room or clean room module in question. Most clez#: rooms are controlled by
microprocessor controller systems thiat raonitor and adjust the environmssit i the clean rooms to 2
high degree of accuracy.

Traditionally, clean rooms were noms that had just the level of airborne contamination
minimized and controlied. By contr g the level of airbome contamination, the number of
defects due to these particles of contamirstion getting into the circuit is reduced. Airbomne
particulate levels are controlied by having a laminar air flow within the room. Motot blower units
force air through Hepa filters. These Hepa filters filter particles of size 0.1um and larger. By
having a laminar flow of air, the rooms tend to clean themselves and any airborne pasticulates are
swept away in the air flow. These particulates are eliminated.

But the cleanliness of air is not the only factor that must be controlled in order o make a clean
room "clean”. The materials that go into construction, the tables used, the process equipment and
any other material must be clean room compatible. That is, all objects, including people, in a clean
room must be clean room compatible. To be clean room compatible is to be particulate free. All
tables must be constructed as to not hamper the flow of the clean air. All people in the clean room
must wear garments that are not particulating called clean room garments or "bunny suits". Even
though it is impossible to entirely eliminate contamination within the clean room, the goal is to
minimize the sources of contamination as much as is practical.

In addition to cleanliness, there are other environmental factors that must be controlled in VLSI
and ULSI fabrication facilities of today. Temperature is a factor in many processes. In most
photolithography areas, the temperature must be controlled to £0.5 <C to keep the sensitive
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photolithography camera systems in focus. Humidity is also an important factor. Photoresists
used in today's process can absorb moisture or dry out changing the photo speed of the resist and
also changing its ability to resist etching processes. As has been seen, a clean room is not only a
room that has Hepa filtering and laminar flow, it has evolved with the technology to become a
controlled environmental area that is conducive to the manufacture of large circuits with very small
structure dimensions.

But controlling the environment inside the clean room is only part of the challenge. The
facilities that supply the clean room and the process equipment must be of a very high purity level.
These can be another source of contamination. Some examples of what these facilities are: Clean
dry air, Pure Nitrogen, Process Gases, De-Ionized (DI) Water and House Vacuum. Clean dry air
is used to run pneumatics on the various process equipment used in the manufacturing of ICs.
Pure Nitrogen is usually 99.9999% pure and is used in almost all processing equipment for
venting from vacuum, purging, etc. DI Water is De-Tonized Water and has been filtered and
purified through reverse osmosis and passed through resin beds. The water's purity is measured
by its resistivity which for VLSI and ULSI is 18 MQ (Megaohms) pure. The house vacuum isa
source of vacuum to hold wafers in place during regular process steps.

In addition to these facilities, there are chemicals and ultra pure gases that are used in the
processes themselves. These have to meet stringent requirements as t0 their composition and as to
their level of contamination or impurities. The process equipment itself must be designed and
constructed to very strict requirements. They must perform the processes in question, be
compatible with the clean room environment and handle e wafers in such a fashion as to
minimize the amount of contamination on the wafers.

The demanding requirements of VLSI and ULSI manufacturing technology puts high demands
on the environment and processes that are used in this manufacturing. The clean room and its
facilities are as important as the processes themselves. If an essentially coritamination free
environment and contamination free processes do not exist, then there will be very few working
parts out of the factory. Clean rooms today have to provide this very high level of environmental
purity and control to be able to manufacture the highly complex circuits.
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2.3 Basic Semiconductor Processing

In order to properly understand the nature of defects that cause failures in semicc:sfwctor
circuits, there has to be a fundaments! understanding of the basic processes involved in the
manufacture of these circuits. As the complexity of the circuits increase, so do the amount of
process steps required to manufacture the circuits. With more steps, there are more chances for
problems, mistakes and misprocessing to occur. To understand the failures caused by these
difficulties, one must understand how the basic process steps are performed.

In Integrated Circuit (IC) manufacturing, circuits are constructed in a layer by layer process.
For example, a metal interconnect layer is first constructed before an insulator layer with via holes
is constructed. One layer is finished before another is built. Even though there are many steps to
building a completed wafer with working circuits, most of the steps fall into four basic processes:
Thin Film Deposition, Photolithography, Etching, and lon Implantation and Diffusion. A basic
understanding of the fundamentals of these processes is important to understanding the failures that
can occur because of these processes.

2.3.1 Thin Film Deposition

Thin film depesition is one of the "four” basic processes. The thickness of films used in
semiconductor technology usually ranges in thickness from hundreds of Angstroms to a few
microns. Hence the name, "thin films" because of the small dimensions. Thin films have unique
properties because of their very thin nature. This allows atoms and ions to move around and
diffuse easily. Properties such as this in thin films can cause yield and reliability problems. Many
factors have to be controlled in the thin films that are deposited. Factors such as film composition,
film stress, film grain size, thickness of the film, purity of the film, uniformity of the thickness,
andthcﬁlmdensitycanallbeimpoanThecﬁﬁcalfacmmdependemupmthepmcess,
circuit design and the intended use of the tilm in question.

Wafers are constructed in a layer by layer process. The layers are built up through subsequent
depositions. The layers have different materials deposited to give the desired properties that each
individual layer requires. For example, polysilicon and metals are used for conduction, oxides and
nitrides for insulation.
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Oxidation is one method used to grow thin films, especially in Silicon MOS technology.
Silicon dioxide, SiO», is grown thermally in the presence of oxygen on silicon wafers. Silicon
dioxide is commonly referred to as "oxide" and silicon nitride is commonly referred to as "nitride”
in the industry. Three things are needed for oxidation of a silicon wafer - a source of oxygen,
energy (usually thermal energy in the form of heat) and a silicon substrate. Oxygen comes from
using oxygen gas or water vapour. With the assistance of heat, the oxygen diffuses through the
already grown oxide and reacts with the silicon to form more oxide. Silicon is consumed in the
process.

Chemical Vapour Deposition is another method of depositing thin films. Films are grown in a
reactor by having process gases react and form on the wafer. How the reaction takes place depends
on the type of reactor and the film grown. There are three basic types of reactors used: atmospheric
chemical vapour deposition (CVD), low pressure chemical vapour deposition (LPCVD), and
plasma assisted chemical vapour deposition (PECVD). LPCVD is done under a vacuum, henck e
name "low pressure”. PECVD uses radio frequency power to ignite the process gases into a
plasma state. Heat was usually used to provide energy for the reactions to take place. In PECYD,
the plasma provides the energy for the reactions. The reactor used depends upon the film grown
and the process goals.

Evaporation is a traditional technique used in the deposition of metals on wafers in
semiconductor processing. Metals that have been commonly used are aluminium, copper, tungsten
and gold. Evaporation is a technique that uses a high vacuum chamber. The metal to be deposited
is heated in this high vacuum. The metal is heated through a number of different means and is
referred to as the source. The metal evaporates in the high vacuum and is deposited on the wafers.

Another technique for deposition of metals is called sputtering. In this procedure, jons are
accelerated through a high vacuum and strike a target. The target is made up of the metal that is to0
be deposited. The momentum of the ions are transferred to the atoms of the material and the
material is transferred in vapour form to the wafers. The ions act as "bullets". Argon is typically
used in sputter systems to act as the accelerating jons, or "bullets”. The iong are accelerated
through electric and or magnetic field attraction. The metal can be titanium, platinum, gold,
tungsten, copper, aluminium, etc. This procedure is a purely physical phenomenon, involving no
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chemical reactions. To define a line in a matesial sach as polysilicon or aluminium, the material is
deposited on the previous layers or substrate first.  The result of this deposition is shown in

Figure 2.1.
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Figure 2.1 Step 1 - metal / doped poiysilicon deposition

Thmughallofthesetechniqu&s,thematerialsorthinﬁlmsthatareusedinthemanufacmreof
ICs are deposited on wafers. The uniformity and control of the composition of these films are
critical. Any imparities or mistakes in either the composition or deposition of these films may
cause defects that will affect the yield and reliability of the finished ICs.
2.3.2 Photolithography

Photolithography is the process used in IC manufacturing to transfer the design for a particular
layer into photoresist on a semuconductor wafer. Since the majority of manufacturing done in the
world today is on optical steppers, this is the iyp® of system that will be described here. The
principles are the same for projection aligners, direct write Electron Beam systems and other
pattern transfer systems. The goal of photolithography is to accurately reproduce on the wafer the
circuit layout in photoresist for the particular layer in question. The photolithography step is
repeated many times throughout the process. The photoresist is ased to resist etching mmterials or
to prevent underlying layers from being damaged or doped during ion implantation.

Thepattemthatistobereproducedisusua]lyonaglassandchmmeplateandthisplateis
referred to as a mask. A mask can consist of one layer of a single die or one layer of a few die.
Some masks even have multiple layers on them, but all masks have only one layer used at a time.
It depends on the size of the die being manufactured and the photolithographic camera equipment
for the number of die exposed at one time. Most steppers today have a maximum field size of 1.5
cm by 1.5 cm. Some new steppers can go as big as 2.0 cm by 2.0 cm. A field isaregionon a
mask that consists of a single layer for one or more die that is exposed in a single exposure by the
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camera system. The size of the fields are limited by the lens technology.

A stepper is a camera system that operates in the following fashion. The stepper first finds
alignment targets that have been defined at a previous layer. It then uses these targets to line up the
layer with the mask that is to be exposed. When the alignment is within the machine's alignment
tolerance, an ultraviolet light is projected through the mask and onto the photoresist on the wafer,
thus exposing the wafer. The stepper system then "steps” to the next alignment site. One or a few
die are exposed at each exposure.

The reason why the best steppers in the world today only have a field size of 2cm by 2cm is
because this is the area in which the stepper manufacturers guarantee minimum distortion.
Distortion in the lens will cause errors in the reproduction of the mask image on the wafer. This
distortion can cause various defects in the finished IC.

Even though an individual lens element within a lens system can not be manufactured without
distortion, a particular leas element can be manufactured with a known distortion and another lens
element with the oppositt: lens disiortion. These two particular lens elements may be part of alens
system that makes up the stepper lens. The cumulative effect of these two lens in a multi-lens
element system is to minimize the distortion in question. It is through this highly specialized multi-
lens element lens system that the effects of cptical distortion are minimized. In todays leading edge
stepper technology, the lens can consist of up to twenty elements. The design of these precision
optics is another very sophisticated hizh technology field. The larger the field, the harder it is to
manufacture a lens system free of defects.

It is important to understand some of the basics of stepper technoiogy in order to understand
some of the defects that are caused by mistakes in the photolithographic processes. If there are any
problems on the mask or with the operation of the stepper. this can affect every die on all the
wafers being run. The defect is not limited to a single or few die but is repeated through the
stepping and exposing action of the stepper camera system. This kind of defect is referred to as a
"repeating defect

The photolithographic proce::s consists of three basic steps - photoresist deposition on the
wafer, exposing of the desired pattern on the wafer and developing and hardening the patterned
photoresist that is on the wafer. A layer of photoresist is deposited on the wafer in a very uniform
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fashion, This photoresist deposition is usually done in the following fashion. The photoresist or
resist is delivered in a solvent form to a spinning system. The wafer sits on a spin chuck and
photoresist is deposited on the wafer. Through the action of spinning, the excess resist is spun off
and a very uniform controlled thickness of photoresist is left on the wafer. The wafer is then
baked to drive off the excess solvents. With too many solvents, the under exposed areas may mix
with the exposed areas after exposure. By using the cross section diagram shown in Figure 2.1,
the photolithography process of transferring a line pattern from a mask to photoresist can be
illustrated. If we take the same substrate that was used in Figure 2.1 with its thin film on it and

spin the photo resist on top, the cross section now will look like Figure 2.2.
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Figure 2.2 Step 2 - photoresist deposition

Masks for the layer in question are loaded into the stepper System. The wafers are exposed as
described above. Photoresist (i.., called resist) undergoes a molecular transformation called
polymerization when exposed to ultra violet light. Exposed areas under go a chemical change.

During developing, only the exposed pattern remains. Tf we return to our example of defining lines

in a thin film material, the process of exposing the photoresist is illustrated in Figure 2.3.
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Figure 2.3 Step 3 - photoresist exposure

Through the process of developing, the undesired areas are washed away leaving only the
desired pattern on the wafer in photoresist. The wafers then go through a hard bake process that
hardens the photoresist. Hardening the photoresist makes the photoresist more resistant to the
etching and implantation processes. Again afier the developing, the cross section of our example

now has the lines defined in the photoresist. This is illustrated in Figure 5.
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Figure 2.4 Step 4 - photoresist develop

The processes described above is a basic description of the photolithographic processes. There
are additional types of pattern transfer techniques that wafer fabrication factories may use,
depending upon the application. The overview given above still applies in these more "specialized”



-18-

cases. Most photolithographic processes in production today are based on this "basic description.”
2.3.3 Etching

Etching is the method of removing materials in semiconductor processing. Etching usuafty
transfers the pattern that has been defined in photoresist into the material in question. The etching
processes that do not transfer the pattems are usually blanket removal etches, such as the blanket
removal etch of the photoresist.

Today, most etches are done with the use of excited gases through plasma etching. Plasma
etching refers to the state of the etching gases. In a vacuum, etchant gases are excited through the
application of electrical RF energy. The gases are in an excited, highly energetic state. The gases
tend o exist in this plasma as single ions and atoms. These chemical species are highly volatile
and react with the material placed in the etcher, such as the semiconductor wafer.

Different etchant gases are used for different plasma etches. For example, chlorine is used for
aluminium and polysilicon, freons for oxide and nitride, and oxygen for photoresist. The goal of
the plasma etching is to have the etchant gas in a plasma state, have the reactive species react with
the desired material, and have the reaction by-products be gaseous so that they can be easily
removed from the etching chamber. The material to be ¢tched determines what chemical reactions
will take place and therefore, what etchant gases will be used to form the reactions in the plasma
etch chamber.

Plasma etching is not only the chemical reactions. With the application of RF electrical energy,
jons are accelerated towards the electrodes in the system. The electrical bias on the electrodes will
determine the amount of acceleration. Basically there are three types of plasma assisted etchers.
The different types of etchers are defined by where the wafer is located in the etching system.
Reactive Ton Etchers (RIE) have the wafer sit on the powered electrode. Here, the biases that are
seen are usually in the hundreds of volts region. This high bombardment is generally used to etch
species that are difficult to etch, such as aluminiym. Aluminium is very difficult to etch because a
native oxide, aluminium oxide, is formed on contact with oxygen in the air. This layer is very
unreactive and requires high bombardment with the ions to be removed.

Plasma etchers are plasma assisted etchers that have the wafer on the grounded electrode. Here

tens of volts of bias are used to accelerate the ions. These are lower ion bombardment machines.
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The etch rate is more dependent upon the chemical reaction in a plasma etcher than in the RIE
systems. They tend to run at higher pressures. The higher pressure means more reactants. This is
how the plasma etchers etch materials as fast as the RIE systems.

Another type of etchers used in manufacturing of semiconductors is the down stream etcher.
The wafers are "down stream” from where the plasma is generated. The excited etch species are
created between the two electrodes. These species are then transported to the wafer where the
reaction takes place. The wafers are situated near the vacuum source, and hence "down stream”
from the area where the plasma gas is generated. The goal here is to have no ion bombardment and
the reactions that take place are purely chemical in nature, and not ion assisted.

Before down stream etchers, purely chemical etching was done with the use of wet chemicals.
Wet chemical etching involves baths in which wafers are submerged in the etchant solution or
machinery that "sprays” the etchant solution onto the wafer. The wet chemical processes are
generally harder to control and dirtier, but this does not mean that they are useless in processing.
They do not cause any damage to the wafers through ion bombardment. Wet chemical etching is
cheaper than plasma etching. This is how wafers were traditionally processed before plasma
etchers were available. Wet chemical etching is still in use in most manufacturing processes today,
usually in non-critical applications or applications that are sensitive to damage that a plasma
assisted etcher may cause.

Most etching processes that define structures involve at legst two etch steps. The first step
involves the etching of the desired material. The pattem is transfetred into the material because the
photoresist protects the areas that are not to be etched. The second step of this etching process is
the etching of the photoresist layer. Once the photoresist layer is removed, the only place where
underlying imaterial is left is where the photoresist was. This structure corresponds to the circuit
design for that layer and the pattem that was on the mask. For example, metal lines are defined in
aluminium by first etching the unprotected aluminium and then etching the photoresist that
protected the aluminium. After this step, there are the metal conductor lines left that correspond
exactly to the lines on the mask and in the design. This is how the pattern is transferred from the
exposed photoresist to the material layer. To illustrate this process, the example of lines defined in
the photoresist defined in Figure 2.4 is repeated in Figure 2.5
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Figure 2.5 Step 4 - photoresist develop

After etching, the cross section is altered to that shown in Figure 2.6
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Figure 2.6 Step 5 - metal/polysilicon etch

The lines are now defined in the thin film (metal/polysilicon) to complete the process. The
photoresist is then etched off or stripped. The final cross section is shown in Figure 2.7 below.

Figure 2.7 Step 6 - photoresist etch

The goals of the process determine which type of etcher to be used. Plasma assisted etchers
allow the more precise control of eich rate, uniformity of etching across the wafer, the etch profile
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and the selectivity of eich rates. The selectivity refers to the ratio of etch rates between two
different materials. For example, the selectivity of aluminium etch rate to oxide etch rate is the ratio
of thiese two etch rates. This is important in the etching of aluminium lines. Aluminium or its alloys
are & common conductor used to interconnect circuits together in semiconductor processing. This is
usually deposited on an insulator such as silicon dioxide, or "oxide". The goal of etching metal
fines is o etch the metal and not the underlying oxide. Therefore, the selectivity of aluminium etch
rate to oxide etch rate should be as high as possible, to minimize the etching of the underlying
oxide. Etching too much oxide can cause the aluminjum lines to lift or provide topology related
problems at subsequent layers.

In the previous e¢xample, line were defined in thin film such as a metal or polysilicon. The
process is similar for holes in a dielectric such as silicon dioxide or silicon nitride. The entire
process of defining holes such as contact or via holes is illustrated in the sequence of steps shown
in the diagrams of Figures 2.8 and 2.9, respectively..

Step 1 - Dielectric Deposition
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Figure 2.8 First two steps in defining a hole



Step 3 - Photoresist Exposure
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Figure 2.9 Steps 3 to 6 in defining a hole
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The etch profile refers to the cross section profile of the etched material. The profile is
determined by the etch rate vertically (depth) as compared to the etch rate horizontally (sideways).
If the etch rate is the same for both the vertical and horizontal, the etch is isotropic. If the vertical
etch rate is essentially all vertical the etch is said to be anisotropic. Wet chemical etching and down
stream etching gives isotropic etch profiles. RIE and Plasma etchers tend to give anisotropic etch
profiles. Although the down stream etcher does not have the ion bombardment and therefore does
ot damage underlying structures, it can not give the desired profile control or etching
characteristics desired in certain types of eiches. Therefore, some damage due to jon bombardment
is traded for the control of the profile and the control of the etching. The damage caused may not
be critical to either the yield or the reliability of the circuit, depending on the etching processes in
question.

2.3.4 Ion Implantation and Diffusion

Ton Implantation and Diffusion are used in semiconductor manufacturing to define impurities in
silicon to make n and p type silicon. The types of impurities, the amount of impurities, and the
depth of implantation all give rise to the desired conduction properties that make up transistors,
memory, CMOS chips, etc. In terms of understanding the basic processing, what is being
manufactured is not important as to understanding the mechanisms behind Ion Implantation and
diffusion. All types of semiconductor manufacturing require some form of Ion Implantation and
Diffusion. Impurities that define the characteristics of n or p type semiconductors are formed by
either diffusion or ion implantation with diffusion.

Semiconductors are of a type IV elements (ie. Si or Ge) in the periodic table. Impurities are
usually of the type V or IIL Typical impurities used in forming n or p type silicon are arsenic,
phosphorus, and boron. Impurities either give an extra electron to the crystal lattice structure (N
type semiconductor = type IV Element) or have a hole where an electron can go (P type
semiconductor = type I Element). The impurities and semiconductors used may not necessarily
be elements. Compounds with the same electron configurations as the elements mentioned above
can act as impurity dopants. Other compounds can act as semiconductors, depending upon the

compound's electron configuration. An example of a semiconductor compound is Gallium
Arsenic.
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Diffusion in semiconductors is the most widely used process to control the depth of impurities
into semiconductors. Impurity atoms move under the high temperature diffusion processes.
Basically, the rate of diffusion is controlled by the amount of impurities, the temperature used, and
the time that the wafer is exposed to the high heat. Impurities are introduced to the surface usually
through contact with the impurity in vapour form or through ion implantation.

Ion implantation (i.e., a technique where ions are accelerated to a high speed and shot into the
wafer surface) is used in semiconductor manufacturing to introduce impurity ions into
semiconductors. The advantage to using ion implantation is that the concentration and profile of the
implantation can be controlled precisely. This is why ion implantation is in use through out the
industry today. To do ion implantation, wafers are put into a process machine called an ion
implanter. The wafers are located in the target position. The impurity used are energized under
vacuum to form ions. These impurity ions are then accelerated through use of 2 magnetic field and
focused on the target (wafer). The ions have enough energy to act like bullets and penetrate into the
material. Control of the acceleration energy gives the control of the depth that the ions penetrate.
Because ions are charged, the current of the ion beam can be measured. By knowing the time the
beam is on and the area that is implanted, the amount of implanted charges can be calculated. If the
dose is referred to as f, then the dose is given by the following equation: [7]

Q
¢= —= atoms/cm2
mgA (2.1)
where: m=charge state of the ion (+1 or -1)
g=electron charge
A=Area
Q=integrated charge

and if the integrated charge Q is given by: (7]

Q =j 1dt
(2.2)

where: I (i.e., the beam current ) is applied for t seconds.
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By knowing the area the beam exposes, the time of exposure and the beam current, the dose is
easily calculated and accurately determined. Once the dose is known, it is then easy to accurately
control the doping at any depth. This gives accurate control of the doping profile.

Since the ion implantation is done under vacuum conditions, it tends to be a much cleaner
process than other impurity inducing processes. Most processes in semiconductor manufacturing
involve ion implantation followed by a high temperature diffusion step. This allows accurate
control of both the deposition and depth of implant. For deep implants, the diffusion step is
necessary because ion implantation alone becomes harder, more difficult to control and more
expensive, with the deeper the implant required. A shallower implant followed by a diffusion step
is easier and more economical than an implant alone. Areas that do not receive ion implantation are
protected through putting a protective material over the area. This area is defined through
photolithography or "masking". Photoresist is used to protect specific circuit areas from low
current implants. The areas that require masks are exposed and developed leaving holes in the
photoresist for the implantation.

To illustrate the ion implantation, the sequence of steps necessary to process a low energy ion
implantation of a shallow junction such as a voltage threshold adjust implant (VT) is shown in
Figures 2.10, 2.11 and 2.12.

Step 1 - Photoresist Deposition
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Figure 2.10 First process step for low energy ion implantation



Step 2 - Photoresist Exposure
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Figure 2.11 Process steps 2 through 5 for low energy ion implantation



Step 6 - Junction Diffusion

. “Siicon Substrate . .

Figure 2.12 Process step 6 for low energy ion implantation

For higher current implants, a deposition of a protective material such as silicon nitride is used.
The nitride is then masked by photoresist and the exposed area is etched away. The nitride then
forms a protective mask that protects certain areas from the implant. After implant, the nitride
mask is etched away. This is illustrated in the example of a high energy implant as shown in the
sequence of diagrams shown in Figures 2.13, 2.14 and 2.15.

Step 1 - Nitride Deposition

. Soon Substate

Step 2 - Photoresist Deposition
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Figure 2.13 Process steps 1 and 2 for high energy ion implantation



Step 3 - Photoresist Exposure
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Figure 2.14 Etching process steps 3 to 6 for high energy ion implantation



Step 7 - High Energy Implant

Step 8 - Well Drive
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Step 9 - Nitride Etch
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Figure 2.15 Etching process steps 709 for high energy ion implantation

Through use of ion implantation and diffusion processcs, the basic semiconductor conduction
characteristics and structure is defined. The process described above is a basic overview of the
processes. These n type and p type semiconductors form the base and emitter regions in bipolar

technology and form the drain and source regions in MOS technology.
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2.3.5 Overall Processing

Construction of a working circuit involves using elements of the four main areas of
semiconductor processing - ion implantation and diffusion, photolithography, etching and thin film
deposition - to build a circuit layer by layer. The basic steps are repeated with different materials
within the process. For example, the defining of the metal lines is done first with the deposition of
the metal. The desired interconnect pattern - the "lines" are exposed onto photoresist that is on top
of the metal. The photoresist is then developed, exposing the metal where there will be spaces
between the metal lines. This is etched away then the photoresist is etched. All that is left are the
metal interconnect lines. The cycle is then repeated with different materials for the next process.
An insulator such as oxide may be deposited and masked. Interconnect holes are then etched in this
oxide. Further process steps then occur to build the circuitry, layer by layer. The basic types of
processes are repeated over and over in the construction of the circuit. The materials used and the
exact processes change, depending on the layer and on the type of semiconductor circuit being
constructed. Even though there are exceptions, most of the semiconductor processes used fall into
one of the four basic groups.

To fully understand the processing technology, a hypothetical ASIC array is constructed on the
next few pages. The circuit in question uses one logic cell to make two invertors. The process
described is only an overview of how this gate array is customized. All the layers and processes
are not described. The technology illustrated is that of CMOS dual layer metal gate arrays. The next
pages containing Figures 2.17 to 2.22 will illustrate the construction of the layout of a gate array
layer by layer viewed from the top. The structures and layouts used are similar to actual ASIC
gate arrays constructed by LSI Logic corporation. The diagrams illustrate the construction, from
the base array through to the completion of the pad etch step. A diagram of a 3 layer metallized
CMOS cross section is shown as an illustration in Figure 2.16 to provide some insight into the 2

layer metallized topological views shown in Figures 2.17 to 2.22.
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Figure 2.16 Cross section of a 3 layer metallized CMOS device

The Figure 2.17 shows the basic CMOS cell. Figure 2.18 shows the circuit with the contact
holes defined. Figure 2.19 shows the first metal layer routing. Here the pads are defined as well
as the power bars that supply the cells. Although the example only shows a single cell, the basic
structures are repeated again and again in actual gate arrays. Figure 2.20 shows the second metal
as in the real gate arrays. Figure 2.21 shows how the via holes are defined. Lastly, Figure 2.22

shows the pad openings in the protective passivation.
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Polysilicon Gates
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Figure 2.17 Basic CMOS cell - base array - one cell

Figure 2.18 Basic CMOS cell - contact holes defined
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Figure 2.19 Basic CMOS cell - first metal layer routing
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Figure 2.20 Basic CMOS cell - via holes defined
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Figure 2.21 Basic CMOS cell - second metal layer routing
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Figure 2.22 Basic CMOS cell - pad opening in the protective passivation.
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2.4 ASIC Logic Circuit Basic Operation

The gate arrays illustrated previously are made from CMOS technology. CMOS stands for
Complementary Metal Oxide Silicon transistors. The complementary refers to the fact that there are
two transistors that work in tandem. The two MOS transistors are of two types - N channel and P
channel. The N and P are the types of silicons as illustrated earlier. The transistors have been
doped through ion implaatation and diffusion such that they will act as switches. They will
effectively turn on and off with changes in voltage. Tuming off is when the transistor effectively
stops conducting. The transistors act in tandem by having the N channel transistor turn off, i.e.
stop conducting while the P-channel transistor turns on. This is effectively how the two transistors
work together - in a push- pull type of afrrangement.

A MOS (Metal-Oxide-Silicon) transistor has four termirals. They are: gate, drain, source and
substrate. The gate is the control. Depending upon the voltage on the gate, current will flow
between the source and the drain. The substrate is used for biasing. A diagram of a CMOS cross
section is shown in Figure 2.23.

GATE
SUBSTRATE DRAIN i DRAIN SUBSTRATE

? 9 ? 9

?SOURCE SOURCE?

L Polysilicon ~————
Gate Oxide ———]

.....
-----

...............................

.........................

----------------------

HCMOS CROSS SECTION DIAGRAM

Figure 2.23 Cross section of CMOS transistors
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For the purposes of understanding yield and reliability, a basic description of how a MOS
transistor works is as follows: In the diagram of the cross section, the gate is constructed of
polysilicon on top of the gate oxide on top of the p-well. Both the p-well and the polysilicon have
been doped to be conductive. The gate oxide is constructed of highly pure silicon dioxide. This is
essentially a capacitor. The p-well is p type silicon. This means that it has more holes or places for
capacitors in its crystalline structure. The source and drain area are n type silicon. There is an
excess of ztectrons in the crystalline structure. The N-channel transistor is usually powered by a
five volt power sapply.

To explain how the N-chaui! +-ansistor works, the source and substrate are connected to
ground, or 0 velts. The drain is connected to five sis. The n-p-n strucwze between the source
and the drain has a reversed bias diode in the struczase. There is essentially very little or no current
flow between the source and the drain. Now, if the gate of the transistor has been at 0 volts, this

condition will remain. This is shown in Figure 2.24.

GATE =0V =Gnd
DRAIN?
Polysilicon _______|
Gate Oxide Gnd
.. ] Gate at OV
] ... ] Transistor OFF
iiiininnerereetie o No NeChannel
QIZZZSiSubstrate'.IZIZIZIZZIZZIIZJ
N-Channel Device

Figure 2.24 N-Channel transistor with gate voltage at 0 volts

If a positive voltage is put on the gate, the following happens. Even though there is a p-well
with an excess of holes, i.e. more spaces for electrons than normal in the crystalline structure,

there are still electrons. The positive charge applied to the gate will start to attract the electrons to
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the top of the p-well layer, just under the gate oxide. The electrons will come from the zero volt n+
source region. Therefore, there is a region formed near the source and under part of the gate where

there are an excess of electrons present. This is shown in Figure 2.25.
GATE >0V = Slightly Positive
0

................. Gnd
. - . .| Gate Slightly Positive
MDA . . - | Transistor OFF
:2112...:..:I..............IZZZZ.~N-Channe1Forming
LIIZZISiSubstrateIIZZIZZZIIZZZIZZZ)

N-Channel Device

Figure 2.25 N-Channel transistor with gate voltage > 0 volts

This region will grow as the voltage on the polysilicon-oxide-p-well capacitor is increased. As
more charge or voltage is applied, this region of electrons will start to grow until it extends all the
way from e source to the drain. Now this region has excess electrons so it is like a N type
silicon region. When the region grows to the point where it is entirely between the drain and the
source, there is essentially a n type silicon between two n type silicon regions. This region is called
the "N Channel" Since this N channel is of a similar type material as the source and the drein, the
resistance is low, that is, current will now flow between the source and the drain . The transistor
will turn on. By applying charge to the gate, a N channel is created between two N type
semiconductors and the transistor will turn on and start to conduct. The typical voltage that this
occurs at is around 0.7 volts. This is illustrated in Figure 2.26.
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Figure 2.26 Fully on N-Channel transistor

For the P channel device, the similar effect occurs but the charges are reversed. The gate is
biased lower or more negatively than the substrate. This means that electrons will be forced away
from the region near the source and the gate oxide. AP channel will start to form. The drain is
biased more negatively than the source. Conduction will occur when the p channel forms under
the gate oxide between the source and the drain. The transistor turns on. If the substrate and the
somceareoonnectedtoﬁvevoltsandthedraingmundedatwovolw,theuansistorwillmmas
the gate voltage is decreased from five volts. Biasing voltages of this type is common in CMOS
circuitry. The P channel transistor will turn off as the N channel transistor turns on.

CMOS circuitry takes advantage of how the two transistors work in compliment. If we take
the basic invertor of our example chip, the schematic diagram is shown in Figure 2.27.
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Figure 2.27 Basic invertor circuit

The invertor is the most basic of the logic circuits. An invertor is a logic circuit that the output
is opposite for the input. This means that if the input was a logic 1 or five volts, the output would
be at zero volts or a logic zero. Similarly, if the input is zero volts, the output is at five volts. To
see how the CMOS invertor works, the assumption made is that the transistors work as switches.
This is a good approximation for CMOS circuits since the doping and the transistors are designed
such that the transistors have high source drain resistance when off, low when on, and have quick
switching characteristics. If the gates are driven to a logic 1 or five volts, the N-Channel transistor
will be on and the P-Channel transistor will be off. The output is then essentially connected to
zero, or ground. If the input is at zero volts, the output will then be five volts because the N-
channel transistor will be off and the P-channei will be on, essentially connecting the P-channel to
the 5 volt supply.

One of the main reasons that the use of CMOS logic circuits is so popular is that the circuits use
little power. If we again look at the sample of our basic double invertor cell as shown below, we

will see two invertors connected together, as drawn in the circuit diagram shown in Figure 2.28.



P CHANNEL vDbD
P CHANNEL
VIN V OUT
N CHANNEL
N CHANNEL
?VSS

Figure 2.28 Double invertor circuit diagram

The output of the first invertor is connected to the input of the second. The input of a CMOS
circuit can be approximated by both the capacitance of the N-channel gate and the P-channel gate.
As the output of the first invertor switches, the gates of the second invertor are either charged or
discharged. After a finite time, the gates of the second invertor reach their stcady state. Since this
is like a capacitor, current essentially stops following. The only currsnt present is the gate leakage
current, whick: is usually in the order of nanoamps. This means that larger current only flows
when the gate conditions change; i.e. when transistors are switching and the capacitance of the
gates are charging. After a time, the circuit charge changes propagate through and the chip settles
into an idle state. In this ideal state, very little current is drawn.

By using more than one transistor in the circuit, more complex gates can be made. For
example, if there are two inputs A and B in two different configurations as shown in Figure 2.29,
there are two more of the basic logic gates formed: NAND and NOR logic gates.
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Figure 2.29 CMOS basic logic gates
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By using more transistors in the cell and multiple cells, more complex circuits can be formed.
Interconnection of these circuits form microprocessors, etc. The basic cell structure can also be
adapted to act as memory. By using the capacitance of the gate themselves, a charge can be stored,
that is, it can be remembered.

The basic understanding of the processes and the structure of the circuits, cells and integrated
circuits is required to understand how these circuits are affected. Understanding of how the
circuits work and how they are built is necessary to understanding what goes wrong when they do

not work.
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CHAPTER 111
YIELD AND RELIABTLITY FUNDAMENTALS

3.1 Introduction

Semiconductor designs and processing have uadergone rapid changes in complexity,
performance and size. Along with this increase in technologies, there have been increases in
economic pressures on this highly competitive industry. Whet was once a small industry
located almost entirely in Silicon Valley California, is now spread through out the world. With
the strong change towards quality and performance, brought about largely by the Japanese
manufacturers, the industry is more competitive than ever. To survive as a manufacturer, oné
must produce parts that are cheaper, more reliable, and of higher performance than ever before.
Obviously, with the increasing size and complexity of circuits, the increasing complexity of
manufacturing, coupled with the decreasing geometries the question arises: How can any .
manufacturer continue to produce parts cheaply and reliably? The answer lies in more quality
built into the manufacturing along with the increasing monitoring and testing Jf both yield and
reliability.

Quality is now being manufactured into the processes in most wafer fabs. This is done
through the application of techniques such as SPC - Statistical Process Control and DOE -
Design of Experiments. The goal is to fully understand and characterize processes and to0
detect processes that are starting to go out of control before they actually are out of control.
Process windows are the process region that the processes can vary within and still not effect
the desired outcome on the product. The processes used in IC manufacturing are designed to
have the widest processing window as possible. All processes have natural variations. For
example, a plasma etch step may have a large pressure process window. If there are changes in
the pressure of the plasma etch machine, within the pressure process window, the same desired
etching result is achieved on the product. The process can then be centred in the middle of this
process window. The natural variation of the process is usually much smaller than this
window. The process is then what is termed capable. If there are changes in pressure outside

of the window, then the desired etching result will not be achieved.
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Manufacturing philosophy has changed. Instead of being reactive - that is reacting to
processes and conditions only when they are out of control - manufacturing must be
proactive - designing in qualiry and reacting before processes and conditions are out of
control. In the semiconductor indusrry, this is the approach that must be taken in order to
remain competitive. The driving {orce behind all of this is to stay in business and remain
profitable. It is to produce higher quality parts cheaper and faster than your competitor. With
the increase in quality production, there has been increases in the yield. The yield is the number
of good parts that has completed processing. Yield is a measurement of the manufacturing
performance.  Within manufacturing plants, the term "yield" is used to describe the
performance of various steps within the manufacturing. There are various "yields" taken - line
yield, wafer sort yield, assembly yield, final sort yield, burn in yield, etc. Line yield refers to
how many wafers make it through the manufacturing process. Wafer sort yield is the number
of good die that the tester has determined that are good on a particular wafer. Assembly yield
refers to the number of die that have been assembled into packages correctly. Final test yield is
the number of good chips that the tester has determined to be good. And finally, burn in yield
refers to the number of good chips that the tester determines are good after the chips have been

exposed to an infant mortality burn in.

The actual terminology and "yields" will vary from manufacturer to manufacturer.
However, the types of yields listed above will be present in most manufacturers today. The
most critical yield that is used as a measure of performance by most wafer manufacturers is the
wafer sort yield. This is the first time that the die on the wafer are subject to a complete
functional electrical evaluation. The good die are die that pass the compliance test on the tester.
That is, there is a test program that the tester executes. The DUT -Device under test (the die) -
is then subjected to these various tests, as described by the test program. All the die on a wafer
are probed and tested for complete functionality. Traditionally, this is where most of the yield
loss of potentially good parts occur.

Yields are critical economically. The cost of producing a wafer depends on the costs of
running the wafer through the wafer fabrication processes. It essentially costs the same amount

of money to produce a good wafer as it does to produce a wafer with no good die on it. When



-47-

orders are placed, they are placed for the amount of good working ICs. The more good
working die there are on a wafer, the fewer wafers it takes to meet a particular order. This has
an immediate two fold effect on the economics involved. Firstly, the cost on a per die bases
goes down. The secondary affect is an increase in capacity. Wafer fabs have a fixed capacity
of being able to produce a certain number of wafers per week. If it requires less wafers to meet
a particular order, this then frees up other wafers for additional orders and customers. This
means an increase in revenue generated by the wafer fab without an increase in cost.

Yields are only part of the picture. The parts must work when put into their particular
application and continue to work. The final product must also be reliable. Again, the approach
to guaranteeing this reliability is to be proactive. Reliability should be designed and tested into
the manufacturing processes. As the yields and processes are constantly being monitored for
out of control and abnormal occurrences, so must the reliability of the chips be similarly
checked. The issue again comes down to economics. When a part fails due to the
manufacturing process, the part is sold back to the manufacturer. If the customer has not gone

with another supplier, he must then occur losses in his production while he waits for good,

reliable parts.

Traditionally, within semiconductor manufacturers, yield and reliability were treated as
separate areas within the manufacturing processes. With the increasing demands upon
manufacturing and the resulting changes, there is a large overlap between the two areas. To
understand these changes, one first must have a basic understanding of the reasons why parts

fail. In other words, a basic understanding of the defects caused by manufacturing is important

to understanding the mechanisms that affect both yield and reliability.
3.2 Defects

A defect is something that is undesirable on a die. This appears to be a very large open
ended definition and it is for a very good reason. If one were to atternpt o define all the
variables that affect manufacturing of Integrated Circuits, one may as well artempt to count the
stars in the sky. And with each of these variables, there can be numerous factors that cause

failure on ICs. failure on wafers have been reported to occur by such obscure events such as a
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result of a certain perfume worn by female operators. Why is this so? The complexity and the
amount of processing required to make these high technology chips is ever increasing. As the
complexity increases, so does the sensitivity to defects of all kinds.

Defects can be classified. The first major classification is into killing and non-killing
defects. A killing defect is a defect that prevents the desired functionality of the circuit in
question. A non-killing defect is a defect that does not cause circuit failure but in other cases,
may cause circuit failure. This is best illustrated through the use of an example. Metals such
as aluminium are used in semiconductor manufacturing for interconnection. There are
instances when a particle occurs between two metal lines. There may be some metal that has
buen left around the particle in question due to the process. These two lines are shorted together
rausing the circuit to fail. This is an example of a killing defect, and is shown in Figure 3.1
This same type of defect can also be a non-killing defect. If the same particle happened to land
in a different spot on the die, as shown in Figure 3.2, it would not cause circuit failure In
Figure 3.2, even though there is still metal around the particle, there is no shorting of circuitry.

The particle is essentially imbedded in the circu ‘n an area where it can cause no harm. It is

therefore a non-killing defect.

Particle

Metal Line

Figure 3.1 Killing defect
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Metal Line

Figure 3.2 Non-killing defect

The particular defect illustrated in both Figures 3.1 and 3.2 can come from muitiple causes.
This defect may be a result of a particle landing on the wafer during the metal thin film

deposition step. This may even come from the sputtering deposition system that may be used

for this particular process step.

The defect could even be caused in the photolithography area. As discussed before,
photoresist is spun onto wafers. If a particle were on the photoresist, then the defect shown
could appear on a single die. If the particle were on the mask, then multiple die would have the
same defect in the same location. Multiple die with defects are possible if a stepper were used
for exposure, as discussed in the photolithography section. If the mask field exposed two die at
a single time and the defect was on the metal 1 mask field, then one half of the die on the wafer
would have this defect. Remember that a single layer field can consist of more than one die.
This type of defect is called a repeating defect. It is the most damaging defect of all to yield
because one small defect is repeated over all or a majority of the wafer. The last place in the
process where the metal defect particle could take place is in the etching process. The particle
could land on the wafer just before etching and give the result seen in either Figure 3.1 or 3.2.
It is very important to have a basic understanding of the processes a wafer goes through during
manufacturing in order to identify the potential sources of killing defects. Even with a basic

understanding of the process, further tests on the production line may be required to narrow the
defect source down to a single process or machine.

A Kkilling defect may not be the killing defect that has caused the die in question to fail.
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There can be more than one killing defect on a bad die. The defect that caused the die to fail is
the defect that the tester program first detects. This means that a killing defect can cause a
functionality failure in one part of a die before another part of the die is tested. If the test were
continued, other killing defects would be detected. However, it is not economically feasible to
test all the parts 100%. Once a failure to comply with the required test program OCCUIS, the
testing stops on that particular die and starts on the next die. The die is declared "bad" by the
tester. The reason that it is not economically feasible to continue testing on all the bad die is that
continuing the test wastes tester time. This reduces tester capacity. It takes a finite time to test
each die. Even though you want to test to completion on the good die, you want to determine
that a die is bad as quickly as possible. By doing this, the time the tester takes on bad die is
minimized. This results in more time available on a particular tester for good die, thus
increasing the throughput for good die. For example, if a wafer has 200 die on it and each die
1akes 30 seconds to test, then the total test time for a wafer with 100% good die would be 100
minutes. If there were 20 bad die and the test time of the bad die was an average of 10 seconds

each, the total time on the tester is now approximately 94 minutes. The extra 6 minutes
hopefully can be used to test more good die.
The example of the metal bridging particle is also an example of a point defect that can be

due to contamination. The particle can be a result of equipment in the process, the environment
that the wafer went through in the process, an operator passing too near the die, residue from
cleaning, residue from a scratch elsewhere, etc. Anything the wafer "sees” throughout the
wafer fab processing can be a source of contamination. Contamination is usually classified as
point defects because they affect a single point within a die (usually). Global defects are
defects that tend to affect entire wafers. An example of a global defect is having no via holes
between the first metal and the second metal interconnection layer. This could result by having
a failure during the via etch step. A possible failure such as this would be operator error. The

wafers were sent on to the next process step without the via etching occurring, resulting in no
vias. The entire wafer was effected globally.

Usually, there are procedures in place that detect the kind of defects described above while the

wafer is still in processing within the wafer fab. The wafer is then taken out of production and
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declared of no value. The wafer sort yield is novaffiected in this case but the line yield is. There
is one less wafer that will come out of the wafer fab than was started as a result of this. It is
important to detect defects early in the process, if possible. By continuing to process the wafer,
it costs money. If a bad wafer can be detected:and declared "dead”, then there is none of the
cost incurred in finishing that wafer. This extra cost would be worthless for no die would yield

on the entire wafer in the case of the missing via example.

Giobal defects tend to be a result of some problems or mistakes within the process. Wafer
fabs that are considered "mature” tend to have fewer global defects than point defects. A
"mature" process would have identified most defects that are caused by the process and have

eliminated them. There would also be controls and checks in place to prevent and detect most

global defects that affect wafer sort yield.
3.2.1 Defect Densities

Defects can occur in a myriad of sizes. Every wafer has defects on them. It is the size of
the defects and the process sensitivity that are important. Defects can kill die from the atomic
level on up in size to dust particles hundred of microns large. The size is dependent on the type
of defect. A approximate rule of thumb can be used when it comes to particulate defects. A
particulate defect that is one tenth of the minimum sized feature will generally not be a yield or
reliability problem. Of course the larger the defect size, the more chance there is that the defect
will occur in an area of the die where it will be a killing defect.

The concentration of defects is referred to as the defect density. The more defects there are,
the greater the chance of the defect being a killing defect. Defect density is defined in number of

defects per area. The defect density is usually given as an average number of defects per area.

3.3 Yield Modeling

Defects are important to be able to predict yields in semiconductor wafer fabrication plants.
Predicting yields of similar products is important, especially in the ASIC business (Application
Specific Integrated Circuit). When running a particular chip for the first time, some knowledge
of the expected yield is important. By having an expected yield, the correct amount of wafers
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can be started in the factory. If too many wafers are started, then there are too many parts. This
increases the cost of each part that is sold. If too few are started, then the order ends up short
with shipment delays. Yield modeling helps to predict what the yield should be. This is
essential to factory planning and to correctly loading the factory. Yield modeling also is an
important tool in analysis. If the actual yields are quite different from the predicted yields, then
this particular data may provide clues for improvement to the process, design procedures and
even the modeling assumptions.

All yield modeling is based on a ratio of good die to bad die on the wafer. Generally, most
yield models are of the form [8]:

Y:YoYl(Do,A,B) 3.1)

where:
Y =Yield in % of total die
Yo = The fraction of sites that do not have process related defects or

circuit sensitivities (global defects)
Y; = Function that describes the yield on these potentially good sites
Do = Defect Density Function (point defects)
A = Area of the Chip
8 = parameters unique to different yield models.

Most of the models in popular use throughout the industry are based on the type of model
shown above. There are assumptions made in determining the different defect density
distributions. Different yield models are based on different killing defect density distributions.
All yield models are based on the probability of finding no killing defects in a given area,

assuming a certain defect density function. Two of the most popular models are given below

[3):

Poisson Model:

Y=Yge'DA (3.2)
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Murphy Seeds Model:

Y=Yge-VDA (3.3)

What is important to remember about yield modeling is not the modeling itself but the
application of the modeling. No yield modeling has been developed that has been proven to
predict yields absolutely. Yield modeling is used as a guide line and more for comparison of
vields of chips of different sizes. On average, they are a good guide line but the natural

variability of a process makes it impossible to predict ali the individual wafer yields.

What most yield models show is a dependence upon both the defect density and the area.
There is usually a geometric dependence upon the area. As the die get larger, the yields tend to
decrease geometrically. While it is possible to be yielding in the high 90% range on small and
very small die, a good yield is over 50% on larger die. As the complexities of dies have
increased, it has become more and more difficult to yield. It is also harder to yield on these
larger die that are now demanded by the customers. To keep costs down, these larger die now
contain smaller and smaller geometries thus making them more sensitive to defects. The
routing density of these die are also increasing. This means more metal interconnection per
given area. Design software and CAD tools have made it easier and possible to design and
simulate more complicated and denser circuits. The demands on processing and quality of
processing have increased dramatically. With the competition in the industry and the demands
of the designers, the increased manufacturing and performance demands show no sign of

slowing down.
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A comparison of the Murphy Seeds model and the Poission model with actual data is shown in

Figure 3.3.
Product Average Normalized Yields

110%
IOO%L-. (]

% Max 90% 4 My

Product s

Yield 07
70% + ¢ Tteeelle
60% pmep—t i

0.10 0.20 0.30 0.40 50 0.60 0.70 0.80 0.90 1.00
Product Normal Die Area

®  Acwal

Figure 3.3 Comparison of yield models

3.4 ASIC Logic Circuits Test Methodology

Another issue in looking at yields is the testing for defects and for circuit functionality. As
explained previously, testing is also subjected to the practical constraints of economics. It is
easy to forget that the tester, the test program, the probe card and the interconnections have an
effect on the result of the test as well as the device under test. If there are problems in any of
these areas, the resulting test results can be false. A device that is good may be declared bad.
The flip side of this is that if there is a problem in the test program, devices that are bad may be
declared good. This is a serious issue. Customers are not happy with vendors when they
receive parts that do not work. The other downside is that if good parts are not found, there is a
loss of revenue.

Most test methodologies involve a hierarchical test structure. The structure refers to the fact

that the tests are done on a circuit are in a particular order for a very good reason. The first tests
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done are intended to be the most basic types of test and are intended to produce the first
failures. Most ASIC test methodologies have some similarities to the following order of tests:

1. Continuity Tests

2. Power up Test

3. Basic Functionality test

4. Fine Functionality, Current and Specific (Parametric) tests.

The continuity tests test both the Device Under Test (DUT) and the tester. It is a test to first
determine that the probe card is making contact with the device, and that there are no faults with
the testing connections from the tester to the device. The test may also check for both open and
short conditions. This test will also detect problems on the die that can cause opens and shorts.
Generally, most of the bonding pads will be checked during this test.

After good connection with the part is established as a result of the continuity tests, the first
real test of the circuit internal workings is done. The part is powered up and checked to see if it
is not drawing significantly more than normal operating current. If it is, this usually means that
there are defects on the circuit that cause a high current draw.

The last of the first simple tests is the basic functionality tests. The circuit under test (DUT)
is excited with specific inputs. The appropriate output conditions are monitored. This is then
repeated for the next functional blocks, if the first functional block passes. The test continues
until the circuits entire functionality has been tested for. Particles and other contamination can
be a typical cause of failing the basic functionality tests.

These first three tests tend to detect more than 90% of the failures found on circuits. The
remaining tests are designed to test the part for leakage and other DC parametric performance.
Speed testing is usually done here. In a mature process, there usually is no more than 10% of
the failures in this part of the test methodology. The first two tests - continuity and power up-
usually do not take up significant tester time. The design of this methodology is to weed out
the worst circuits first and spend time just testing the potentially good parts.

The tester decides whether or not a part passes by comparing the output it receives back
from the part under test to the limits defined in its test program. The only time that test
program problems are a large issuc is usually when a particular chip is run for the first time in
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the factory. If a part fails, failure analysis must be done to determine if the part has failed for
one of the possible three major reasons: the part's design, defects on the part caused by the
manufacturing of the part in the wafer fab, or failure in the testing of the part. Once a part has
been shown to yield successfully, the design and the test program is usually not a factor, but
the tester may still be a factor.

Most testers now consist of sophisticated computer controlled power supplies, relays, and
meters. They require constant attention and calibration. The wafer probers that bring the die in
contact with the probe card can also be a source of problem. Generally, mature manufacturing
sites will have procedures such as calibration, preventive maintenance and checks on the testing

to catch erroneous testing results.
3.5 Wafer Level Reliability Testing

In semiconductor manufacturing, the yield and reliability of the parts have been traditionally
treated as separate issues and departments. It was believed that the defects that caused yield
problems could be detected at the wafer sort step and the reliability of the parts could be tested
for by bum in and life time testing procedures. The feedback was then to the engineers
involved with the processing set up and control. The processing engineers traditionally tended
to be more concerned with the immediate yield concerns and keeping their processes in control.
Reliability tasks traditionally involved initial bumn in of finished parts to detect and weed out
infant mortality failures and life time testing though the application of stress to finished ICs.
The ICs tended to be sampled from lots. The life time tests results were not known for a period
of months because the traditional type of lifetime testing involved powering up the ICsata
higher than normal operating temperature for a period of time.

Traditionally, testing for product lifetime meant a life test through the use of five common
types of stressing on the parts - temperature, voltage, current, humidity and temperature
cycling [7]. Most product lifetimes are determined through temperature acceleration, based on
the Arrhenius Equation [4]. Parts are "burned in" to determine their lifetimes. Burn in refers to
placing packaged parts in a bumn in oven, powering the parts up, and periodically testing the

parts.
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Upon failure, analysis is done to determine the defects that caused the failure. The
procedure of bumn-in and analysis usually takes a period of months to complete. Most
semiconductor manufacturers today adhere to an industry accepted military Standard MIL-STd-
883.[9]. This involves a 1000 hour operating life test at 125C. The problem is that the dme
involved here is a period of months. With the complex processing that is going on in todays

semiconductor manufacturers, a lot of bad, unreliable product can be produced during this

period. The feedback from a problem could take months.

One of the biggest factors influencing the reliability picture is that customers are demanding
a higher quality IC than ever before and higher assurances of quality but want a lower cost IC
than ever before. To insure higher levels of quality through testing and yet continue to reduce
the cost of the final product is an almost impossible task. To sample more ICs for the
traditional way of reliability testing costs mor2. The answer? The semiconductor industry is
working on incorporating more Wafer Level Reliability testing into the manufacturing
processes. Wafer Level Reliability testing refers to is the ability to test for assurance of circuit
lifetime and reliability at the wafer level. This includes the design of test and test structures that
will test for known reliability failures on a wafer. Testing is usually done by using a Parametric

Tester.

A pavamz:’ - ster is a tester designed to test electrical parameters such as voitage, current,
capacitance, =t s type of tester differs from the testers used at the wafer sort and final test
operatics i :h iy swing way. Parametric testers do not test the functionality of circuits but
test the ei.aicai response of circuits. Parametric testers tend to do tests of a more analog
nature. i.c. measurement of current, voltages, etc. whereas functional testers tend to be of 2
more digital nature. i.e. pass or fail.

To test on a parametric tester, the test structures (ie., on the same wafer containing
production die) and the tests are designed so that the test can be quickly done, usually in under
a minute. The principle behind wafer reliability testing is nothing more than the continuation of
building in quality, of being proactive rather than being reactive. With Wafer Level Reliability
testing, rapid feedback is now possible. Wafer Level Reliability will not replace the traditional
burn-in testing for infant mortality and long term life time testing, rather it will supplement this
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testing. It will provide additional data over a larger sample size that will ensure outgoing quality
levels.

When there are major changes in the process, the effect on these changes have to be
completely examine:]. Traditionally, this meant a life test through the use of accelerated bum in
or stressing. The feedback could take months. With Wafer Level Reliability testing, rapid
feedback is now possible. Wafer Level Reliability will not replace the traditional bumn-in
testing for infant mortality and long term life time testing, rather it will supplement this testing.
It will provide additional data over a larger sample size that will ensure outgoing quality levels.

Throughout this dissertation, discussion has focused on what defects are and what is meant
by reliability and yield defects. A yield defect is a killing defect that is detected either by the
wafer sort testing process or the final package testing process. A reliability defect is a killing
defect that causes the part to fail before the quoted lifetime, even though the part has passed all

. the testing methodology.

The question arises, what are these reliability defects and how can they pass the nominal
testing methodology? Defects that cause reliability failures can be the same kind of defects that
cause yield loss at wafer sort. They can also be different from the sort yield loss defects. How
car the same defect be both a yield and reliability defect? To answer this, consider the example

used previously of the killing defect caused by the metal bridging particle. Consider the same

particle as discussed before, this time in the middle of a metal line, as shown in Figure 3.4.

Particle

Metal Line

Figure 3.4. Potential reliability defect particle example
This particle is of the same type that causes metal bridging and shorts in the circuit, but its
location would now be such that it causes no bridging between metal lines. The particle would
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then be positioned in such a manner that the amount of metal around the particle would be less
than the normal amount of metal in a normal metal line. This particulate can then cause two

kinds of reliability failures.

The process steps that caused the earlier examples of the metal particle defect are the same
process steps that could have caused the defect in Figure 3.4. Even though this defect isnot a
defect that may cause failure at either wafer sort test or final test, it is still a concern because of

the two reliability failures that can occur in the field. Some of the different reliability failures
and how the manufacturing processes can cause them are mentioned below.

3.5.1 Electromigration and Stress Void Reliability Failures

In thin metal lines such as those used in semiconductor circuits today, there is a
phenomenon known as electromigration. Electromigration refers to the movement of material
within a structure such as a metal line due to the presence of an electric field. In thin metal
lines, the higher the current density, the higher the electromigration. That is, the more that
metal ions will physically move and migrate over time. The thinner the line, the more resistive
it becomes. The more resistive a line becomes, the more joule heating occurs. The hotter a line
is, the easier it is for ions to move. Therefore, electromigration is a catastrophic effect. The
more metal migrates, the less metal there is to carry the current causing more localized heating
causing more migration, causing higher current density, causing more heating, etc. The end
result is that enough metal will migrate to cause an open in the circuit metal line(s) and the
circuit will fail.

Electromigration may not necessarily be caused by a particulate defect. Any changes in
metal composition will effect electromigration. Grain size is a factor in electromigration. As
metal is deposited, metals such as Aluminium tend to grow from many sites at once. When the
metal sites grow together, they form grain boundaries. Grain boundaries are where the crystal
orientation is not the same, in the metal jonic structure. These boundaries are a result of the thin
film deposition process used. Depending upon process conditions, the size of these grain
boundaries can change. These boundaries can cause local stress and resistive points within a

metal line.
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But thin metal may not only be caused by a particle in the metal line. The Ene itself can be
manufactured too thin and out of specification. The photolithographic pracess and the metal
etch process can also cause thinning of the metal lines. In photolithography, if the focus of the
stepper is not controlled, local thinning can occur. In Etching, if the etch profile is not
controlled, thinning can also occur. Where the metal lines cross over topology is the part of the
metal line most sensitive to this thinning. Again, having 2 basic knowledge of the
semiconductor processing is critical to the identification of where the reliability defects occur
and how to prevent them. Usually defects of this nature are detected by the constant testing and

measurement of the critical process dimensions (such as metal line width) through out the
process.
The equation which describes the effect on the lifetime of a metal line due to

electromigration is given by: [3]

MTTF = A*J Me(QkT) (3.4)

MTTF = Median Time to failure
A =determined by metallization
] = Current Density
Q = Activation Energy
k = Boltzman's constant
T = Temperature (X)

n = Current density factor

where:

This equation shows that the lifetime of a metal line is affected by the temperature of the line
and the current in the line.

Another possible failure that can occur in the example of the particle in a thin metal line is
stress voiding. Different materials in semiconductor manufacturing have different stresses.
Metals tend to have compressive stresses whereas insulators such as silicon dioxide tend to
have tensile stresses. When you have stresses of these opposing natures, there can be failures
over time due to these stresses relieving themselves with the circuit.The metal lines tend to pull
apart and fractures open up in the lines. The stress voids are formed almost immediately,

within 24 hours after completion of processing. If the voids are large enough, the circuit will
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fail immediately. If they are not, the metal line will be thinned. This thin portion of the metal
line can experience an electromigration early lifetime failure. The way to prevent this type of
failure is to control the stresses of the films during the deposition steps.

The effect of stress voids on a metal line is illustrated in figure 3.5.

~—— Stress Void

Metal Line

Figure 3.5 Stress void in a metal line

With the metal particle example of figure 3.4, stresses can occur in the metal around the
particle. The important thing to observe is that the particle of our examples is a type of defect
that can cause many different type of failures, depending upon where it occurs and other
factors present in the processing of the circeit. The failures that occur at production testing are
different than the failure mechanisms that cause early life time wear out. The important thing is
that this one type of defect can cause many different types of circuit failure. Stress voiding can
occur where ever the metal thins in the circuit. If the circuitry under the metal has a lot of
topology, that is, not planar, the circuit will be more sensitive to stress voiding than a circuit
that has a very planar surface under the metal. If a thin metal line is caused by either etching or

photolithographic problems, that line will be more sensitive to stress voiding and subsequent
electromigration failure over time.

3.5.2 Transistor and Dielectric Reliability Failures

There are additional failures that can occur after wafer sort and final testing. Failures can
oceur in the transistors or in the dielectric thin films that separate the conductors. The reliability
failures in transistors can occur when there are improper doping of the P or N type

semiconductors or impurities are trapped in these regions. The level of doping or impurities

may be such that the IC will pass the wafer sort test and the final test, but the electrical
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characteristics of the transistors will be marginal. During repeated switching and stressing that
occurs during normal operation, there may be migration of the dopants such that failure will
occur. The failure will be of the early wear out variety.

Another similar example is if there are contaminations in the thin oxides of MOS circuitry,
especially in the gate oxide. This is an example of dielectric reliability failure. The "capacitor”
portion of the gate to substrate region has to charge or discharge correctly and not leak current.
I the plasma etching processes or the plasma deposition processes (PECVD) damage this
sensitive oxide, failure can occur. Because etchers such as RIE etchers have a high bias, (as
discussed previously) ions and electrons can penetrate into the gate oxide. The etcher can act as
an undesirable ion implanter, doping the gate oxide with impurities. It is these impurities that
can change the dielectric properties of the gate oxide and therefore the insulator properties. This
change affects how the transistors switch. The CMOS invertor example may not have one
wransistor switch off at all. The IC will then draw too much current and heat up. The IC will
probably fail functionally.

If the impurities are of a high enough dose, the die on the wafer will draw too much current
and fail the power up test at either wafer sort testing or final testing. If the impurities are of
such a level that the circuit passes these tests, early wear out failures may still occur in the field.
This increased gate leakage over time can occur in the transistors due to repeated stressing of
the oxides. The oxides can be stressed due to repeated switching of the transistors. The level of
contamination in the gate oxide may be of a level that is too low to cause failure at wafer sort or
final test, but the transistor may degrade over time such that the part will fail earlier than the
published lifetime.

3.6 Reliability Defect Detection and Testing

The defects that tend to be found in reliability failures can either be of the global or of the
point type. Some reliability defects are very borderline yield defects. The defects are such that
they barely pass the wafer sort and final test on the testers. These dezcts generally will fall out
in the initial infant mortality bum ins. With the increase in tester sensitivity and the decrease in
the defect densities, more failures are being caught at the tester and fewer failures are being

caught at infan: mortality bum in. The failures that do get through tend to be more of the
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electromigration, gate oxide integrity and stress voiding type that do not show up at infant
mortality. Circuits today have smaller dimensions and lower defect densities than ever before,
These ICs are more sensitive to early lifetime wear out. Hence, the focus with the
semiconductor industry is now shifting towards these life time limiting failures.

A table of common defects and their effects on circuits is given. Table 3.1 is by no means
complete and gives an illustration of the types of defects in semiconductor processing. Each

factory and associated processes will have their own unique failure mechanisms and associated

defects.

Table 3.1 Common yield and reliability defects

Defect Type Yield Affects Reliability Affects

Contamination,

Particles Point Defects Point Defects

Misalignment Large Misalignment Small Misalignment

(from Steppers) causes Point Defects can cause Point Defects
sometimes Global

Misprocessing Yes Yes

Doping problems Yes, usually Global Yes, usually Global

ESD damage Yes Yes

Radiation Damage High damage Oxide degradation

(Plasma Processing)

As was illustrated previously, the defects that cause yield problems can cause reliability
problems. Usually the defects that show up in the sort yield are of a more severe nature than
the defects that cause reliability failures, weather or not they are infant mortality or early wear

out defects. The goal today is to produce good yielding and reliable parts. If a company does
not do this, they will be out of business. The semiconductor industry is very competitive. The

detection and prevention of defects that cause reliability failures is an on-going task. The best
way to prevent defects is to minimize the source of them in the manufacturing process. This is

done by being proactive rather than reactive. Quality is built into the process through wafer
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Jevel renability, in line process monitoring and control and traditional reliability testing.

Table 3.2 lists tests that have been developed to detect reliability failures [10].

Table 3.2 Wafer reliability tests

Wafer Level Reliability Tests Failure Type

Electromigration SWEAT Metallization / Electromigration
Electromigration BEM Metallization / Electromigration
Contact Electromigration Metallization / Electomigration
Contact Spiking Metallization / Electromigration
Via Voiding Metallization

Metal Stress Migration Metallization / Stress Voiding
Ramped Voltage QBD Dielectric

Interlevel Dielectric Dielectric

Top Passiviation Dielectric

Oxide Charge Trapping Dielectric

Interface Trapped Charge Dielectric

Secondary Slow Trapping Transistor

In Process Charging Transistor / Dielectric

Mobile fon Contamination Transistor

Hot Carrier Transistor

The wafer level reliability tests illustrated in Table 3.2 are very quick and typically
inexpensive when compared to the traditional methodologies of testing semiconductor
reliability failures. They are designed to test for reliability failure mechanisms. Results of the
tests are known in seconds as compared with months for the more traditional burn in
techniques.

Again, these tests supplement the more traditional bum in and life time techniques. The
more traditional reliability tests are needed to identify the actual reliability failure-modes. From
this data, wafer level reliability tests can be designed and implemented to provide a higher level
of screening for specific reliability ¢zilures. This higher level of sampling will guarantee a



higher level of out going quality of the IC:s.
3.7 Summary

In semiconductor ASIC manufacturing, the yield and reliability of the parts have been
traditionally treated as separate issues. It was believed that the defects that caused yield
problems could be detected at the wafer sort step and the reliability of the parts was tested
through burn in procedures to control infant mortality and collect data on circuit lifetime. The
feedback was then to the engineers involved with the processing set up and control. The
processing engineers tended to be more concerned with the immediate yield concems and
keeping their processes in control.

Traditionally reliability tasks involved initial burn in of finished parts to detect and weed out
infant mortality failures and involved life time testing though accelerated temperature shock.
The wafers tended to be sampled from lots and the life time tests results were not known for a
period of months.

But it has been shown that the industry has changed. Some of the assumptions that were
valid five and ten years ago are now questionable. The level of defects was such that most of
the failures tended to be infant mortality. The parts are now more sensitive due to the smaller
geometries. The defect densities have decreased to enable semiconductor factories to get yields
on devices that were considered impossible then. This has meant that there has been a shift
towards, morn early wear out reliability failures being more dominant than the infant mortality
failures that was seen back then. Because the dimensions are smaller, the parts are more
susceptible to failures associated with current densities, materials, material stresses, €tC.

Another issue here is that more processing is now doneina single wafer fashion than ever
before. The sampling plans for reliability were generally based on a lot by lot bases. Now the
processes that individual wafers may see within a lot may have more variability than the
variability from lot to lot. Some sampling plans that are based on lot variation may now be
invalid.

One of the biggest factors influencing the reliability picture is that customers are demanding
higher quality than ever and higher assurances of quality at an ever cheaper and cheaper cost.
To insare higher levels of quality through testing and yet continue to reduce the cost of the final
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product is an almost impossible task. To sample more for the traditional way of reliability
testing costs more.

As the technology complexity increases and device geometries shrink, new processes and
new materials will be used in the construction of semiconductor devices. With these new
frontiers will coine new failure mechanisms and types of defects. The on-going challenge will
be to identify these defects and minimize their impacts on yield and reliability through changes
in design, procedures and processes. To identify the defects, a basic knowledge of the
semiconductor processes is required. Understanding of the photolithography, the ion
implantation and diffusion, the etching and the thin film deposition is critical in the
identification and prevention of yield and reliability defects. The same defect can be caused by
different processes in the manufacturing.

Knowledge of the basic structure and operation of the transistors is critical to the
understanding of defects. Transistor operation gives insight to operation of the circuit. The
tester will determine how the part is failing. Knowledge of the transistor operation may assist
in identifying the actual defect that causes this failure mode.

Testing of the circuitry adds complexity to the identification and prevention of yield and
reliability losses. The ability of the tester and the test program to properly identify bad
Integrated Circuits must be constani'y ruestioned, especially with today's complex circuits.

The on-going identification cf k:tiing defects and non-killing defects, whether they be of
the point or global defect type, is critical. The non-killing defects at wafer sort and final test
may fail in the field causing reliability early wear out failures. Different techniques such as
Yield Modeling have been shown to be important in the identification and comparison of
defects berween Integrated Circuits of different sizes. Models such as the Murphy Seeds and
the Poisson yield models have been shown to be good tools when comparing actual yield
data This comparison is critical in identifying specific circuits that may have yield and reliability
problems. '

As the complexity of the parts increase, so does the complexity and the amount of testing
required to insure that the high levels of quality are met. The challenge is to do this and yet
have a cost competitive part. Quality testing is important at all levels of semiconductor
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processing. Testing the process through in line monitors and tests is a vital part of SPC
(Statistical Process Control) and important to the prevention of yield and reliability defects.
Proper testing of the finished wafers at wafer sort testing and the chips at final test is critical to
the prevention of defective parts ending up in final electronic products. Analysis of the failures
at these tests help to identify and prevent further yield loss defects.

A proper reliability program involving traditional reliability testing for infant mortality
failures and lifetime testing along with a rigorous wafer level reliability testing program will
provide the testing that will insure product lifetime and quality. All the issues discussed
previously are even more important when Application Specific Integrated Circuits (ASICs) are
considered. Each individual design is specific to a customer. An ASIC manufacturing facility
will have hundreds and even thousands of designs. This puts more demands on the previously
mentioned testing programs.

It is through the application of SPC principles in manufacturing, yield monitoring and
failure analysis, reliability testing through traditional testing and wafer level reliability that the
quality of ASIC Integrated Circuits will be realized insuring competitiveness in the changing
marketplace. The yield and reliability of the finished parts will meet the tough performance,
cost and quality demands that customers of ASIC VLSI ICs are demanding today.



-68-

CHAPTER IV
ELECTROMIGRATION FUNDAMENTALS

4.1 Introduction

Electromigration has become one of the most critical failure phenomenon seen in the
failures of today's complex semiconductor circuits. Electromigration is a physical effect
exactly like the name implies - the physical migration of ions due to the presence of an eleciric
field. During the course of the "lifetime” of an integrated circuit, current flows through
microscopic circuit interconnections. This current sets up an electric field that "drags" along the
jons that make up the metal interconnection. Over a period of time, enough ions will be

transported to cause a failure by opening an area within the line. This failure is an
electromigration failure, a catastrophic effect.

To obtain today’s desired performance, the size and geometries of the transistors and their
associated interconnections have decreased. These smaller geometries have brought new
problems and challenges to the forefront. With larger geometries, the lifetimes of metal
interconnections was never a problem. But with the smaller geometries, the lifetimes of the
metal interconnections have become a factor. Electromigration is more sensitive to smaller

geometries. Therefore, as the line widths have shrunk, the effects on circuit lifetime due to
electromigration has increased.

Some electromigration tests are done today at the wafer level. By the use of accelerated
lifetime testing at the wafer level, manufacturing processes are monitored for electromigration
failures. But the wafer level tests do not ful* replace the more traditional life time stress tests.
Semiconductor manufacturers still sample and stress finished product for reliability failures.
The failures from these lifetime stresses (burn in) are then analyzed to see if the failure mode is
due to electromigration failures or some other failure modes. A complete understanding of the
actual physics of the electromigration phenomenon is not fully known at this time. The
present theories, test methodologies and assumptions will be discussed in this chapter. The
integration of electromigration lifetime testing into semiconductor manufacturing processes will



be reviewed.

4.2 Electromigration Physics

To properly understand the testing and reliability of electromigration fests, an
understanding of the physics of the electromigration phenomenon is required. In
semiconductor manufacturing, the interconnection of transistors is done through conductors
that are formed into lines through the manufacturing process. The conductor is usually first
deposited onto a wafer. The wafer then has the pattern for the interconnection transferred onto
the wafer by photographic and etching processes. This removes the unwanted conductor
material, leaving the interconnecting conducting line.

The electromigration effect is dependent upon the structure of the conducting material. To
understand the effect, a basic understanding of the deposition and structure of the conductor is

required. In silicon semiconductor manufacturing, most interconnecting conductor lines

involve aluminium metal or polysilicon material as the lines or a major component of the lines.

4.2.1 Structure of Conductors

Most deposition of thin film metals or conductors of the type that are used in semiconductor
manufacturing is done under high vacuum conditions. The solid metal is deposited or grown
onto silicon wafers, as reviewed in Chapter II of this thesis. During Deposition, metals tend to
orientate themselves in ordered arrangements in a crystal lattice structure. This lattice structure
typically consists of three types, typically - polycrystalline, amorphous, and single crystalline.
Single crystal layers are grown from a seed crystal and the orientation within the lattice is that
of the single seed crystal. Polycrystalline structures have many different orientations within the
thin film and are formed by individual crystals being deposited and growing larger until all the
crystals come together to form a single film. Amorphous structures are thin film layers that do
not have a crystalline structure or orientation of the individual atoms.

Most deposition in semiconductor IC manufacturing is of the polycrystalline type. The
metal starts to form or grow from many individual islands. The orientation of the crystal
structures in each of the islands is not the same. As the “islands” come together, there is a
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discontinuity in the crystal lattice structure. This is illustrated in Figure 4.1 below.
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Figure 4.1 Crystal lattice structure

This Figure shows the structure within a conductor. There is a discontinuity between the
wo orientations of the atoms between the two “islands”, as illustrated above. This
discontinuity in the structure is referred to as a grain boundary. The orientation of the solid
metal crystal or "grain" is different in the two regions of figure 4.1. The size of the grains are
dependent upon various process conditions. The size of the grain boundaries are approximately
five to ten Angstroms [11] and grain size is typically from a few hundred to a few thousand
Angstroms.

This grain boundary is very important in the study of electromigration. At this location the
atoms and ions are not bound by neighbouring atoms or ions. This means that the forces that
bind the atoms/ions are less and therefore, it takes less force for the atom/ion to migrate &

diffuse through the lattice structure. Therefore, to understand electromigratior

understanding of the bonding forces that prevent the migration of ions is important.
4.2.2 Ion Potential Bonding and Diffusion

Within a metal crystal, the ions are bound together by the forces that result from the .
sharing their valence electrons with the entire aggregate [12]. The binding force that holds the
atoms together is opposed by the force exerted by the mutual repulsion of the ions and their
associated completed electron shells. The atoms in the crystal can, therefore, be considered to
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be in a potential well within the three dimensional crystal array or lattice. Each atom can vibrate
thermally within this potential well but can only move a short distance.

But atoms within a crystal lattice do not only exhibit potential energy, but also kinetic
energy. The vibration of the jons within the crystal lattice is a form of kinetic energy. The
temperature of the material in which the atoms are located is determined by the kinetic energy of
the thermal agitation of the atoms. As the atoms vibrate in their potential wells, the energy
changes from purely potential energy to fully kinetic energy [12]. At the bottom of the potential
well - the location in the crystal lattice where the atom stops movement - the potential energy is
equal to KT where k is Boltzsman constant and T is the absolute temperature [12]. As the atom
moves up the potential well, the energy becomes kinetic, until when it is at the top of the well,
the energy is all kinetic and also equal to kT [12]. With the atoms vibrating, some are in the
fully potential energy state and some are in the fully kinetic, with the rest of the atoms
somewhere in between. Therefore, the temperature of the material is the mean value of the
kinetic energy, which is 1/2kT [12). The distribution of these energies are distributed according
to the Boltzmann distribution.

According to the Boltzmann distribution, the proportion of atoms, p, of a material that have a
kinetic value greater than Q is given by [12}:

p =elzp (4.1)
This equation shows that the number of atoms that have an energy greater than a particular
value is determined by the temperature of the material in question.

The understanding of the energy is important to show the mechanisms of diffusion of the
jons. When the ions are at the top of the potential energy well, they may possess enough
energy to escape the potential energy well or the forces that bind them into the crystal lattice. At
any temperature other than absolute zero there is always a percentage of metal jons within the

crystal lattice that possess this sufficient energy [12]. This effect is dependent upon
temperature, as illustrated by the above equation.
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The ions or atoms that are in this energy stafe gre free of the crystalline lattice structure and
are "activated”. These activated ions can gien yndergo a random rearrangement within the

crystal lattice. This process of diffusion whjch takes place under no concentration gradient or

chemical potential is referred to as "self diffysion" This is illustrated in Figure 4.2.
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Figure 4.2 Ion self diffusion diagram [12]

For diffusion to take place, not only must an ion be able to have enough energy ta
overcome the forces that bind it into place, thexe must also be a vacancy in the ion structure for
the ion to migrate to. In close spaced crysralline Structures, the ion exchange takes place with 3
near neighbour, This means that not only mMyst an ion be "activated”, there must be a near
neighbour vacancy fer the ion to move ifto the vacancy. This means that the ion exchange
involves two steps and associated energies. The activation energy for vacancy formation, Ef, iy
the energy required for a near neighbour ion to be missing or vacant. The higher thy
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temperatu/” of f¢ tAterial, the more sites are vacant. The other energy, Ej, is the energy
required f¢ 47 j®n to Jump from its location or potential energy well into a vacant neighbour
location of WeY;, The sum of these energies gives the total energy required for self diffusion.
[12]

Qdiff = Ef + Ej (4.2)

Alumyfiy? A ap €xample of a closely spaced ion structure in which this self diffusion
phenomey®y (/Rurs. Through experimental studies [12], it has been shown that for
Alumininf, N20.73 ¢V and Ej=0.75 eV. The activation energy for self diffusion of
Aluminiy 0y throgh the crystal lattice is therefore 1.48 eV. The diffusion or jumps takes
place in y wW\JPm fashion in the crystal lattice and is independent of previous jumps. In
aluminiugh ¢ RoeasS that a ion can jump to any of the 12 possible near neighbour vacancies.

In po/yAline Silras, there are three kinds of diffusion that can take place. The diffusion
can take yhcﬂ #Atip the crystalline lattice structure, called lattice diffusion (Dp). Diffusion can
take placy 0y the sUtface of the material, called surface diffusion (Dg) or Diffusion can take
place alog& QR boyndaries, called grain boundary diffusion (DGp)- At the grain boundarics,
there is # gi\yhiop in the crystal lattice structure. This means that there are fewer near
neighboy/ 10t Yhan Within the crystal lattice. With fewer near neighbour ions, there is less
force holflug i/Ns at Srain boundaries in place and, therefore, the potential wells are shallower.

Expeyitpey/Al me@surements have determined that the activation energy for diffusion of
aluminiy/A slypg 2 gRin boundary to be 0.5 eV, which is less than the self diffusion energy
required My the cXystal lattice. The grain boundaries provide an easy path for self diffusion.
The surfy%e §f the Metal also has fewer near neighbour ions and the diffusion is affected the
same wy/ 85 y/Ross the grain boundary. An illustration of the three types of diffusion within a

crystal 140Q & alyMinium is shown in Figure 4.3. [12]



ALUMINIUM CRYSTALLITES

Dg  SURFACE DIFFUSION
Dgg GRAIN BOUNDRY DIFFUSION
Dy LATTICE DIFFUSION

Figure 4.3 Types of Diffusion within a Thin Film

4.2.3 Ton Electromigration

There is a diffusion of ions within a crystal lattice. This diffusion is random and there is no
net transport of ions. But if the material in question happens to be a conductor with electrons
flowing through it, the phenomenon called electromigration occurs. With ¢he application of
current, the self diffusion effect changes into a directional diffusion with the presence of an
electric field and the flow of charge carriers. This is shown in Figure 4.2 The electron flow
and the direction of the Electric Field is illustrated. Since the diffusion of ions is now
directional, there is a net diffusion in a single direction and a net migration of unis or mass.
Because this migration phenomenon is caused by the influence of an electric field, the

phenomenon is referred to as electromigration.

There are two forces that cause electromigration. The first force is due to the positive ion
interaction with the electric field. (FE). The second force arises from the charge carriers giving
up momentum to the ion (FP). The charge carriers can either be electrons for n type conductors
and holes for p type conductors. The force, FP is in the direction of % charge carriers. The
electric field force is in the direction of the field.
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The electric field is in the opposite direction of the electron flow. Therefore, the net force
on an n type conductor (electrqn conductor flow) is then [12]:
F=FE - FP (4.3)
The accepted theory is that the shielding electrons causes the force due to the electric field to

be small (FE) in comparison to the force due to the carrier momentum loss (FP). In good
electrical conductors such as metals, FP is the dominant force [11]. Therefore, the assumption

is that the force on the ion is essentially:
F=FP (4.4)
As the carriers travel through the conductor, momentum is loss to the ions. The flow of the

carriers is referred to as the "electron wind". FP has been referred to as the frictional force due
to the electron wind.

From basic physics, the force on a charged particle in an electric field is written as:

F=qE (4.5)
Now, if Z*e is the effective charge assigned to the migrating ion, then the net force can be
written as:

F =Z*E (4.6)

The effective charge assigned to the migrating ion, Z*, is given by:

*_ronPdy N
Z) =2[1 Y(Nd)(pl)m*] “

where:

1 refers to the lattice parameters
z refers to the number of conduction electrons per atom



EAL
Ng P1 refers to the ratio of the specific resistivity of the moving defects (migrating ion)
| | to the resistivity of the lattice atoms {d for defects, | for lattice}
m*
m* this term is used to determine the direction of the force due to the sign of the
charge carriers
Y is an averaging term which accounts for the variation of force along the length

of an elemental atomic jumip, or distance between atoms in a crystal lattice. This
is usually assumed to be 0.5 [11]

Up until now the development has been along the force on a migrating ion. Practically, the
force on a migrating ion is not directly measurable. But by using the Nemst-Einstein equation,

the drift velocity can be related to the force by [12]:

v=MF (4.8)
where: .
Vv =iondrift velocity
M = ion mobility
F =force

Now, the mobility M is given by [12]:
M=_D_
kfT 4.9)
where:
D = self diffusion coefficient

k =Boltzmann's congtant
f = A correlation factor depending upon the lattice type

Now the self diffusion coefficient has a temperature dependence and is often expressed as [2]:

D = Dye-(QKT) (4.10)
where;
Dy = the frequency factor (in cm2/s)
Q =Activation Energy (ineV)
k =Boltzmanns Constant
T =Temperature (in K)
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The mobility of an ion can not be directly measured. However, the jon flux can be
observed. And the ion flux can be observed through indirect observation of the effects of the
jon flux such as void formation and hillock growth. These formations occur at regions of
divergence of the ion flux. This divergence is the change of electron flow across a region such
as a grain boundary. Because of the changing lattice structure at a grain boundary, the electron

flux will diverge at this change in the lattice structure.

The ion flux can be expressed as [12]:
Jion =NV (4.11)

Now, substituting in the mobility expression from equation 15 yields:

Tion = NRE X 0F
kfT (4.12)
And substituting the force from equation 4.6 yields:
Jion = N2 D7qE
kfT (4.13)
If the electric field in the above equation is substituted by:
E=p] (4.14)
where
p = volume resistivity
J  =cumrentderisity
which results in:
NDge-(QKT)
Jion = __&.___Z* J
v (4.15)

This predicts the ion flux as a function of the current flux to the first power. This result
corresponds to observations made in bulk metal [11).
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4.3 Electromigration MTTF

Electromigration affects the lifetime of metal conductors in semiconductor circuits. Therefore,
the imsgrtant relationship is the Median Time to Failure (MTTF), or the lifetime of 50% of a
population. The work done by James R. Black has shown that the MTTF is proportional to the
cross sectional area of a film and has shown that as a first approximation, it can be assumed to

be inversely proportional to the divergence of the ion flux as shown below [12]:

MTTF o0 —A— {V-J;op = DIFF Jjop }
V-Jion (4.16)

Now, the ion flux equation 4.10, has the assumption that there were no tempcrature gradients.
Where the divergence of the ion flux, where the vacancies are trapped and where the ion flux

is due to structural variations, the divergence of the ion flux is given by [12):

VI o, 1Dpe(QKT)
1on TDoe (4.17)

Therefore, if the assumption above is that there are no temperature gradients and the divergence

of the flux is only due to the structural variations within a conducting stripe, the MTTF
becomes [12]:

=_KAT
J Dpe-(QkT) (4.18)

But the assumption that the temperature gradient does not affect the electromigration does not
hold true. Joule heating effects within a thin metal line was shown to produce a divergence in

the ion flux which is proportional to the current density cubed as shown below [12]):

V-Jion & L Dge-(QKD)
T3 (4.19)
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and substituting in to the MTTF formula yields [12]:

*

=__K*AT
33Dge-(QXD) (4.20)

Now since the region of temperature in which the metal line does not melt and which
electromigration occurs is fairly close to room temperature, the top temperature term T is
usually included in the constants K, K* and the Area A , the diffusion frequency factor Do and

is given by a single constzat A*. Combining both equations and rearranging gives [12):

MTTF = A*¥JRe(QKT) (4.21)

Now this equation has been considered to be the industry norm and is quoted in most literature
that deals with electromigration phenomenon. This shows that the MTTF of a metal conductor
ispropoxtionalto!hecmrmtdensityinthemetalconductor]tothepowerof-n and to the
diffusion of the ion as a function of temperature. The power of J is usually given to be between
-1and -3.

Experimental results quoted by James R. Black, show that the power of J in the previous
equation to be either -2 or -3. This was observed for tiin films with a current density in the
105 or 106 A/em? . It is in this region of current densities that there is enough energy to heat

and stress the line such that electromigration can be observed with the proper heat sinking on
the sample, but not enough such that the Joule heating could melt the metal line . In samples

of bulk metal at low current densities, (103 to0 109 Alcm2 ), the power of J in the equation was

found to be -1.

At the lower current densities, the accepted theory is that the majority of migration is due
to, firstly, ions having to overcome the atomic forces that bind them into the crystalline lattice
and secondly, migrate to a near neighbour site. As has been illustrated before, this requires an
input of energy. The only divergence of the ion flux in this case is due to the structural
variations in the metal line. At the higher current densities, some ions now have enough energy
1o be free of the lattice structure and be unbound. They will migrate easier for they only require
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enough energy to move to a vacant site in the lattice structure. Here there will be temperature
gradients within the line itself. The electromigration effect occurs where these gradients in

structure and temperature OCCur.

In practice, within any given metal lines there are ions within the lattice structure that have
enough energy to be unbound and some that do not. At the higher temperatures and current
densities, there are more unbound ions. With a higher current density, there will be more
electrons imparting more force on the ions in the lattice structure, transferring energy and
momentum to the ions in the crystal lattice. This is why at the higher current density, the power

of J will appear to get closer to -3 as the temperature and/or the current density increase.

4.4 Electromigration Test Techriques

Electromigration is only ene part of a series of long term and short term tests that are used
to monitor and determine reliability of semiconductor parts. If the parts contain defects such
that the functionality of the circuit is in question, then the part will fail during the initial testing
done at the end of the manufacturing process, during either the wafer sort testing or the final
testing. However, some reliability defects are very borderline yield defects. The defects are
such that they barely pass the wafer sort and final test on the testers. These defects generally
will fall out in the initial infant mortality burn ins. With the increase in tester sensitivity and the
decrease in the defect densities, more failures are being caught at the tester and fewer failures
are being caught at infant mortality bumn in.

The failures that do get through the functional testing tend to be more of the
electromigration, gate oxide integrity and stress voiding type that do not show up at infant
mortality. Circuits today have smaller dimensions and lower defect densities than ever before.
These ICs are more sensitive to early lifetime wear out. Hence, the focus is now shifting
towards these life time limiting failures.

Electromigration is only one of the tests that are done to measure lifetime of semiconductor
products. Electromigration testing at the wafer level was first done by stressing parts or test
structures through the application of stress through the use of a constant current. The testing
apparatus in this case consists of a standard parametric testes that includes power supplies and
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digital multi-meters within the tester connected to a heated chuck wafer prober. The wafer is
heated to a desired temperature and a known current density is applied. The current densities in
this test are in the range of 103 to 10° Afcm?. This is enough energy to heat and stress the line

such that electromigration can be observed, but not enough such that the Joule heating becomes
a significant effect. The wafer is heated to apply additional stress. Even with this acceleration,
the test takes between 100 to 300 hours, before electromigration failure is observed. Thercfore,
this type of test takes to long to be an effective process line monitor. However, the results have

been shown to give fairly good MTTF estimates.
4.4.1 SWEAT Test
One of the two most widely used acceleration techniques for determination and testing for

clectromigration is the SW.EA.T. test. SWEAT stands for Standard Wafer level
Electromigration Acceleration Test. This test technique was developed by Bryan J. Root and

Tim Tumer when they were at Mostek Corporation. The reason that this paricular test was

developed, was to allow electromigration testing to be done with the use of parametric testers
with the total test time to be under two minutes. Before this method was invented,
electromigration testing was done by heating a wafer and applying a constant current, as
described previously. Even though the effect was accelerated, by the hot chuck method, the
M’I'I'Fofthelinewasstillintheneighbomhoodofafcwdays.Tomaketluwstma'epmcﬁcal

in a manufacturing environment, a higher current density was required.

‘The draw back of this type of a more accelerated testing is that with a higher current
density, above 105 A/cm?, Joule heating effects become significant. This can lead o
inaccuracies in the measurement of the MTTF, as given by the “accepted” formula scen
previously:

MTTF = A*J7e(QKT) (4.22)

To produce electromigration failures in the time required for production line testing, the hot
chuck method can not be used. The temperatures that the wafer would be heated to would be
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close to the melting point of the line. Also, heating the entire wafer could possibly damage the
wafer with the stresses caused on the wafer by the mismatch of the thermal expansion
coefficients of the materials involved in the physical makeup of the circuits. This is because
different materials expand and contract at different rates as the temperature cither rises or falls.
The heat will age any production circuits next to the test structure by stressing the circuits
thermally. By heating an: cooling of the wafer for electromigration tests, there could be
failures caused by the stresses on the lines themselves.
The SWEAT technique uses controlled joule heating on a metal line i~ a test structure. This

i« difficult to do. Joule heating gives rapid temperature rise in a line, but this temperature is

aremely difficult and effectively impossible to monitor. The resistance of a metal line is
modelled tobe [13}:

R =Rg + ARa+ ARL+ ART+ AREM (4.23)

where:
Ry = Initial resistance of the line
AR, = Change inresistance of the line due to Annealing of the metal
AR; = Change in resistance of the line due to Joule hesting
ARt = Change inresistance of the line due to external applied heat

ARgy = Change inresistance of the line due to electromigration

This formula means that it is impossible to use the resistance of the metal line under test as the
method of determining the instantaneous temperature of the line.

The SWEAT test methodology uses power density as the line monitoring factor. This is
done by first determining the metal line temperature as a function of the power density. % ik
done by Tumner and Root on the development of the SWEAT structure shows the power
density as a function of line temperature. The approach used to determine the relationship
baweenpowudensityandtemperanncwastoﬁtstmeasmethcchangeinmismnceat
different temperarwes. A typical line in the SWEAT test structure was measured at different
temperatuies. The line was constructed on a wafer. The temperature of the line was set by
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raising the temperature of the chuck that the wafer sat on.

SWEAT STRUCTURE TYPICAL LINE
RESISTANCE vs TEMPERATURE

1 ] | | |
| | | | |

100 200 300 400 500

TEMPERATURE (°C)
(After Root and Turner)

Figure 4.4 SWEAT structure resistance/temperature relationship

The above graph is typical of the results of this test. From this resistance and temperature

relation, the foilowing equation is given [13]:
R =Ro+ AR = Ry[l + B(T - To)] (4.24)

where [13}:
AR = RoBAT (4.25)
and:
R = Initial line resistance
R = Resistance of the line at temperature T
B ="ihermal coefficient of resistance
T = Temperature of the line
T = Initial temperature of the line
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From the graph above, this is shown to be a linear relationship. From this relationship, it
is then possible to determine the temperature of the line due to the resistance of the line. By
monitoring the current throngh the test line and the voltage across the test line, the resistance of
the line and, therefore, the temperature of the line is readily available.

Tumer and Root then sent a power pulse through the test structure for approximately
100ms. From the power applied and the change in resistance the following graph was
obtained:

SWEAT STRUCTURE TYPICAL LINE

TEMPERATURE vs POWER
~ 6m -1
¥
o’ 500 I
2 -~
S 400 - _-7
f _ -
& 300 - /
=
E 200 -
B 100
i | l | |
1 | | | |
1 2 3 4 5 6
POWER (WATTS)
(After Root and Turner)

Figure 4.5 SWEAT power/temperature relationship

In all of their experiments, the relationship between temperature and power was found to be
lincar. This means that the relationship between power and temperature can be expressed as

[13):

T=PpQ+Tp (4.26)






-85-

where:

Pp, = Power Density
Q = slope of the line given in the graph above

The test structure used in the SWEAT tests consists of both narrow and wide lines. A typical

layout is shown in Figure 4.6.

—— HEATER ELEMENTS

—— NARROW LINE

777777777 7 7 )

/// 7777777777777 7777777777 )

% ////%

\‘ \\‘Q

SWEAT TEST STRUCTURE
(After Root and Turner)

Figure 4.6 Typical SWEAT test structure [13]

The SWEAT structure consists of both narrow and wide lines. The reason that two
different line widths were chosen is that this type of structure is useful in showing
electromigration failures. Electromigration will occur where there is an ion flux gradient or
where there is a temperature gradient. The SWEAT structure creates these gradients by having
both the “large” and the “narrow” metal widths. The current density is much higher in the

narrow lines. The “large” heat sink thick structures are cooler than the narrow lines. This is
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the necessary gradient to precipitate electromigration failures. Therefore, this circuit attempts to
create the worst case scenario for electromigration structures within a circuit. Also, when the
narrow lines cover an underlying structure, the narrow lines to be higher than the rest of the
line or "step" over the underlying structure. This "step coverage” is more sensitive to changes
in the photolithographic and etching processes. This narrow line that is on top of the
underlying structures or the "heaters” will, therefore be, more sensitive to slight process shifts
more than other elements in the test structure. Therefore, the "parrow" lines are the most
sensitive location for void formation due to electromigration effects. This line stepping over
underlying structures is a common occurrence of failure in actual circuits.

The work done by Turner and Root as demonstrated by the previous graphs has shown

that the power density is proportional to the line temperatare. Therefore, the relationship

between the change in temperature of the wide lines and the narrow lines is given by:

ATw =( Nsw/NsN)ATN (4.27)
where:
ATy = Change intemperature of a wide line
Ngw = Number of squares in a wide line

Ngy = Number of squares in a narrow line
ATy = Changein temperature of a narrow line

Since Ngw >> Ng; from the relationship given above, the change in temperature due to the
narrow line is larger than the change in temperature due to wide line. Since the change in
temperature is higher in the smaller line, this line will fail sooner due to electromigration

effects, as expected.
Therefore, the standard electromigration median time to failure formula can be rewritten as:
MTTF = A(VAT) NelEa/k(To + ATN)] (4.28)
where:

Ar =Cross sectional area of a typical line
I =Curent through a typical line
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The MTTF can now be determined by establishing the relationship between the temperature
and the resistance, along with the previously shown temperature and instantaneous power
relationship. Once these relationships have been determined, the tests can be done quickly with
a parametric tester that has computer controlled power supplies and digital multi-meters capable
of controlling and measuring the instantaneous current and voltage.

Therefore, this test methodology will allow the measurement and application of easily
measurable and controllable variables -current, voltage- to apply the necessary stress on
interconnection lines and determine MTTF. This requires equipment already available in most
semiconductor manufacturing factories. The other advantages of this test are the quick

measurements available. Within a couple of minutes, information as to the lifetime of the metal
interconnection is readily available.

In practice, the SWEAT tests are designed to show failures in about 30 seconds. Test
programs have been developed on parametric testers to do this test rapidly. During the first
three seconds, any change in resistance is assumed to be due to Joule heating effects. The
power is ramped up fast enough that this is a reasonable assumption. The resistance of the
SWEAT structure is checked during this time to insure that there is no overshoot of power.
The ramp is for approximately one second and then the current is stabilized for the rest of the
three seconds. During the next 27 seconds (approximately), the current is fixed and any change
in resistance is assumed to be due to electromigration. Failure is detected when the resistance

measurernent indivates an open in the SWEAT structure.

The disadvantages of this methodology deal with the fact that there isa vefy high current
density being applied. There have been instances, in the industry, where the parametric testers
being used are not fast enough to monitor the breakdown. The Joule heating effect causes the
electromigration to run away and it is possible to adjust the instantaneous power to maintain
control. This is why the three second ramp rate is used, to prevent overshoot.

Also, the assurmption that the test structure under SWEAT stressing behaves the same as the
heated wafers used to determine the powerftemperature and the resistance/temperature
relationship. There can be dynamic heating effects and temperature coupling effects between
the wafer and the test structure. This will affect the relationships that have been shown to be
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linear on the test wafers.

44.2 BEM Testing

The second common Wafer Level Reliability test for electromigration that is called the BEM
test. BEM stands for Breakdown Energy of Metal. The similarities in this type of testing g
SWEAT testing is that the goal is to use easily determinable external parameters such as carrent

and voltage to measure the lifetime of parts.

Again, the development of the technique starts with the "accepted” electromigration MTTF
equation:

MTTEF = A*Je(QKT) (4.29)

Substituting in for the cross sectional area with K*A as shown before with A being the cross
sectional area and substituting w (line width) and t (line thickness), and rearranging, Equation

4.29 becomes [14]:

—wt - K*JNe'(%)
MTTF (4.30)

The developers of the BEM technique, Dwight L. Cook and Charles C. Hong define a term E
to be a materials property which has units of energy per unit length. Firstly they rewrote K* to
be:

K* =K'p(/v)o (4.31)
Then by substituting in for J and assuming the power of J to be 2:
| I = T/A =l/wt (4.32)
and combining in the relationship between resistivity and resistance:

R= pL.
A (4.33)
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and with some manipulation of the equation, they defined E to be [14]:

2 Q
E = % - 2RMTTF e 77
K+ L (4.34)
This material property, E, now allows electromigration measurement to take place with
variables that can be measured macroscopically such as L, I, R. Since , T and R are variables

during a BEM test and are not constant, a new term such called Median-Energy-to-Fail per unit
length can be described as:

tfail Q
MEF = f 12 %e(ic’f) dt
0 (4.35)

They by solving equation 4.34 for MTTF and combining with equation 4.35 yields:

(4.36)

Again, the assumption is that the power of J in the standard electromigration equation is
shown to be- 2. Cook and Hong then illustrated that the MEF is equal to the MTTF when the
current I=1A, temperature T=infinity, and the resistance R/L=1. Essentially, MEF is the MTTF
normalized to the previously stated conditions. Therefore, by definition, MEF is independent
ofﬂnemeammmentcmdiﬁmssmhascmmmwmpmebwauseithasbeennamaﬁud

This means that comparisons between different MEFs are possible without knowing the
factors that can not be measured macroscopically. It is easy to measure the MEF of a number
of test structures in a lot sample. Each test structure is subjected to a step current. The voltage
and the time the current is applied for is recorded. The current is stepped until the metal line
fails open. From this the energy-to-fail is easily calculated. Over a number of samples, the
MEF is the 50% energy-to-fail distribution point.

To obtain the results in a timely manner, the BEM test must take place in a period of
minutes. 'l'his'meanstht_l‘t‘t(heqmtdensity applied is very high - in the range of 107 Afem?.
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This compares with the hot chuck test method mentioned earlier of 10° to 108 Ajem. The

current is stepped at a rate of typical 5 mA/step with the step duration of 5 seconds. With these
settings, the failure of the test structure typically occurs within 20-80 seconds.

Below is a histogram reproduced from the BEM paper by Cook and Hong. This
distribution shows the mean current to failure. The current was stepped as described above.
This means that a current of 300 mA corresponds to a test time of 90 seconds for the structures

used.
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Figure 4.7 Histogram of BEM breakdown currents of production wafers [14].

The BEM technique is similar to the SWEAT technique in that the test structure is stressed
by the application of current stress and temperature stress. In both test techniques, the
temperature of the test line rises due to Joule heating effects caused by the high current density.

This methodology has the same draw backs as the SWEAT test structure.There is a very
high current density being applied. The Joule heating effect can cause the electromigration to

run away and can be impossible to adjust the instantaneous power to maintain control.
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Also, the assumption that the test structure under BEM stressing behaves the same as the
circuits within the actual circuits. The geometry of the test structure is not the same as the
circuits. There can be dynamic heating effects and temperature coupling effects between the
wafer and the test structure. There will be differences between the test structures and the

circuits.

4.4.3 Other Test Techniques

Additional work has been reported in publications on further developments in
clectromigration test structures. Most of the work has been an extension of the traditional hot
chuck method or further work on either the SWEAT or BEM methodologies. Novel test
structures have been proposed. Using the test techniques of SWEAT and BEM, other test
structures have been designed and tested. Metal interconnect structures such as via chains and
contact chains have been used. The effect of step coverage has been explored by doing

electromigration testing on a metal line that only goes over underlying structures.

The commonality between all of the various test structures is that the structures attempt to test
for structures that oecur within -actual production circuits. Each of the structures and
methodologies are used to try and get a beiter understanding as to how the lifetime of a circuit
is affected by electromigration.

4.5 Electromigration in VLSI Manufacturing

The previous sections have discussed the basic principles of electromigration, what
electromigration is and how tests are done to gather circuit lifetime information.
Electromigration has been seen to be one of the major lifetime failure modes causing failures in
semiconductor VLSI manufacturing today. In manufacturing, electromigration issues have to
be dealt with in three separate areas. These are, firstly, in the design of new product and
processes, secondly, in the monitoring of the quality of existing product, and thirdly, in the
improvement of existing product and processes.

In the first instance, the importance of taking electromigration effects into new product and
process design can not be understated. With the advances in technology, the line width of
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interconnecting conductors has decreased. With this decrease in line width, the current density
that the individual conductors has to carry has comespondingly increased. As has been
demonstrated earlier, so has the effect of electromigration on circuit lifetime.

With the smaller line width dimensions, é}éctromigration no longer occurs primarily at the
grain boundary locations. The surface area of the conductors is now significant when
compared to the cross sectional area of the conductor line. This means that electromigration is
not only occurring within the grain boundaries but at the surface of the conductors as well. To
address these issues, there have been some changes in the structure of the conductors and the
materials that make up the conducting lines. To prevent the effect of the surface
electromigration, the addition of barrier metals has been brought into manufacturing of VLSI
circuits.

In most semiconductor manufacturing processes today, aluminium is the choice for the
conductor material used in interconnection. A barrier metal that is used with aluminium is
titanium nitride. The conductor line consists of a sandwich structure - aluminium between two
layers of titanium nitride. One of the uses of the titanium nitride layer is that the surface of the
aluminium layer is bound up and the effects of electromigration along the surface are reduced.
This improves circuit lifetime.

Another method that is being used to reduce the effects of electromigration is the addition of
alloy material to the conductors. The most common alloy for conductor lines is the addition of
copper to aluminium conductors. Empirical experiments have shown that the addition of copper
to aluminium of up to 4% by weight have been effective in reducing the effect of
electromigration. These experiments have shown clearly that the total mass transport at grain
boundaries in aluminium is reduced with the addition of copper [11]. It appears that the
addition of copper causes a reduction in grain boundary diffusivity. The exact mechanism is
not clearly understood at this time. Further research into the addition of various metals to
aluminium is continuing at this time.

Manufacturers are taking advantage of the use of different alloys and barrier metals to
increase the product lifetime by reducing the electromigration lifetime failures. It is imperative
that testing be done at the design stage of new processes and technologies to minimize the
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effects of electromigration before the processes are implemented in production. Once the
processes have been developed and the effect of electromigration minimized, the next step is to
develop an overall quality assurance program with reliability monitoring and evaluation. A
large part of the reliability program within manufacturing should be the assurance that finished
parts are going to last in the field. This involves rigorous testing of the parts for different
failure modes, including electromigration. A program should be implemented to insure that
the product does not have electromigration early wear-out problems.

Because SWEAT and BEM use high current densities, in the 107 A/cm range, the
“standard” MTTF equation does not apply. When the equation was developed, one of the
major assumptions was the current density would be in the 109 to the 106 range. With

SWEAT and BEM obviously this is not so. Joule heating effects do take place. Therefore, the
MTTF predictions of these test methodologies would not be as accurate as a burn in result.
4.6 Summary

The effect of electromigration is even greater today with the reduced line widths and higher
current densities. As has been shown, the Median Time to Failure of a line decreases with the
increasing current density within the line. This has meant that the control and testing for
electromigration effects in production circuits is more important than ever before.
Electromigration testing was accelerated by putting wafers on heated chucks and applying
current stress. But this was not fast or practical enough for in line process monitoring so ¢+en

higher stress accelerated test methodologies such as SWEAT and BEM have been developed.

But these electromigration tests have more inaccuracy due to the higher levels of current
density being applied. Joule heating effects become significant. Therefore, the solution is to
combine the accelerated testing with the burn in tests and develop relationships and correlation
between the two. The manufacturing process can then be base lined and the principles of SPC
can be applied to insure manufactured quality in the semiconductor product.

The future of clectromigration involves a better understanding of different alloys for
interconnection within circuits. It involves further research into barrier metals and multiple
metal interfaces within VLSI and ULSI circuits. It will involve a better understanding of the
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physics of these materials and the electrornigration within these materials. Work is ongoing
into new test structures and test programs and methodologies. Electromigration monitoring
programs are becoming key to manufacturing success in semiconductor technology. A basic
overview of what electromigration and how it fits inw todays semiconductor VLSI
manufacturing technology has been presented.
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CHAPTER V
TEST CHIP DESIGN

5.1 Introduction

The semiconductor industry is working on incorporating more Wafer Level Reliability
testing into the manufacturing processes to insure higher levels of quality through testing and
yet continue to reduce the cost of the final product. This is an almost impossible task. Wafer
Level Reliability testing refers to the design of test and test structures that will test for known
reliability failures on a parametric tester at the wafer level. To test on a parametric tester, the
structures and the tests have to be designed so that the test can be quickly done, usually in
under a minute. The Wafer Level Reliability test structures are designed to maximize the
aoceletaﬁonofasinglereliabﬂityfaﬂmemodewhilemininﬁzingmeeffectofoﬁleryieldand
reliability failure mechanisms. Wafer Level Reliability test structures are designed for a single
reliability failure mode. With Wafer Level Reliability testing, rapid feedback is now possible,
instead of the months required for traditional operating lifetime burn in tests. Wafer Level
Reliabilitywillnotreplaoeﬂwu'adiﬁonalbmnintesﬁngforinfantmonalityandlmgtermlife
time testing, rather it wili supplement this testing. It will provide additional data over a larger
sample size that will ensure outgoing quality levels.

The design of a chip consisting of a number of Wafer Level Reliability test structures is
discussed in detail in this chapter. Simple structures are used to test for a number of common
reliability failures. The individual structures are repeated on a single chip to enable the same
test to be repeated within a single test chip. Since most of the Wafer Level Reliability tests are
destructive, this allows confirmation of data.

The test chip is unique in that an ASIC base array is used. The ASIC array illustrated is
modelled after a standard LSI Logic Corporation Base Array. Until this time, Wafer Level
Reliability structures have been full custom designs. The chip is designed to be used within a
production environment which may have a number of different base array runs within a single
metallization run. This will allow more sampling of data for the reliability of ASIC gate arrays.
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5.2 ASIC Manufacturing Requirements

In ASIC Manufacturing, the manufacturing of the semiconductor Integrated Circuit may
take place in two parts. The transistor level structures are formed first in the "front end”
processes and the interconnecting metals in the "back end" processes. With gate arrays, the
"front end” process is like a standard semiconductor manufacturing factory. There are only a
limited number of designs that are manufactured. Each of these designs has a different number
of gates, with each gate made up of a few transistors. During the design process, the amount
of logic gates required will be determined and the appropriate standard "front end” design or
base array chosen.

A basic layout of a CMOS base array is again shown in Figure 5.1. Eight transistors are
shown, four N-channel and four P-channel devices. The different base arrays essentially
consist of various numbers of the basic logic cell shown below. Each different base gate array

will have the same logic cell, but have a different number of them from another base gate array
within the same technology.

e Drain

P Channel N Channel
MOSFETS MOSFETS

Figure 5.1 Gate array cell

The "back end" processes are where the customization of the gate array circuit occurs.
Here, specific metal interconnect layers are defined, according to the specific custom design
that is being manufactured. The size of base array was chosen by the amount of logic gates
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required in the custom design. The function of the logic cell shown above is determined in
how the transistors and the transistors of other cells are connected together.

The ASIC Gate array manufacturing can, therefore, take place in two different factories.
’mebasea:rayfactoryprodwesthestandardbasemysinoneandthcmetallimﬁonfactory
customizes the interconnect. Base arrays are manufactured to go into an inventory that the
metallization factory then pulls from. This reduces the manufacturing cycle time. The
semiconductors are partially manufactured and in inventory awaiting an order to be finished in
the metallization factory. Because of this split manufacturing, a particular order or run of a
particular custom design or Application Specific Integrated Circuit -ASIC- may include base
armys made at different times and from different factories. All of this can affect the reliability
of the finished product in its final application. This has large implications on the design of a
Wafer Level Reliability (WLR) monitor chip.

The Wafer Level Reliability chip must, therefore, be designed such that it will be able to
test for the different base arrays. This means that the design will be in the interconnecting
metal layers only. The other advantage of this is that the monitoring chip can be placed on the
same wafer as product. There are no special processing involved with the manufacture of the
monitor chip and therefore, it should see the same processes as the product chip. For the
Wafer Level Reliability monitor chip designed in this chapter, it shall consist of four
metallization interconnect layers - Transistor contacts, first layer metal interconnect, interlayer
dielectric via holes, and second layer metal interconnects. The underlying base amay
structures will be utilized and connected together to form different Wafer Level Reliability test
structures.

Different test structures will be used to test for different reliability failure modes. The three
main failure modes tested for are: electromigration failures, dielectric breakdowns and hot
carrier failures. These effects have been identified as the major source for most early lifetime
wear out failures of semiconductor parts. A set of structures have been adapted to test for these
failures. A simple set is used here for there is limited space available on a single chip.

The Wafer Level Reliability structures do not necessarily test for every failure on 2
semiconductor. The wafer sort and final test routines are designed to test functionality and
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parametric testing routines are designed to test basic transistor and processing parameters. The
Wafer Level Reliability tests are designed to test for specific failures in semiconductors that are
not detected by other tests. They will not detect every failure that occurs, but are designed to
detect the majority of reliability failures.

5.3 Electromigraiion Test Structures

Electromigration has become one of the most critical failure phenomenon seen in the early
life time failares of today's complex semiconductor circuits. The structures presented in this
chapter will deal with different electromigration failures. The standard failures of metal
interconnect lines will be tested with the SWEAT structures. The effect of interdielectric
processes on metal line lifetimes will be tested through the topology test structure. And the
metal connection between layers will be tested through the use of contact and via chain
structures.

There will be a number of these structures on the test chip. Electromigration testing tends
to be destructive. By having a number of structures within a single chip allows for multiple
readings and more data sampling. It allows for testing of the structure, even if a fab defect
prevents a particular structure from being used.

5.3.1 SWEAT Structures

To look at the electromigration of an ASIC, the test structures should includle all the metal
layers. for the ASIC process and layout that is being considered in this design, there are two
metal layers. Therefore, there are two separate SWEAT structures, one for the fir;t metal layer
and another for the second metal layer.

The second layer metal structure is modelled after the proposed JEDEC standard structure.
This is illustrated in Figure 5.2. The structure consists of thin metal 2 lines over metal 1
topology with large heater elements. In the structure, there are twenty to thirty of these

elements. With a current stress of 107 A/cmz, the structure will only Jast approximately 30

seconds. The failure will occur in the thin metal 2 lines over the metal 1 heaters. The width of
these lines (W) is the same width as the minimum width line in the process. The heaier lines
are the same width and spacing as the process first layer metal lines. By having the underlying
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metal lines the same as the process lines, the test structure will be sensitive to the
manufacturing process problems.

Empirical results have determined that the best design for the SWEAT structure is having
the heat sink large elements 10W long and 10W wide with a narrowing angle of 45% for
processes with dimensions larger than 1 pum in width (W). For sub-micron processes, the
recommendation is for 15W for both the length and the width of the large heat sink elements
with a narrowing angle of around 70° This is illustrated in Figure 5.2.

With the metal 2 electromigration SWEAT structure, the proposed JEDEC standard can be
adhered to fairly closely. For the metal 1 electromigration structure, there has to be some
modifications done due o the fixed base array layout. Because the spacing between transistor
groups is not fixed, some of the large heat sink elements will be longer than 10W. This is not
the critical part of the design. The test lines at length 10W and width W are the critical
elements. They are placed over the existing polysilicon gates such that the polysilicon gates

can act as the heater elements. This structure is shown in Figure 5.3.
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Figure 5.3 Metal 1 SWEAT test structure
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5.3.2 Topology Test Structure

To determine if there are any problems with the underlying surface topology for the second
layer of metal, a topology test structure for electromigration has been proposed by A.S. Oates
[15]. In some processes, the step coverage of the metal over the topology is important. Step
coverage refers to the percentage of the normal thickness of metal that is in the thinnest portion
of a metal line that is over underlying topology or steps. Because of deposition techniques,
metal is thinner over side walls of some steps. This thinner metal will have a higher current
density than other areas. This higher current density will lead to an earlier failure at the metal
line.

To test for the effect of underlying topology, a cross section of what the test structure may

e
look like is shown below:
’ 7 v
| ’\:\ \"’\ j\'\'\'\’ VAl ‘N \'\'\’ " Vs ’\:\'\'\'\
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Metal 2 Metal 1 Interlayer

Dielectric
Figure 5.4 Cross section of topology test structure with dielectric topology

The above cross section shows how the test structure may look with a conformal interlayer
dielectric. The dielectric shown has the same thickness everywhere when deposited and where
there is a underlying feature, such as a metal 1line, there is a "bump" or "step" in the dielectric.
The metal 1 lines of the test structure are not evenly spaced. The spacing is done
logarithmically. This is because there will be possibly a spacing between metal lines where the
process will give a low step coverage. If the metal 1 lines are very close together, then there is
essentially no step and, therefore, no loss in metal 2 line thickness. If the lines are very far
apart, there is no large effect on deposition and the step coverage is good. It is in between
these spacing where trouble can gecue. As shown in the diagram previous, the first two metal
1 lines are close together. The metal 2 line covering the dielectric at that point has a very sharp
peak toit, a cusp. This area is prone to stress and cracking. Here failure can occur because the
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metal is thinned at this point due to the stress pulling the metal apart, or due to the lack of metal
in the "cusp".

The spacing between the second and third metal 1 line can also show problems in the metal
2 step coverage. Most deposition techniques for metal today involve sputtering techniques,
where the atomic metal follows a line of sight from the target to the wafer. Close together
features tends to cause a "shadowing” effect which reduces the amount of metal deposited.
Higher steps or features also has this effect. The net result is less metal deposited and,
therefore, a lower step coverage. This leads to areas of potential electromigration failures.

The height of steps and the amount of topology depends on the process in question. The
figure below illustrates 100% step coverage dueto a fully planarized process.
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Figure 5.5 Cross section of topology test structure with no dielectric topology

Here there is no thinning of the metal 2 lines due to steps. But a fully planarized process
may not be required or even desired. It can have its own yicid and reliability problems. Most
VLSI and ULSI processes have some degree of planarization in the dielectric processes. The
test structure proposed is shown in Figure 5.6.
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Figure 5.6 Topology electromigration test structure [15]

The structure has three metal 2 lines that go over the metal 1 lines. The metal 1 lines are
spaced logarithmically and are connected alternatively to one of two metal 1 buses. With
certain spacings of the metal 1 lines, there can be deep narrow groves formed in the covering
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interlayer dielectric. There may be excess metal 2 in these groves that does not get etched out
due to the photolithographic processes or etch processes. These left over metal 2 in the deep
narrow groves or cusps are referred to as stringers. These stringers can cause yield problems
and this test structure, therefore, serves a dual purpose - both as a wafer lever reliability
structure and a yield monitoring structure for the planarization related processes. On the test
chip, the test structure is repeated several times - one Structure connects to the next structure. A
series of the topology structures span the entire length of the test chip.

5.3.3 Contact and Via Test Structures

The last electromigration test structures used are standard contact and via chains. A chain
consists of a number of metal interconnections made through a dielectric connected together in
a single string or chain of contacts or vias. As with the topology test structure, step coverage is
again one of the issues. To make contact with the underlying transistors, contact holes are
made in the protective dielectric. (Usually BPSG). Metal 1 then is able to make electrical
contact with the underlying transistors. With some processes, the metal 1 is deposited directly
into the contact holes. Here, because of the small dimensions, there is again a thinning in the
metal that is in the contact itself. This is the location where an electromigration failure can take
place.

An example of a cross section of a contact chain is shown in Figure 5.7 The metal 1 is
thinner in the contact holes because of the difficulty of depositing onto side walls of the contact
holes. The contacts are a N+ chain, For P-channel transistors, there is a P+ chain. Contacts
to polysilicon make up the third contact chain.
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Figure 5.7 N+ contact chain cross section

An additional electromigration failure can occur in the silicon contacts. If there are process
problems with the deposition of the metal 1 or too high temperature during processing, a
phenomenon known as contact spiking can occur. Most metallization in VLSI is an alloy of
aluminium, Usually the aluminium alloy has silicon in it because aluminium will naturally
adsorb silicon. If there is too much heat or too little silicon in the alloy, the silicon will migrate
out of the N+ or P+ contact into the aluminium. Over time, electrical current will enhance this
effect. The metal will then migrate through the junction (N+ or P+) consuming the silicon.
Once through the junction, the transistor is shorted out, and the device stops working. The

spiking effect is illustrated in Figure 5.8.

Metal 2

N-Channel Device

Figure 5.8 Metal spiking in N+ junctions

N+, P+ Contact Chain and Polysilicon Chain test structures are shown in Figures 5.8 and

5.9, respectively.
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Figure 5.10 Minimum overlap N+, P+, contact chain test structures
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The via chain test structure is similar to the contact chain structures in that the structure is a
chain of via contacts between the metal 1 layer and the metal 2 layer, with the vias being the
holes formed in the interlayer dielectric. This is illustrated below:

Metal 1 Metal 2
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Figure 5.12 Via chain cross section

Here, the main reliability concern with some processes is, again, with step coverage issues.
The metal may thin because of deposition in the vias, causing areas were electromigration
failure will occur first. All the chain structures in the test chip will consist of only a hundred or
SO vias or contacts. Because most accelerated electromigration testing uses electrical stressing
for heating, the overall resistance of the chain must be kept low to obtain current dencities such
that the Joule heating effects of the metal do not cause the failure instead of the electromigration
effects.

A via test structure is shown in Figure 5.13.
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5.4 Diclectric Breakdown Test Structures

The other subsets of structures deal with the early failures of circuits due to dielectric
failores. During manufacturing, high energy electrons and ions can get trapped in the
dielectric, weakening the dielectric. In MOS circuits, this is critical. These trapped charges can
provide a path for electrons and weaken the crucial gate oxide. Repeated on/off stressing will
cause the oxide to breakdown at a lower than operating voltage, causing a reliability failure.

To test for these reliability failures, wafer level tests have been devised. The tests consist
of stressing the dielectric with either current or voltage stresses. The structures used for these
tests are large capacitors. The reason for the use of large capacitors is to take advantage of the
greater area of dielectric used than in the actual circuit. The greater the area, the more chance
there is of point defects. By testing a large area of dielectric for breakdown, the more accurate
the data concerning the reliability of the dielectric wiil be.

As stated before, the dielectric is stresser through either voltage or current electrical
stressing, until the dielectric breaks down. Constant current has been used to measure the
charge to breakdown, or QBD (Q=Charge, BD=Break Down). A constant current is applied to
the dielectric capacitor, and the voltage drop is measured. When the voltage across the
capacitor drops to zero, the dielectric has broken down. By knowing the amount of constant
current and time to break down, the QBD can be easily calculated. The longer it takes for the
dielectric to break down, the better the dielectric is.

For wafer level testing, the time to do a QBD test can be a number of mirutes. For
production testing, other methods have been used to speed up the QBD test. These methods
have included a ramp or a stepping increase of the current. When the current is ramped or
stepped, the test is referred to as JRAMP. The drawback with these methods is that if the test is
done too fast, there is a loss of resolution and a potential loss of data.

The second method involves setting up a constant electric field. By applying a constant
voltage, the current through the capacitor is m./nitored. When the stress is large enough, the
dielectric will break down and the current wili increase. Again, the test may take a number of
minutes. By ramping or stepping increasing the voltage, the test can be done faster. This
ramped or stepped test is referred to as VRAMP. Again, the trade off is resolution. If the test is
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done too fast, there may not be any difference between good dielectrics and weak dielectrics.
The structures used in the test chip are capacitors. The capacitors are formed by using
existing structures of the base logic array. Three structures are used to test the reliability of the
different dielectrics. The dielectrics tested are: the interlayer dielectric, the BPSG oxide on top
of the transistors, and the gate oxide.The gate oxide is the critical dielectric that effects the
performance of the switching logic transistors. The test circuits that are used are shown in
Figures 5.14, 5.15 and 5.16. In the diagrams, the meters are multimeters and the supplies can

be either current, voltage, AC or DC supplies.

Meter

Supply

N-Channel Device

Figure 5.14 Gate oxide test circuit
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Figure 5.16 Interdielectric test circuit

The test circuit has three structures that represent the above circuits. The circuits are in a
cellular approach, similar to the ASIC circuits. For the gate oxide test circuits, the large
capacitor is formed by the connection of many small capacitors. The substrates are connected

together as well as many polysilicon gates. The same type of design applies with the BPSG
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oxide. Many polysilicon gates are connected together and metal 1 structures over top of the
gates are connected together.

The interlayer dielectric capacitor is formed by making a large capacitor directly. The
reason that this is possible is that the ASIC gate array involves the customization of the metal
interconnect layers only. The other dielectric structures described earlier involved layers that
imade the basic transistors. These "front end" layers are defined earlier in the process. Withan
ASIC Wafer Level Reliability test chip, these layers are previously manufactured. The test
circuit is formed by using the metallization layers to connect together the "front end" layers to
form the test structures. Figures 5.17 and 5.18 show the design of the dielectric test
structures.
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Figure 5.17 Gate oxide and BPSG test capacitor structures
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Figure 5.18 Interdielectric test capacitor structure
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5.5 Hot Carrier Test Structures

The third type of common reliability failure is the failure of transistors due to the injection
of hot carriers into the insulating oxide. Hot carriers are trapped electrons or holes within the
sensitive insulaors within the transistor structure. In CMOS, they are either holes or electrons
trapped in the gate oxide. A good way to illustrate this phenomenon is to show how the hot
carriers get trapped in the gate oxide of an N channel MOS transistor. The transistor in the
example shown below has the substrate and source grounded and the gate and drain at +5
Volts. The transistor will be in the on state and electrons (hot carriers) will be travelling from
the source to the drain as shown in Figure 5.19 below.

GATE =5V

_L__Gnd
et Gate at 5V
"""" ¢ 1 IN-L ...l Transistor ON
DL EERSRRERRRSSSSSSS ] N-Channel
o c i Substrate::iiiiiiiiiiiiiiiy
N-Channel Device

Figure 5.19 Electron flow in N-Channel MOS device

The electrons travel in the N-Channel that is formed by the biasing of the transistor shown
above. This is the classic model of how a simple MOS transistor functions. However, the
energy of individual electrons in a lattice structure is not constant. Some electrons travelling
through the N-Channel in the above example will have more kinetic energy than other
electrons. At a higher potential voltage applied as a bias to the transistor, there is statistically
more electrons at a higher energy level.

Basic semiconductor physics have shown that the energy for a carrier to surmount the Si-
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$iO, barrier is 3.1 Volts [16]. Because most CMOS ICs have a bias voltage of +5 Volts on the
gate, there are some carriers that will have enough energy to surmount the Si-5i0p barrier.
There will be some electrons in the N-Channel that will travel through to the gate contact, but
some electrons will be trapped in the gate oxide lattice structure. The term "Hot" refers to those
electrons that have sufficient enough energy to surmount the barrier. The probability of this
occurring increases with the potential applied as the bias voltages. This is shown in Figure
5.20 below.

GATE =+5V

—

electron
injection
nto
Gate Oxide

N-Channel Device

Figure 5.20 Hot electron injection into N-Channel MOS gate oxide

The insulating properties of the gate oxide is affected by the introduction of extra electrons
in the lattice structure. Over time the amount of electrons trapped in the gate oxide can cause
threshold voltage instabilities and even gate oxide leakage and breakdown. This can lead to
part failure.

Hot Carrier failures are becoming more of a concern within the semiconductor industry.
With the constantly shrinking geometries, the gate oxides and other sensitive insulators are
becoming smaller and more sensitive to trapped charges. The example given was of hot
electron injection into a gate oxide of an N-channel MOS transistor. Similar effects occur with
positive charge (holes) injection into P-Channel devices. This effect is also not limited to MOS
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or CMOS transistors alone. Bipolar devices can experience failure due to hot carriers being
trapped between insulators that separate transistors or emitter-base regions.

The failure that occurs in MOS transistors is characterized by the degradation of measurable
transistor parameters. The change in the transistor parameters is an indication of the hot carrier
injection. The lifetime of these semiconductor devices has often been defined by the MOS
drain to source current (Ipg) decreasing by 10% [17]. There is a degradation of Ipg because
with more impurities in the gate oxide, the leakage current (IGate-Substrate)» increases. From
this, the time dependence of N-channel MOSFET transistors has generally been given as {17):

1og(él) = K*log{I) + M*log{T) + Kg
I (5.1)
where:
Al
I = fractional change in the drain current in the transistor linear region

Ig = gate-substrate current during stress
T = time

KM,KO = constants for a particular design and channel length.

With the shrinking geometries in semiconductors, the effect of hot carrier degradation on
transistors lifetime is increasing. The gate widths are decreasing causing a higher current
density and therefore, more carriers with higher energy. The gate oxides are also thinner. With
less area in the transistor, the effects of hot carriers become more pronounced.

A novel test structure to show hot carrier degradation of MOS transistors has been
proposed by Thomas Kopley [18]. This structure consists of twenty identical transistors with a
common source and a common gate. Each of the drains are connected to external pads. The

circuit is shown in Figure 5.21 below.
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Figure 5.21 Hot carrier test circuit

The circuit used above is used to observe changes in the transistor parameters. The procedure
for looking at the hot carrier injection is outlined below:

1. Use FETs as voltage probes to measure R of the common source

2. Measure IV curve

3. Stress the structure using some FETSs for voltage measurements

4. Calculate V drops and lifetimes.
By knowing the R of the common source, then the substrate currents can be calculated before
and aftzc. This structure uses some of the transistors as voltage probes, typically 1 out of 5,
and these are not stressed. The stress is electrically with higher voltages and currents. From
the test the degradation of the substrate currents can be calculated and the corresponding
lifetimes.

This structure has a number of advantages. Up to 20 transistors can be used for lifetime
vs. Vg tests for only one stress. Errors in individual transistors tend to average out. The
FETs can be used as voltage probes to determine the voltage drops IR. In CMOS base arrays,
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there would be two similar structures, one for N-Channel transistors and one for P-Channel
transistors. The structure for both is shown in Figure 5.22. This test structure was first
presented by Thomas Kopley at the 1991 Wafer Level Reliability Workshop in October 1991
[18]. The N-channel structure is identical to the P-Channel structure, except that the different
type of transistors are used.
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5.6 Test Chip Layout

The structures that have been shown previously have been designed to be part of a single
test chip. Because most of the tests at the wafer level tend to be destructive, the various test
structures are repeated. This allows for more data and helps eliminate wafer processing yield
defects from reliability defects. The chip is designed to be fabricated along side actual product
chips on a base array. This allows for real time collection of reliability data on a wafer. This is
some times referred to as "test sites” on a wafer. Instead of a product chip, a test chip such as
the Wafer Level Reliability test chip described here would be fabricated. Usually, there would
be a few test sites distributed across a wafer. This is illustrated below:

With a few sites on production wafers, it is therefore important to have more than one of a
single type of test structure on the Wafer Level Reliability test chip. The other feature of the
structures designed is that the structures have their inputs and output pads next to each other.
When probing the test chip manually, this makes for ease of testing. The exception to this is the
topology test structure. Here, a number of structures are connected end to end across the entire
chip. An example of how the chip may be configured is shown in Figure 5.23. An actual
ASIC gate array may have more or less pads, dependent upon the size of the array. The

example is for illustrative purposes, and is not to scale.
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For the purposes of clarity, the test structures designed in this paper show only part of the
entire structure. For example, the Via chain structure that is shown is repeated until the
individual thin lines of width W and heater elements. These are the same type of design

required number of Via contacts are realized. The SWEAT structure consists of 20 to 30

Figure 5.23 Test chip layout



concepts that are used in ASIC designs today. The structures illustrated in the figures are like
individual cells in an ASIC CAD library. The same cell structure is repeated until the desired
test structure is realized, much like individual gates and cells are connected together to form
higher logic functions in ASIC logic gate arrays.

5.7 Summary

Basic structures to test the three main Wafer Reliability failures have been designed to be
fabricated on an ASIC base array. In the past, these structures were only designed for full
custom applications. This unique design allows for real time reliability testing in an ASIC
production facility. The structures are designed to make use of the underlying transistors in the
realization of the test structures. They are designed to fit on top of an existing gate array. This
allows for the use of the structures as test sites in a production ASIC environment.

The structures are designed to test for three of the most common reliability failures in ASIC
semiconductors today - electromigration failures, dielectric failures and hot carrier failures.
There are a number of different test structures within these areas to test for diffisient process
failures, i.e topology electromigration structure has been designed to test for planarization
reliability process problems.

The number of types of structures has been kept to a minimum of about ten different
structures. Wafer Level reliability is a fairly new field. Research is ongoing into new
structures and variations on the structures presented here. The goal of this design was to allow
for data collection and research into reliability of an existing product line, not into new test
structures.



CHAPTER VI
BURN IN RELIABILITY
6.1 Entroduction

Reliability is a major concern in the manufacture of complex semiconductor components.
Manufacturers usually have reliability monitoring programs to insure that semiconductor
Integrated Circuits (ICs) are reliable. A major part of these programs is burn in. Burn in refers
1o the accelerated testing that is done on a sample of components to determine the product life
time in the field. Burn in is the traditional method that semiconductor manufacturers use to
monitor the reliability of the product they manufacture. Bumn in refers to a series of tests
designed to stress the parts and precipitate the failures. By stressing the parts, the lifetime of
the parts is reduced to a time v-here it is practical to gather data about the reliability of the
product. This stressing accelerates the effects of the failure mechanisms. Through use of
models and relationships such as Arrhenius equation, information about the actual lifetime of
the semiconductor component in the field is estimated.

Within the field of semiconductor manufacturing, Burn in has come to include all the
accelerated smessing used to monitor reliability. Bumn in comes from the fact that most of the
stressing is by the use of temperature stress, hence the term, "burn in.” Not all the stresses that
are used to shorten the lifetime of tests lots involve temperature. However, the High
Temperature Dynamic Lifetest is the one test that is used throughout the industry to predict the
life of components.

Bum in is used to identify problems with existing manufacturing processes, technologies,
designs and product. Most semiconductor manufacturers use a constant sampling
methodology. A number of ICs are subjected to accelerated testing to determine lifetime,
failure rates, and failure mechanisms. These are actual parts that were sampled from ongoing
manufacturing. Any parts or components that fail during the accelerated testing are subjected 10
failure «<alysis to determine the nature of the failure. From this information, improvements
can he made to fix problems. With the ever increasing demands on quaiity and reliability, Bum
in is easential to semiconductor manufacturing. With the very complex circuits of today, the

semiconductor components sre more sensitive to failures. The requirement of manufacturing is
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more stringent than it has been in the past. The demand is for more complex circuits with
higher quality and reliability.
6.2 Reliability Basics

In VLSI technology, reliability is the term applied to how long a semiconductor Integrated
Circuit (IC) will continue to function propetly. This differs from the yield of a semiconductor
part. Yield refers to the amount of parts that are manufactured correctly. The parts that pass the
final functional electrical tests are the parts that are declared good and are then placed in the
particular application that they were intended for. These parts are then functionally correct, as
defined by the final test parameters, and should function correctly. Reliability refers to how
long the particular IC will continue to function correctly. The reliability has been described as
yield over time. Conversely, yield has been defined as reliability at time zero. A discussion of
reliability can not take place without considering the yield. Some of the defects that affect yield
also affect reliability. The same kind of defect can cause either a yield loss or a reliability
failure, depending on the physical location of the defect and the severity of the defect.

To understand the reliability screening tests in VLSI technology that are in use today, an
understanding of basic reliability concepts is required. The concept of a failure is key to any
discussion of reliability. A failure in VLSI or ULSI IC manufacturing occurs when an IC fails
to perform its desired function. This does not necessarily mean that the actual circuit itself has
failed. The semiconductor part consists of a circuit in a package. The failure can occur in the
package or in the interconnecting wire bonds between the circuit and the package. Even if the
failure is within the circuit, this does not mean that the entire circuit is not functional. One
particular part of the circuit may only be defective. Therefore, the failure in VLSI technology
reférs to the fact that the entire semiconductor part is not performing within specified
parameters.

Another important concept in reliability is time. If ime zero is arbitrarily defined to be
when the part has passed the final functional test, then how is the time of failure determined?
The part may not be used immediately and be pus into storage before being inserted into the
electronic application it was intended for. The IC may beina circuit that is used intermittently.

Therefore, the time to failure that is referred to in VLSI technology is sometimes called the
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mission time. This is the amount of time that the part operated within specific parameters
before failure. Unless indicated otherwise, this is the time that is used in determining reliability
failures.
6.3 Reliability Distributions

Failures in VLSI circuits occur at different times. One part will not fail at exactly the same
time as another. If the times of failures are recorded for a population of parts over time, until
all the parts have failed, a curve of the failures over time can be determined. This function of
failures over time is referred to as the probability density function, f(t). An example of a normal

probability density function, f(t), is shown in Figure 6.1 below.

No. Failures

Time

Figure 6.1 Normal probability density function, £(t)

The normal distribution example used above is an example of a short lifetime device. In most
VLSI ICs, the life time of the parts is longer. The lifetimes tend to follow what traditionally has
been called the "Bathtub” curve as shown in Figure 6.2.
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Figure 6.2 "Bathtub" failure probability density function, £(t)

The “bathtub” curve shows different regions in the lifetime of most semiconductor devices.
The infant mortality region is the region where the parts have defects that are not caught by the
functional final test. These parts fail early and are called the infant mortality failures. Some
parts are marginal and do not fail immediately. However, they will fail early and this is an
example of early life time failures. The next region is the useful life region. The failure rate
remains fairly constant in this region. The number of failures increases as the parts go into the
wearout region. Failures here are random and are due to random defects in the parts. The parts
have survived beyond their useful lifetime and the number of failures increases drastically.

The bathtub curve is what is used in the semiconductor industry to describe the lifetime of

Integrated Circuits. The useful life has a constant failure rate, A(t), in the useful lifetime region.

In the useful lifetime region, the failure rate is low and the failures are considered to be random
failures [19].

The lifetime of a number of semiconductor parts can be shown through the bathtub curve.
It illustrates the number of failures over time. The bathtub curve shows that some parts fail
early and some parts fail later, over a period of time. The lifetime of a single part is givenby a
time t. This lifetime is sometimes confused with the Lifetime of a group of parts. To express
the lifetime of the overall group of parts or a particular product, the median life is used, tp, or
tsog, [20). The median life is the time t where 50% of the population or group have failed. It is
jmportant when referring to lifetime that the lifetime of a group of semiconductor parts or
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product line is differentiated between the lifetime of a single part.

In addition to the probability density function, f(t), there are other statistical functions that
are important in the reliability of VLSI devices. The total amount of failures that occur over
time is important. The curve has a maximum of 100% or 1.0. This is because eventually all
the parts in a sample will fail. The cumulative density function (cdf) denoted by F(t) is given
by:

t
F(t) = j f(x) dx
0 (6.1)
Taking the example of the normal f(t) function presented earlier, the corresponding cumulative
density function F(t) is shown below:

1o
0814
0.64
0.4
0.2

0
Figure 6.3 Cumulative density function, F(t) of a normal f(t) function

Total Failures

Figure 6.3 shows how the percentage of failed parts of a population increases with time until
all the parts have failed. From the cumulative density function, the reliability probability at any
given time t can be calculated. This gives the reliability of a population at time t. The Reliability
function, denoted by R(t) is given by [20]:

R(t) = f f(x) dx =1 - F(t)
t (6.2)

By using the previous example of the normal f(t) function, the reliability function R(t) can be
derived and is shown in Figure 6.4 below.
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Reliability

Time

Figure 6.4 Reliability function, R(t) of a normal f(t) function

Another important concept in the reliability is the rate at which failures occur. Sometimes in
reliability, the concept of "failure rate" has been misused. Failure rate sometimes has referred

to the average failure rate, the instantaneous failure rate and even the cumulative failure rate.
The cumulative failure rate, A, is defined as the total number of failures divided by the

original number of devices times the total time of life [20]. Unless otherwise noted, the failure
rate shall refer to the instantaneous failure rate. The development of the instantaneous failure

rate is shown below:

The instantaneous failure rate, denoted by A(t) is given by [20]:

_LmR() -RE+AD ]
At =
© =0 A RO (6.3)

Solving gives [20]:

A = RO 1
d R (6.4)

Rearranging equation 6.4 yields [20]:

dF(t) _ _dR()
dt dt (6.5)

ft) =
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Now, combining equations 6.5 and 6.6 yields [203:
AME) = dF(t) - f(t)

R R() (6.6)
Solving quation 6.6 for R(t) yields [20}:
D) = -dR(t)
RO (6.7)

t
_ dR(t)
A(Dd(t) = t

t
I A(t)d(t) =-InR()
0 (6.9)

Therefore, rearranging equation 6.9 yields [20]:

(6.8)

t
A(t)d
Rt =¢€ I 4 (6.10)

This equation expresses the reliability function in terms of the instantaneous failure rate. If the

failure rate is constant over time, i.c A, then the reliability function becomes [20]:

R() =eM (6.11)

This is the equation for reliability generally used in the semiconductor industry for the
assumption is that the ICs are in the useful life region of the bathtub curve where the failure rate
is constant. The other assumption is that other tests precipitate out infant mortality and early
failures and that semiconductor ICs follow the bathtub curve.

To assume that the useful life region has a "constant” failure rate is not true. The failures in

the useful life region are due to a combination of failures. The failures that result in the useful
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life region are a resuli of some infant mortality failures, some random failures that occur
naturally and some fieak failures due to anomalies in the complex manufacturing processes.
This means that the failure rate may not be constant thiroughout the useful life. Therefore, there
is confusion when the failure rate is described in the useful life region of the bathtub curve.
Usually, failure rates quoted are not the true instantaneous failure maies but the average failure
rates over the region. This average failure rate has sometimes been referred to as the "Hazard
rate."

Because semiconductor parts have a relatvely long life, it is usually very difficult to
distinguish between the instantaneous failure rate and the average failure rate for it takes years
to gather any significant amount of field data. To overcome this, most semiconductor
manufacturers use some form of accelerated life testing to determine the failyre rates of their
products. This involves subjecting product to a higher level of stress than is normally seen and
drawing some conclusions about regular product lifetime based on the results of this
accelerated testing.

6.4 Failure Rate Measurements

With advances in the electronic industry and the semiconductor industry in particular, the
way failure rates have been expressed has changed over time. It is important to also realize that
the semiconductor parts that are referred to here are single Integrated Circuits that are usually
part of a larger electronic system. Therefore, the reliability of the individual parts is usually
greater than the reliability of the overall system that the parts make up. How the reliability of
the system is expressed may be different from how the reliability of the individual ICs is
expressed.

Before the advent of the transistor, failure rates of electron tubes were expressed in the
number of failures per 1000 hours (%/1000 hours) [20}. The time referred to in hours is the
actual mission time of 1000 hours. Typically, tubes had a failure rate of 5 to 10 %/1000 hours
[20]. However, most semiconductor devices have a failure rate of 0.0002 9/1000 hours [20].
The unit of measurement is an awkward unit to use for semiconductor reliability lifetime. This
has prompted different measurement units.

Based on the %/1000 hours is the unit of ppm, or number of failures (parts) per million
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device hours (#failures/1,000,000 hours). For semiconductors, this gives a lifetime
measuremerit to the above example of 0.002 Ppm. Although this is better, it still does not give

easy measurement units. The semiconductor industry has been using a unit of measurement
called a FIT. A FIT refers to Failure unlT. One FIT is defined to be one failure per 10°

device-hours[20]. Therefore, the example used above for typical semiconductor failure rates
yields a failure rate of 2 FITs.

Another related unit is RIT or Removal un'T. Some times when a failure occurs, a device
is replaced in the system that did not need replacing. Accurate failure analysis is not
performed. In semiconductor manufacturing, the reliability of a wafer manufacturing process
may be the reliability that is being tested for. The failures that may be occurring may not be
due to the wafer manufacturing processess but due to other processes such as assembly
processes. If adequate failure analysis is not performed, the failure rate cii: will be an actual
RIT rate, even though they are sometimes quoted as FIT rates.

With the increasing quality and higher demand on the reliability of semiconductor parts, the
industry may again be moving beyond its Measurerent ynits. The "FIT" measurement unit
may not be adequate.

6.5 Arrhenius Equation

With semiconductor reliability, one of the major assymptions is that the testing that takes
place in the factory identifies all the defects that prevent the part from working initially. While
there have been advances in testing and fault coverage. the testing of semiconductor parts is not
100%. When looking at reliability in semiConductors, the testing is assumed to catch all the
defects that pre§ent the part from working initially. This is not a bad assumption, for the
testing does catch almost all the defects that Prevent the semiconductor parts from working.

The amount of parts that pass these tests ase referred to as the yield. This separates the
parts into parts that work initially from parts that have defects that prevent them from working
at any time. However, even if the parts work initially, the parts are not full free of defects. It
is these defects that can cause a working part not to Work at some time after the initial factory
testing. Itis the study of these failures after factory testing that are determined to be reliability
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failures. The defects that cause reliability failures could be a result of contamination, improper
processing or physical limitations to the construction of the semiconductors themselves. Early
failures would tend to be a result of defects of the first two types, while failures in the useful
life and wearout region would be a result of the physica! structure of the semiconductor parts.

The question arises that how does a working part go from working in the factory to failing
in the field? The part was functionally correct at the time that it left the factory but at some time
later, something hapy:ined to stop the part from continuing to work. For this to happen,
something happens over tiit=e. The atoms *» the structur: usually move or migrate over time,
which causes failures. Defects in the structuse < *4= ssmiconductors can enhance this process.
Usually, the movement is due to some physical and/or chemy:¢i process. The rate of this
process is referred to as the reaction rate. The rates that this ¢ocurs are influenced by iniernal
stresses such as current, film stress, etc., or external stresses such as humidity, temperature
and other environmental factors.

For the ion, atom or molecule can move or pass from one state or position to another, it
must first overcome a potential energy barrier. The energy to overcome this barrier of height is
E,, which is in units of electron volts, eV. The probability that this transition will occur due to
the body's thermal energy is proportional to [4]:

Ea
€ kT (6.12)

where:

k = Boltzman's constant, 8.6 x 10 eV/X
T = Absolute temperature, K(C + 2739

The rate at which this reaction will occur is given by [19]:

Ea
R=Re€ yT (6.13)
where:

R =Reaction Rate
Ry =Constant*

E,= Activation energy in electron-volts (eV)
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k = Boltzman's constant, 8.6 x 10-3 eV/X
T = Absolute temperature, K(°C + 2739

The above equation is known as the Arrhenius equation {4]. The term Ry is listed in the
equation as a constant. However, this is just an approximation. R; can also be a function of
temperature. It has generally been determined that the temperature dependence of Ry is small
when compared to the exponential term in equation 6.13 [4]. This assumption that Ry i
constant is used throughout the semiconductor industry. This equation adequately describes
the rate of processes that are responsible for the failure of many semiconductor devices such as
ion drift, impurity diffusion, intermetallic compound formation, molecular changes in
insulating materials, etc.

6.6 Eyring Equation

The Arrhenius equation relates the reaction rate to the environmental temperature. It is
useful in determining the effects of temperature stress to lifetime. However, temperature
stressing is not the only type of stressing used in accelerated semiconductor testing. Other
stresses have been used to accelerate the time to failure of semiconductor ICs.

Another model that has been proposed for accelerated testing is the Eyring equation. This

equation is given below in terms of the component hazard rate:
(o B\ (S(C+L)
r=a(eB) ()
P4\ kT (6.14)
The above equation actually consists of three parts. A, B, C and D are constants, T is
B
temperature in degrees Kelvin, and k is Boltzman's constant. The first term, €T, is the

Arthenius term for temperature dependence and comes from the Amrhenius equation. The

second term is €SC which is the stress term for the stress other than temperature. The final

D
term in the equation is esk'r, which is the term in the model that refers to the interaction of the

stress ard the temperature effects. This is one model that has been proposed to describe the
interaction of additional stresses, these stresses are used in accelerated testing of
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semiconductor devices.

Some of the stresses that have been used for accelerated testing are humidity, voltage, and
current. ‘These stresses have been used to accelerate the failure rate of semiconductors.
Specifically, a model that has been proposed for the effect of voltage has been modelled as
[22]):

R(T,V) = Ry(T)V™P (6.15)

Where the above equation contains a temperature acceleration term and a voltage acceleration

term, a similar relationship has been proposed for current stresses:
R(T,V) = Ry(TI"™® (6.16)

In both equations 6.15 and 6.16, the term, Ry(T), is usually the Arrhenius equation. The other

two terms, VI gng YO , describe the voltage and current stress factor as socae power of the

voltage, V, and the current density, J. The power term, ¥ is usually some value between 1 and

4.5 [22].

An example of an accelerated current stress is the relationship for electromigration. It has the
current acceleration factor in the equation and an Arrhenius temperature acceleration
factor. This equation is again repeated below [11]:

MTTF = A*] e(QKT) (6.17)

6.7 Accelerated Reliability Testing

The Arrhenius equation shows the relationship between the reaction rate and the effect of
temperature on reaction rate. It is this relationship that is used in the semiconductor industry to
accelerate lifetime tests. This is best illustrated by the following comparison lifetime graph of
two parts at two different temperatures during their useful lifetimes as shown in Figure 6.5.
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Parameter

Figure 6.5 Component lifetime at two different reaction rates, Ry & R, [19]

The first part started at the Initial value of the measurement parameter until at time t;, the
functional limit of the value is exceeded and the part fails. The parameter could be the
resistance of the interdielectric vias, With the mechanism of electromigration, the metal in the
vias can move over time and the resistance will increase until the part fails. This is at the
functional limit of resistance. The temperature that this occurs atis T; at the reaction rate R;.

Consequently, the second part is in an environment at temperature T, and a reaction rate of
R,. The part lasts for time t. The change in the parameter is the same in both cases but the
second part lasts longer for the temperature T, is lower than T, and the rate R, is lower that
R;. Itmust be noted that the assumption in the above graph is that the reaction is linear in time.

In the above example of the via resistance, the electromigration rate will occur at a slower
rate at the lower temperature. Since the change in the parameter is the same, the following is
true [19]:

Riti=Raty (6.18)

and i the functional limit is where the part fails, then the time to failure can be defined as t;
Then equation 6.18 can be written as [19]:

Rig=C (6.19)
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Where C is the constant that corresponds to the parameter that causes the part to fail its
functional limit. From this [19]:

tr= C
R (6.20)
And then from equation 6.13 [19}:
Ea
t = Cegr (6.21)
=C+EA
In(t)=C+37 (6.21)

By using the above example of two different reaction rates, then equation 6.22 becomes the
following [19]:

In(t)=C+ (gkA) (TLl) (6.23)

w0 =c+ () ()

(6.24)
Subtacting equation 6.24 from equation 6.23 yields [19):
In (t;) - In (¢ Ea
(t) - 1In (12) = ( )(T1 T (6.25)
or [19]):
Ea
-1- e( )(T1 Ty
(6.26)

This relationship allows the comparison of two different reaction rates. This is the basis of all
accelerated temperature testing used in semiconductors today. The times { and t, correspond
to the times of an unaccelerated lifetime of the product (t;) and the accelerated lifetime of the
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product (t,). The relationship of t; and t, is also referced to as the acceleration factor.
193

t (6.27)
The above development assumed that the reaction was linear in time. But not all the failure

Acceleration =

mechanisms that are seen in semiconductor manufacturing are linear in time. These failure
mechanisms can be represented by a t* function. Substituting this in to equation 6.19 yields
(193

Ri"=C (6.28)
Ea\l
te=( CexT )®
= ( exr) (6.29)
In(t) =C+ A
nkT (6.30)
And going through a similar derivation as shown above:
Ea) (1. L
b= e(nk) (T1 by
ta (6.31)

Equation 6.31 shows the acceleration for “ailure mechanisms that are not linear in time.

It is the principle of applying stress to accelerate lifetime testing that is the basis of almost
all semiconductor reliability testing. With the lifetimes in tens of years, it is impossiblz to
gather data about the reliability of a product that is made today. Through the application of
higher than normal stress, the reaction rate of the failure mechanism is accelerated. This allows
reliability testing to be done within a reasonable time.

If a company makes a particular semiconductor product, a microprocessor for example, that
company and its customers want some assurance that the product will work reliably over time.
By subjecting a sample of the microprocessors to some accelerated testing, information about
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the median lifetime of the microprocessors can be obtained by the use of the acceleration rate

equations shown above. Table 6.1 shows some of the acceleration factors that are used in

semiconductor accelerated lifetime testing and their approximate activation energies.

Table 6.1 Acceleration factors for semiconductor reliability [20]

Device Process Relevant | Accelerating] Acceleration
Association Factors Factors (E A=Activation
Energy)
§i02 and Surface Charge | Mobile Ions, T 1.0eV
Silicon - Si02 | Accumulation V,T,Qm
Interface Dielectric
Breakdown E,T E(T) 0.35¢eV
(TDDB)
Charge E T, Qf E,T 1.3eV
Hot Carrier E, T, Qot E,T -0.06 eV
Trapping
Metallization | Electromigration T,J,A T.J 0.5eV
of Al Gradients of
TandJ, JN . n=2410%
Grain Size
Electromigration
of Siin Al T,J,A T,] 09eV
Corrosion ntamination,] H V,T Strong H Effect
Homidity () Y 0.8 &V
Contact T, Metals, ;
Degredation Impurities Varied 18V
Bondsand | Intermetallic T, Impurities, CAne
Other Growth Bond T Al-Au: 1.0eV
Mechanical Strength
Interfaces -
Fauigue Temperature 1 -1 Extremes Al-Au: 1.0eV
Cyclmg, Bond in Cyclmg
Strength
Hermeticity Seal Leaks Pressure A
Differential, Pressure Al-Au:1.0eV
Temp. Cycling AT
LEGEND H=Humidity T=Temperature V=Voltage A=Area

E=Electric Field J=Current Densisty Q=Oxide Charge
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6.8 Semiconductor Reliability Testing

By use of accelerated testing, Semiconductor manufacturers use a sampling technique 0
assure the reliability of the product produced and the processes used. The nature of the
sampling varies from manufacturer to manufacturer, depending upon the reliability results
desired and the level of acceptable defects. Most manufacturers do reliability testing as a
method of ensuring that the ongoing processes and designs meet minmuim standards. Any
time new technologies in manufacturing are introduced or changed in a major way, a number of
parts are produced specifically for reliability testing before any parts are manufactured for
customer use. If the parts meet the reliability standards, the process or design is then
considered qualified. The process of manufacturing a specific lot to test out changes or new
technology is called "qualification".

The "qualification" lots are processed through the proposed manufacturing flow and
assembled into packages. These parts are then subjected to accelerated life time testing. The
corresponding lifetimes of the product are calculated with the use of the Arrhenius equation. If
the results are acceptable, then the process is considered qualified. Qualification is generally

done when one or more of the following changes occur [19]:

1. New processes or technology

2. Modifications to existing processes

3. Design revision

4, Wafer fab Process/product transfers or technology transfers
5. New part packaging or packaging technology/process

Qualification involves stressing the final semiconductor product in a package. This is done
through a number of accelerated lifetime tests, designed to precipitate out the failure modes in
semiconductors. An example of a set of reliability tests done by a semiconductor manufacturer
is shown below [19]:
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High Temperature Dynamic Lifetest
High Voltage Dynamic Lifetest

Low Temperature Dynamic Lifetest
High Temperature Storage

High Temperature/Humidity Lifetv
Temperature Cycling

Vibration/Shock Testing

Soft Error/Radiation Hardness Testing

e I N o o e

The tests listed above are an example of what a particular process or technology may be
subjected to for qualification purposes. Not all of the tests may be performed on all
qualifications within a single semiconductor manufacturer. The nature of the processes,
designs and technology determines what accelerated lifetime testing will be performed. A
description of these tests follows.

6.8.1 High Temperature Dynamic Lifetest

This test involves stressing a sample of semiconductor parts through the use of
temperature and heat. Parts are powered and inputs are functionally set to provide current
stresses. This occurs on circuit boards placed in an oven, usually at 125 <C. The parts are
subjected to this condition for 1000 up to 2000 hours total. During the testing period, all the
parts are removed from the bu in oven and functionally tested. This occurs at various set
times through out the testing period. The time to do this functional testing is not included in
the 1000 or 2009 hours of lifetime testing. The period that this testing occurs tends to be of a
logarithmic nature. This is because the reaction rate from the Arrhenius equation is of a
logarithmic nature. An example of the testing period would be after 48 hours, 168 hours, 500
hours, and 1000 hours for a 1000 hour burn in period. This period of testing is similar for all
different stresses based on the Arrhenius relationship.

The High Temperature Dynamic burn in is referred to by different names through out the
semiconductor industry. Another manufacturer refers to the test as High Temperatre Dynamic
Operation Life, for example. This test is what the industry uses t0 evaluate the field lifetime of
semiconductor parts. The test is an industry standard and is listed in MIL-STD-883C. The
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semiconductor industry has conformed to these military standards and these have become the
standards for the industry. Most of the accelerated stress test listed here meet the requirements
of MIL-STD-883C.

The dynamic burn in accelerated life test is the industry standard for determining the field
lifetimes of semiconductor product. The resulting data is used to determine infant mortality
failures, early lifetime failures, random failures and wear-out failures. Failure analysis and
empirical testing are used to determine the failure mechanisms and the activation energy of the
observed failures, using the Arrhenius equation. With the nature of the failure know and the

corresponding activation energy, the lifetime of the product can, therefore, be calculated, using
the acceleration factor equation, equation 6.27.

6.8.2 High Voltage Dynamic Lifetest

This test involves stressing the semiconductor parts for 1000 to 2000 hours with a higher
than normal operating voltage, typically 7 to 8 volts. This test tends to verify the failure
mechanism and rates of the long term reliability failures. This test is also useful in identifying
the acceleration factors. The test conditions are the same as the high temperature dynamic
lifetest, with the exception being the higher voltage used.
6.8.3 Low Temperature Dynamic Lifetest

This test is designed to precipitate a particular failure mechanism and is not done by all
semiconductor manufacturers, depending upon their technology and reliability requirements.
The low temperature test is designed to show failures in semiconductor parts, particularly
CMOS parts, due to hot carrier/ hot electron injection. As shown in Table 6.1, the activation
energy for this failure is .negative. This means to accelerate the effect of this failure
mechanism, lower temperatures are required. This test is usually done for a 1000 to 2000
hours at a temperature of -10C, with a high voltage (7-8 volts) and a high duty cycle. The
duty cycle refers to the amount of switching that occurs at the inputs of the parts. The inputs

are switched between a logic 0 and a logic 1 (7-8 volts) quickly and repeatedly to accelerate the
failure.



-145-

6.8.4 High Temperature Storage

This test uses only temperature for stressing. The parts are subjected to high temperatures
with no applied voltage bias. Typical values are 160°C for 1000 hours for parts in plastic
packages and 250°C for 500 hours for parts in ceramic (hermetic) packages. This test tends to
show package related failures such as bond integrity and package mechanical instability. In
addition is also shows some wear out failure mechanisms related to the wafer processes such
as ionic contamination.
6.8.5 High Temperature/Humidity Lifetest

The purpose of this test is to determine the moisture resistance of the semiconductor part.
This is dore on plastic-encapsulated parts because they are susceptible to failure due to
moisture. Some cf the effects that are tested for are [20]:

1. Mobile ions on surface devices

2. Chemical corrosion of the metallization

3. Electrolytic corrosion with applied bias

4. Electrolytic corrosion with dissimilar metals
The components are placed in a chamber usually at 85°C with an 81% relative humidity. The
parts are biased with a nominal voltage of either 5 volts or 0 volts. There is minimal power
applied and what little bias is applied is used to enhance the electrolytic corrosion that can occur
in the presence of moisture. This maximizes the effect of corrosion due to electrolytic effects.
6.8.6 Temperature Cycling

This test involves cycling the temperature of the components from a very cold environment
to a very hot envirermment. The purpose of this test is usually to detect various mechanical
instabilities in the assembly bonds and die attach as well as stress related issues in the die itself
such as microcracks. There is no other stresses applied to the part. The parts are typically
cycled from -55°C to 150°C or from 0C to 125%C. The number of cycles used are from 500 to
1000 cycles. This is usually done in a dual chamber system where one chamber is cooled to
the desired cold temperature and the other chamber is heated. The parts are physically
transferred back and forth between the two chambers with the use of robotic transfer systems.



-146-

6.8.7 Vibration/Shock Testing

For some qualifications and applications, a vibration and shock stress testing is used to
determine if the parts can withstand vibration and shock. Semiconductor parts subjected to
these tests are parts designed for applications where there is a great amount of physical
vibration and shock. Unfortunately, at this time, no models exist for accelerated stress testing
in this area. This means that the testing tends to be more of the infant mortality data gathering
and not of the useful lifetime determination.

This testing is used in applications where there are environments that produce high levels of
vibration and/or frequent shock. Some of £aese application environments may be:

1. Read/write electronic circuits assembled on the head of high density, high speed

magnetic disk equipment

2. Control IC circuits on jet engines

3. Control IC circuits on rockets, missiles and spacecraft.

6.8.8 Soft Error/Radiation Hardness Testing

Another reliability test that is only done on components destined for a specific application is the
soft error or radiation hardness testing. To test for the effect of radiation, parts are exposed to a
highly radioactive source. This is only done to parts that will require exposure to high levels of
radiation because of the difficulty of working with radioactive sources.

The sensitivity of the particular product to radiation can vary with the process and the
applications. Processes are characterized to see the effect on the radiation susceptibility. Since
the part's operating voltage conditions can affect the radiation sensitivity, the operating
conditions of the part are characterized [19]. The types of applications that would require this
type of characterization are the acrospace industry, satellites and the military.

6.9 Reliability Monitoring

In addition to the qualification tests, the use of on-going reliability monitoring is important
to ensure the on-going reliability of the product. Even though principles of Statistical Process
Control (SPC) are used in semiconductor manufacturing today, the identification of defects is
important. Reliability monitoring will identify the particular failure mechanisms that will cause
the product to fail first. Improvements and developments can then continue to lessen the effect
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of the failure mechanism in question, and improve the reliability and quality of the product.

The second function that reliability monitoring performs is the assurance that there are not
reliability problems in the existing manufacturing process. Although the best way is to build
quality into the product through the application of SPC and design of experiments, traditional
reliability monitoring is still important to determine the failure modes in todays semiconductor
components. This monitoring insures that the processes used in the manufacturing of the
device are in control and that there are no unknown factors affecting the product reliability.

Most semiconductor operations conduct High Temperature Dynamic Lifetests as the main
test for reliability monitoring. This accelerated test will tend to precipitate out most of the
failure mechanisms. The results of these tests will also be used to calculate the FIT rate of the
processes and product being tested. Because the parts are stressed, the components used in the
testing are never put into the applications that they were designed for. The chips are a sample
from actual product that is being produced in the manufacturing line. Other accelerated tests
may also be used for reliability monitoring. It depends on the manufacturer in question and the
requirements of the customer whom the components are being manufactured for. The
accelerated testing is only part of an overall reliability monitoring pragram.

¢ jer Level Reliability (WLR) tests are used to monitor reliability of the product. These
tests ure usually done on specific test structures that have been designed for a particular failure
mechanism. The tests are done usually through a very highly accelerated voltage or current
stress on the test structure. The testing is done with the use of parametric testers, and the
testing time is in the order of minutes to even in some cases, days. The data that is derived
from Wafer Level Reliability testing is not as reliable as the data from the High Temperature
Dynamic Lifetest. The Dynamic Lifetest will tend to precipitate a number of different failure
mechanisms where the Wafer Level Reliability testing only tests for a particular failure
mechanism. The advantage is that WLR testing only takes a few minutes where Dynamic
Lifetest takes 1000 hours or more. More monitoring can be done with Wafer Level Reliability
testing, yielding more data and information about the particular failure mechanisms being
testing for.

The other advantage of Wafer Level Reliability is that Wafer Level Reliability tests are done
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on separate test structures that are heated through their own design and test programs. The test
structures are self-heating, and only the test structures are subjected-to stressing. With Wafer
Level Reliability, no product is destroyed in accelerated testing. Tests such as the Dynamic
Lifetime test destroy product in the test.

The Dynamic Lifetest and the other traditional burn in tests listed previously are useful in
identifying the predominant failure mechanisms that should be monitored for. The burn in tests
will help identify the failure mechanisms that occur the most often and that could cause the
failures of components first. From this information, tests and test structures can be developed
10 monitor for these failure mechanisms through Wafer Level Reliability. =~ Even more
important, improvements in the manufacturing processes, design and the technology itself can
occur to reduce the effect on the reliability of the product of these failure mechanisms.

Table 6.2 below shows actual results of a reliability program as quoted by Intel. This table
shows the life time for a number of technologies. The lifetime refers to the time at which 50%
of the population would have failed. For example, in the 125%C Dynamic burn in, the Device

Hours is quoted to be 4.29 X 107 hours. Now the test is only for 1000 or 2000 hours. As

shown before, the failure rate, 1, has been assumed io be constant in the useful life time, even
for the accelerated reaction rate. By knowing the life time (e.g. 1000 hours) and the number of
parts that has failed in the test, the failure rate can then be calculated. Then this accelerated I is
used to calculate the Device Hours,which are the amount of time it would take for 50% of the
parts to fail at 125°C, or the t;; at 125C.

From the example previous, at 1000 hours, there would be only 0.23% of the parts failing.
This means that for every 10,000 parts put through burn in, only 23 failures would be allowed
to maintain the quoted failure rate. Through the use of Arrhenius equations the t; at 125C can
then be used to calculate the medium life time, t;, at the desired specified temperature, 55C in
this case. From the specified lifetime, the failure rate can, therefore, be calculated for a specific
failure with a corresponding activation energy. The results of a reliability program are listed
below in Table 6.2.
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Table 6.2 Lifetime data [19]

Tech. | No. Device | Equivalent Device Hours Failure Rate
Lots | Hours at 55°C, Ea=0.3,1.0eV at 55°C, Ea=0.3,1.0eV
at125°C |for0.3eV for1.0eV | for0.3eV | for10eV
A | 409 | 429E+07 | 2.37E+08 | 1.35E+10 70 0
B | 299 | 4.77E+07 | 2.50E+08 | 1.21E+10 110 0
C 12 | 2.33E+06 | 1.23E+07 | 5.92E+08 80 0
D | 102 § 2.72E+07 1.76E+08 | 1.36E+10 50 0
E | 155 | 1.31E+07 | 5.98E+07 | 8.70E+08 190 0
F | 167 | 7.24E+07 | 4.98E+08 | 3.10E+10 160 0
G | 213 | 2.01E+07 1.08E+08 | 1.29E+09 50 0
H | 261 | 4.06E+07 | 2.14E+08 | 9.36E+09 40 0

Process monitors within the manufacturing processes are important for a semiconductor
reliability monitoring program. By monitoring the quality of the metal deposited, the incoming
materials, the manufacturing processes, packages, reticles, etc.; the quality and the reliability of
the product can be maintained. This is why most semiconductor manufacturers have quality
and reliability personnel and departments. Most manufacturers today work on the systems
used in manufacturing. The aim is to build in quality and reliability, not inspect it in. By
controlling and concentrating on the inputs to the manufacturing processes, the quality and the
reliability of the outgoing product is assured. Bum in, therefore, acts as more the inonitor of
this reliability program and is used to identify failure mechanisms that should be monitored and
improved.

Infant mortality burn in has also been a part of a traditional reliability monitoring program.
Here parts are subjected to a bake under no biasing condition. The temperatures and time of
the bakes vary, but the intent of this burn in bake is to precipitate any infant mortality failures,
and move the product into the useful life region of the bathtub curve.

With the improved processing technologies, the reduction in design line widths, and the
increased complexity of VLSI and ULSI components, there is now fewer infant mortality
failures. Testing procedures have also improved. More failures are precipitated in the initial
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product testing, and the remaining defects tend to be of the type that will cause failure during
the useful life of the product. Therefore, the infant mortality burn in does not yield as much
data or cause the same amount of failures that have been seen in the past. Depending on the

product and the technology, this burn in may not be even used any more.



-151-

6.10 Summary

Bum in of semiconductor product is an essential part of an overall reliability and quality
program for a manufacturer. By the use of burn in, the failure mechanisms can be accelerated
such that they will be identified in a reasonable amount of time. Bum in allows potential
failures that could occur in the field to be identified long before they would show up in the
applications. With the lifetime of semiconductor components being a number of years,
accelerated testing through the use of burn in is one method of identifying the particular failure
mechanisms in a timely fashion.

Quality of the final product is important in the semiconduc or manufacturing industry
today. There has been a shift away from the traditional bur in anf towards the building in of
reliability. Bumn in remains an important part of an o ~7all reliabil  and quality program. Itis
still used to calculate the expected field lifetimes through the use of accelerated testing models
such as Arrhenius Equation and Eyring equation. From these models, the acceleration factors
are calculated and the corresponding lifetimes and failure rates.

‘The use of traditional burn in techniques remains important in the semiconductor industry.
With the development of Wafer Level Reliability tests, it has been suggested that burn in would
eventually be replaced by WLR testing. This is not so. Burn in accelerates failures at a lower
rate than does WLR testing. Therefore, the lifetime data tends to be more accurate than the
WLR testing. Also, burn in methods tend to identify failure mechanisms and defects that affect
reliability. Wafer Level Reliability only tests a particular defect that the particular test and
corresponding test structure is designed to.

Wafer Level Reliability will not replace burn in for lifetime testing and will be an important
supplement to the overall reliability monitoring program. WLR testing supplies a lot more data
quickly than burn in about the reliability of certain failure mechanisms. It is developing into a
useful tool for insuring the reliability of product. Burn in lifetime testing will continue to be an
important part of semiconductor manufacturing.
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CHAPTER VII
EVALUATION OF WAFER LEVEL RELIABILITY TEST DATA

7.1 Introduction

In understanding the application of Wafer Level Reliability to a semiconductor
manufacturing environment, the knowledge of the limitations and use of Wafer Level
Reliability is required. To investigate this, a series of manufactured runs through a standard
processes were commissioned. The goal of these runs was to determine if Wafer Level
Reliability testing could show speciffic failure mechanisms.

Long term reliability burn in stress tests such as High Temperature Dynamic Lifetest
(HTDL), High Voltage Dynamic Lifetest (HVDL), Low Temperature Dynamic Lifetest (LTDL),
High Temperature Storage (HTS), High Temperature/Humidity Lifetest (HTHL), Temperature
Cycling (TC), Vibration/Shock Testing (VST) and Soft Error/Radiation Hardness Testing
(SERHT), are used to determine the major reliability failure modes in product. From these
failure modes, test structures can be designed and tested at wafer level to determine
relationships between WLR and Lifetime data. These WLR tests can include JRAMP,
VRAMP, BVOX, QBD, SWEAT, BEM, and hot electron testing.

In the gate oxide reliability testing presented in this chapter, the gate oxide was evaluated
through the use of WLR tests - VRAMP, QBD and BVOX - and through the lifetime burmn in
data - High Temperature Dynamic Lifetime, High Temperature Storage, and High
Temperature/Humidity Lifetest.

7.2 Experimental Procedure
The three areas of ASIC gate array manufacturing was investigated. These are:
Foundry manufacturing, Metallization manufacturing and Assembly manufacturing. The terms
Foundry, Metallization and Assembly apply to the LSI Logic process flows which were used
to produce the test wafers. The basic process flow of these three areas are described in the
following sections.
7.2.1 Test Run Processing
The first processes used to manufacture the wafers are the Foundry processes. The
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Foundry manufacturing processes take the bare silicon wafers and defines the transistors on
them. This involves the various implants to define the p and n junctions, the gate oxidation, to
define the polysilicon structures, and the final protective oxide over top of the transistors.
After the Foundry processing, the wafers have fully functional transistors on them protected by
a silicon dioxide layer doped with both boron and phosphorus. This protective layer is called
Boron Phosphorus Silicate Glass (BPSG).

The next series of processes in the production of the test wafers, the Metallization process,
start by taking Foundry wafers out of inventory. Contacts through the protective BPSG to the
underlying transistors are first formed. The first layer of metal interconnect is then deposited,
masked and etched. The interlayer dielectrics is then deposited and planarized to flatten out the
topology of the wafers. The vias are then formed through this interlayer dielectric. The second
metal interconnect is then deposited, masked and etched. The final protective layer called the
topside passivation is then deposited. The final pad mask layer is then masked and etched.
The circuitry on the die is now complete. The metallization process that the test wafers were
manufactured with is a two layer metallization process. The wafers then go through a
parametric test to determine if basic transistor parameters are functioning. After this test, the
test wafers were submitted to a wafer functional test to determine functioning die. This
completes the metallization processes.

The third set of processes is the Assembly process. Here, the wafers are cut into the
individual die that are then placed into packages. The die from cut wafers are placed into
individual packages to be wire bonded. Wire bonding is the process of connecting the package
to the die. Small wires are attached through the use of ultrasonic welding. These small wires
attach the bonding pads on the die with the pads on the package. These package pads are
connected internally in the packages to the leads o the outside of the package. The package is
then sealed and marked with the correct identifying marking. The completed part is then tested
again functionally at the Final Test operation to insure that the part is still functionally
operational.
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For the Wafer Level Reliability test runs, the Foundry process flow that was used is as
follows:

Processing Testing
(" Start Foundry ) and Stressing

Y

Various Implants

Y

Gate Oxidation

;

Polysilicon Dep & Mask

Y

3

VRAMP/ QBD
Gate Oxide Stress
Implantation
BPSC: Der

( EndVroee,

Figure 7.1 Test run foundry process flow

The test foundry runs went through a standard manufacturing flow except for additional
testing and stressing after the polysilicon masking steps. Here the gate of the transistors has

been formed and this is the first place in the manufacturing processes that the parts can be
stressed.
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The Metallization process flow that was used is as follows:

Processing Testing
( Start Metallization ) and Stressing
|- Contact Mask —j
t VRAMP/ QBD
Metal 1 D;p & Mask Gate Oxide Stress
Interlayer Dielectric Dep Parametrics
{ (BVOX) Testing
Via Mask _j,
f Wafer Sort
FunctionalTesting
Metal 2 Dep & Mask i
Y (" End Metallization )

Y Y

Topside Dep| |Topside Dep
- Nitride - Oxide

Y Y

Pad Mask

Figure 7.2 Test run metallization process flow

Through the Metallization process flow, the test runs went through standard processing.

The runs that were destined to have ceramic packages for reliability stressing received silicon
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oxide as a passivation material. The runs that were to be packaged in plastic packages for
reliability stressing received silicon nitride as a passivation material. This is the standard
process flow. The silicon nitride is more resistant to moisture and is used in plastic packaging
applications. The test structures on the test part were stressed through the use of VRAMP,
BVOX, and QBD testing before the die were sorted for functional operation. The Wafer Level
Reliability test parts went through the standard assembly process as shown in Figure 7.3.

Processing Testing
and Stressing
( Start Assembly )
Wafer Saw
Y Final Testing
Die Attach *
* Part Stressing
Wire Bonding (HTDL /HTS )
Encapsulation Final Testing
Marking _Bum-In
{ Failure Analysis
(_End Assembly )

Figure 7.3 Testrun assembly process flow

The test runs were assembled into both ceramic and plastic packages. After assembly, the

parts went through the final test functional test to insure that the assembly process had been
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successful. Then the parts were subjected to the traditional reliability stressing (burn in) of

either HTDL (High Temperature Dynamic Lifetest) or HTS (High Temperature Stress). The

parts were again tested throughout the stressing procedure to determine failures. The failuses

were then analyzed to determine the exact nature of the failures.

7.2.2 Test Wafer Layouts

To fully test the relationship between the Wafer Level Reliability structures and the

adjacent die location. An example diagram of a typical wafer layout is shown in Figure 7.4

operation of standard ASIC gate array product, a special reticle set has been made with the
Wafer Level Reliability test structures on one die location and 2 monitor logic chip on the

Production ASIC Chip

. Wafer Level Reliability Test Chip

Figure 7.4 Test wafer layout
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The production ASIC test chip contains logic circuitry and memory for process evaluation.
This chip has functional logic circuits on it and can be tested at wafer sort. During the test
runs, the WLR structures on the Wafer Level Reliability test chip are stressed to obtain data.
The production monitor chip is the chip that is tested functionally at wafer sort. This die is then
assembled into either plastic and ceramic parts and stressed by either the High Temperature
Dynamic Lifetest (HTDL) test or the High Temperature Storage (HTS) test.

Through the use of the separate test chip, a better understanding of the structures will
develop. But the use of such a large amount of wafer area for a dedicated test chip is too
expensive for regular ongoing production. Between every die is an area that is used for
clements that are not necessary to the function of the circuit, but are necessary to the
construction of the circuit. This area between the die is known as the scribe line. Here, the
alignment targets for photolithography are defined, the basic sample transistors for parametric
testing, yield testing structures and some Wafer Level Reliability structures. From the analysis
of Wafer Level Reliability test results from the test chips and the analysis of failure modes from
i- w4 i of adjacent product ASIC chips, the prevailing failure modes can be determined.
Assovisie structures with these failures can be then chosen and put alongside every die in the
scribe fine. An example layout is of a wafer with a large scribeline with WLR structures in the

scribe line is shown in Figure 7.5
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Wafer Level Reliability
Test Structures in Scribe Lines
E§§§ Production ASIC Chip

Figure 7.5 Example of Wafer Level Reliability scribe line test structures
The layout above shows a large scribe line structure adjacent to production ASIC die. The
Wafer Level Reliability structures only make up a portion of the structures found in this scribe
line. The rest of the scribe line structures would include yield structures, alignment structures
and parametric test structures. In the test runs that were done to determine the gate oxide
reliability, some existing structures in the scribe lines were used to determine the gate oxide
Wafer Level Reliability data.
7.3 Empirical Testing Results

The runs that were used in this evaluation of Wafer Level Reliability came fro.a five
foundry lots. From these five foundry lots, six metallization runs were made. The runs were

selected to have either oxide or nitride passivation, depending upon which package option was
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used. This is as per standard production procedure. The test results are shown in Table 7.1

Table 7.1 Wafer Level Reliability test runs

Foundry Metallization Topside Package

Run No. Run No. Material Type
1 C1 Oxide CPGA
2 P1 Nitride PPGA
3 C2 Oxide CPGA
4 C3 Oxide CPGA
5 P2 Nitride PPGA
6 C4 Oxide CPGA

Because of the expense and the time involved in preparing the test structures, burn in
boards, and failure analysis equipment, the cxpeiment was designed to test out the gate oxide
reliability relationship between Wafer Lz+ ' Reliability and long term burn in life tests. By
concentrating on a single failure mode, tests and test structures can be developed to efficiently
monitor for the gate oxide reliability. The same procedure can then be repeated for
electromigration and k: carrier reliability monitoring at the wafer level.

7.3.1 Wafer Level Reliability Tests

The wafer reliability tests were run on specific test structures on a test chip adjacent to a
product logic =hip. The results from the WLR test chip can be used to infer reliability data
from the same product die on the same wafers. On the test chip, there are various test
capacitors that were used for the Wafer Level Reliability tests. These test capacitors were of
the largest area possible to be sensitive to gate oxide failures. The capacitor structure consists
of doped polysilicon over gate oxide over either N or P doped silicon wells. The capacitors are

large. The four capacitors used in the VRAMP tests are: two capacitors, both P and N type

substrates, with an area of 0.001 mm? and two capacitors, both P and N type substrates, with
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an area of 0.005 mm2, The test capacitors were stressed by using VRAMP tests to determine
gate oxide reliability.

The procedure used for the VRAMP tests was the same as the standard JEDEC VRAMP
method. In the JEDEC method, the voltage is ramped at a rate of 0.3 MV/cm/sec, to 2
maximum of 30 MV/cm. The current density flow through the capacitor is monitored and the
failure is reached ‘When the current density flow is equal to or greater than 30 A/cm2. Table 7.2
below shows the results of the VRAMP tests normalized by comparing the test failures to the
production standard failure rate. This normalization of test results to standards is done through

out this chapter.

Table 7.2 VRAMP normalized data

BREAKDOWN VOLTAGE RANGE
ov | 0+V |5V 1ov lisv 120v |25V | >30v
Run No. oSV | 1010V | 1015V | 1020V | 1025V | 1030V

C1 00%| 47%| 86% | 1.4% | 35.5%| 502%| 00% | 0.0%

C2 09%| 00%| 00%| 00%| 00%| 9.1%4 00%]| 00%
C3 65% | 00%| 00%| 00%| 18.5%| 750%| 0.0%| 00%
C4 334%| 04%| 00%| 00%| 0.7% | 148%| 507%| 0.0%
P1 38.8%| 0.1%| 00%| 00%| 06% | 60.4%| 00%| 0.0%
P2 247%| 00%| 00%| 00%| 1.1% | 742%| 00%] 00%

The VRAMP data can be categorized into three categories: immediate failures, other
failures and no failures ( passing die). An immediate failure on a VRAMP test occurs when the
gate oxide breaks down as soon as any potential is applied. The production die from any lots
with immediate failures would probably have either yield or infant mortality fajlures.

The other failures refer to test die that have a gate oxide that can hold a potential acrass
it, bt the gate oxide breaks down at less than 15 volts. This type of failure in the VRAMP data
indicates an early lifetime failure in production die. Consequently, the passing die are
determined to have good gate oxide when the VRAFAP breakdown is greater than 15 volts.



The results of the VRAMP tests, grouped into these three failure categories are shown below in

Table 7.3.
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Table 7.3 VRAMP normalized failure results

Run No. | Normalized Normalized Normalized
Immediate Other Total

Failures Failures Failures
Ci 0.0% 14.7% 14.7%
2 0.9% 0.0% 0.9%
C3 6.5% 0.0% 6.5%
C4 33.4% 0.4% 33.8%
P1 38.8% 0.0% 38.8%
P2 24.7% 0.0% 24.7%

In addition to the VRAMP monitoring of the large capacitors on the test die, other tests
were done to determine gate oxide reliability. On the large test capacitors, a QBD test was
done. QBD refers to the charge required to break down a dielectric or Charge to Break
Down. In this test, a constant current density of 0.121 A/cm2 is applied to the gate oxide and
the time to breakdown of the gate oxide is recorded. From the time to breakdown and the

current applied, the charge can be calculated. A pass was declared when the gate oxide is
capable of holding a charge greater than 5 C/cm?. This test also showed immediate failures.

An immediate failure for a QBD ‘iest is the same as that for a VRAMP test, the gate oxide has
broken down before any current can be applied to it. The results of the QBD failures are
normalized to a standard QBD failure and are presented in Table 7.4 below.



Table 7.4 QBD normalized test results
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Run No. | Normalized Normalized Normalized
Immediate Other Total
Failures Failures Failures
C1 22.8% 0.0% 22.8%
C2 15.8% 0.0% 15.8%
C3 5.3% 15.8% 21.1%
C4 0.0% 0.0% 0.0%
P1 0.0% 0.0% 0.0%
P2 5.3% 5.3% 10.6%

Another test for gate oxide reliability was done on the scribeline parametric test transistors.
The BVOX test was done on the small gate oxide of the parametric test transistor. BVOX
refers to Breakdown Voltage of OXide. This test is also done at the wafer level, using a test
rransistor structure in the scribe line. Both the BVOX and the QBD tests were done at the wafer
level as a comparison to the VRAMP tests. The BVOX test is similar to a VRAMP test, except
that the BVOX test did not follow the JEDEC ramp standard. A pass is determined when the
gate oxide breaks down at a voltage greater than 12 voits Table 7.5 shows the results of the

BVOX tests, normalized to a standard BVOX yield.

Table 7.5 BVOX normalized failure results

{ Run No. Normalized Normalized

BVOXN BVOX P

Failures Failures

Cl 2.7% 0.3%

C2 0.0% 0.0%

C3 0.0% 0.0%

C4 0.3% 0.0%

Pl 0.0% 0.0%

P2 0.0% 0.0%
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The test transistor that the BVOX tests were done on has a gate oxide area of 20um? or

0.000020 mm2. This gate oxide area is much smaller than the gate oxide used for the VRAMP

tests on the Wafer Level Reliability test chip.
7.3.2 Wafer Sort and Final Test

The. product die from the test runs went through the standard wafer sort operation. The
yield normalized to production yield standards are given below in Table 7.6.

Table 7.6 Normalized wafer sort yields

Run No. Iﬂzt.mbie l%%?eigzed
Cl 370 151.3%
c2 198 111.1%
C3 198 75.8%
C4 158 0.0%
Pl 198 104.8%
P2 198 | 758%

Notice that the run, "C4" did not yield at all at wafer sort. This means that no die were sent on
to be assembled and subsequently, final tested and burned in.

The yield results of the final test operation on the packaged production parts is given as a
percentage of the production final test yield standard. These yields are given in Tables 7.7 and
7.8. Additional test runs P3, P4 and P5 are included in the final test results for information

purposes. These runs went through the metallization processes as the same time as the other
test runs shown previously.



-165-

Table 7.7 Normalized final test yields

Run No. | Total Normalized
ICs Yield
C1 167 96.3%
C2 104 101.1%
C3 110 103.1%
C4 N/A N/A
P1 110 105.3%
P2 110 102.5%
P3 57 99.7%
P4 104 99.2%
P5 106 99.3%

Table 7.8 Average normalized final test yields

Number Package Total Average

of Runs Type ILC.'s Normalized Yield
3 Ceramic 214 102.1%
S Plastic 487 101.4%

7.3.3 Reliability Stress Tests

The product die which were packaged and final tested were then stressed in the traditional
lifetest manner. By testing on the adjacent product die next to the Wafer Level Reliability test
die, information about the relationship of the Wafer Level Reliability test structures to actual
product reliability can be determined. Two types of packages were used for the reliability burn
in stressing and testing. These were CPGA (Ceramic Pin Grid Array) and PPGA (Plastic Pin
Grid Array). The die that were packaged in the CPGA packages had oxide passivation on them
and the die that were packaged in the PPGA had nitride passiviation on them. The reason that
the CPGA and the PPGA packages were chosen is that there was available burn in boards for
these package options for the High Temperature Dynamic Lifetest.

For the Ceramic Packages, (CPGA) the following tests were done: one-third of the total
units (parts) were subjected to 1000 hours of 150°C HTS (High Temperature Storage), onz-
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third of the total units were subjected to 1000 hours of 175°C HTS, and one-third of the total
units were subjected to 100 hours of 125 at 6 Volts HTDL (High Temperature Dynamic
Lifetest).

The Plastic Packages, (PPGA) had the following tests done: one-quarter of the total units
(parts) were subjected to 1000 hours of 150°C HTS (High Temperature Storage), one-quarter
of the total units were subjected to 1000 hours of 125°C at 6 Volts HTDL (High Temperature
Dynamic Lifetest), one-quarter of the total units were subjected to 1000 hours of 85C at 6
Volts at 85% relative humidity HTHL (High Temperature/Humidity Lifetest) and one-quarter of
the total units were subjected to 96 hours of 121°C at 15 PSIG PPT (Pressure Pot test). The
Pressure Pot stress test is similar to the High Temperature/Humidity Lifetest in that the high
pressure is used to force moisture into the plastic packages. If there is a package that is not
sealed, this test precipitates failures.

Table 7.9 shows that amount of product that was subjected to these reliability stress tests.
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Table 7.9 Reliability stress test configuration

Run No. Stress Test No. Hours No.LC.'s
C1 HIDL 1000 45
HTS @ 150°C 1000 45
HTS@ 175°C 1000 45
(o0 HIDL 1000 32
HTS @ 150°C 1000 32
HTS @ 175°C 1000 32
C3 HTDL 1000 32
HTS @ 150°C 1000 30
HTS@ 175°C 1000 32
P1 HTIDL 1000 25
HTS @ 150°C 1000 25
HTHL 1000 25
PPT 96 25
P2 HIDL 1000 25
HTS @ 150°C 1000 25
HTHL 1000 25
PPT 96 25

Table 7.10 shows the results of the long term bum in tests. The results are normalized with
respect to the expected number of failures normally found in ongoing monitor lots. Therefore,
a normalized failure of 100% equals the standard. Any failure over 100% is in excess of the
normal standard.
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Run Reliability No. % Normalized Failure Analysis
Number Stress Test Hours | Failures Result
C1 HIDL 48 333.5% Gate Oxide Pinhole
HIDL 500 119.0% Gate Oxide Pinhole
HTS @ 150°C 500 111.0% Testing Failure !
HTS @ 150°C 1000 135.0% Metal 1 Slit Void
HTS@175°C 1000 111.0% Testing Failure !
HTS@ 175°C 1000 682.2% Metal 1 Slit Void
o) HIDL 48 156.3% Metal 1 Slit Void
HIDL 500 161.3% Metal 1 Slit Void
HIDL 1000 1000.0% Metal 1 Slit Void
HTS @ 150°C 500 312.5% Open Via
HTS@ 175°C 500 312.5% Open Via
HTS@ 175°C 1000 1500.0% Metal 1 Slit Void
3 HIDL 168 156.3% Open Via
HTS @ i50°C 500 166.7% Open Via
P1 HIDL 1000 200.0% Open Via
m HTDL 1000 200.0% Open Via
NOTE: 1.The reliability failures that were determined to be "Testing

The above table, Table 7.10 shows the results of the individual burn in tests. The entire lot

Failures" are not real reliability failures. These failures are due
to, incorrect functional testing during the reliability stressing.

determined to be functional ICs.

During the failure analysis, these parts were retested and

failures from these tests are summarized by failure category in Table 7.11.
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Table 7.11 Reliability stress test results summary

S e amne
Run 9% Normalized Failure Analysis Result
Number Fallures
s e g o -
Cl1 259 5% Metal 1 Slit Void

148 0% Gate Oxide Pinhole
74.0% Testing Failure - not real

s g P o
C2 885.4% Metal 1 Slit Void

208.3% Open Via

C3 106.4% Open Via
E S i P

P1 50,0% Open Via
— o]

P2 50,0% Open Via
Gl i

7.4 Data Analysis

In looking at the previOus tabless the results from the more traditional 1ests can be Compared
to the Wafer Level Reliability test results. The results of the wafer level tests on the gate oxides
- VRAMP, QBD and BVOY - will be compared with the traditional yield and reliability results -
wafer sort yields, final test yields and the reliability lifetime stress tests.

The first Wafer Level Reliability test to be examined is the Break Down Voltage Oxide
(BVOX) parametric test. This test Was conducted on the scribe line transistors. The results
showed no correlation t0 eigher the Vield or the lifetime reliability stressing, This result is not
surprising. The BVOX test is done during the electrical parametrics test on the Same Scribe line
transistors. These test traNsistors ar€ the same size as the minimum dimension transistors that
are used throughout the gate atray Jogic and have a minimal gate oxide area, This smal] area is
insensitive to anything less than a Catastrophic level of gate oxide defects. From the results in
Table 7.5, the small gate oxide area essentially shows no defects and therefore is insepsitive to
the level of defects that Were Shown to exXist by the VRAMP tests. This is an example of what
parametric testing detects, gross processing problems. BVOX results show only minor
problems with two runs - C1 and C4. The yield results show that Cl, did not have yield
problems yet run C4 did not yield at all. Run C1 did not have yield probjems but did have
failures in lifetest later deteymined to be gate oxide pinholes. These gate oxjde pinholes were
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determined by failure Malysis to be a result of Electrostatic Discharg® (ESD) damage. Because
there is not a significant pUmbeT of faijures, it is difficult to sepafte the failyses from the
natural variation in the test fajltres. The gate oxide area is not large enolgh on the test
transistor for the scriDe 1ine test transistor to be used as a Wafer Level Rellabjlity monitor
structure. The scribe Jite gansistOrs are used in parametric testing as gro$S proCess monitors to
detect large errors in ProceSsing. Parfametric testing will detect suCh procesSing errors as a
missing implant step.

A similar analysis Can b made grom the charge to break down (QBD) restlts, These tests
were also done on a fow parag®iric test transistor sites on the wafer. Agdin, some gross
results can be seen frot ghese 1£5ts, Only a few tests were done beCapse this type of testis a
medium stress test and takes 2 lopg time to complete. For good Sate Oxid¢s, QBD takes a
number of minutes fOF the 8ate Oxide to break down. Therefore, ORly # small sample of ten
sites per run was mantially tested-

With a larger gate Oxide are, there is a higher probability of detecting defects in the gate
oxide. The VRAMP eyt were dOne on the large capacitors on the Wafer Level Reliability test
chip. With the ramped voltage f&ss, (VRAMP), there is a relationship berween the VRAMP
failures and both the Wafes Sort Yield and reliability lifetests. In looKing 4t the Yield results, the
ceramic runs (C1 throtigh C4) 2t went through the wafer sort at the Sa® tim® wes® compared
with the initial failure yesolis of the VRAMP tests. An immediate failtre i VRAMP was a
result of a failure so s€Vere in the gate Oxide that the gate oxide in the test Cap#Citor i incapable
of holding any charge ; gll. TS means that time 0, the voltage acrOys the test capacitor to the
N or P well is 0 volts. “This 16k of capacitance is usually indicative Of s¢Floys Processing
problems.

Severe processifR psObleMs ysually cause yield loss. Thetefore, i comparing the
normalized VRAMP injtjal fajllve results with the normalized wafer sont yield results in the
graph shown in Figure 7.6.
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VRAMP Immediate Failures VS Wafer Sort Yield

50.0%
g
‘g 40.0%, 1
g
g 30.0%
gé 20-0%;
wv 0oL =
Eé 10.0%
Eg M % € ¥ ¥ ¥ 2 2 ¥ ®» 2
zE ?:?:g?:g&&?:‘b?:&?:?:
6 © © o o © © © © © ©
8 ¥ 8 8 2§ §F 22 g
Normalized Wafer Sort Yield
(% Standard)

Figure 7.6 Wafer dielectric failure versus wafer sort yields

As the number of Sites of test die that fail due to immediate failures increases, the lower the
yield of the Production die is. This can be compared to a defest density. With more gate oxide
failures, the higher the defect density level of this particular failure is. That is, the more gate
oxide area is damaged, until no good product die are left in a particular test run. The
relationship is a Eeometric one, dependent upon the area affected. This is a similar result as the
various yield model Would predict. When the amount of gate oxide failures as shown by the
VRAMP test reaches more than 33% normalized immediate failures as compared to the
standard failyre rate, the adjacent product die on the same test wafers have no good functioning
die at wafer sort.

In analyzing the VRAMP test data, not all the failures that occurred were of the immediate
failure type. The other failures occurred when the gate oxide broke down before 15 volts was
reached during the VRAMP test. These VRAMP failur results re indicative of a weak gate
oxide, not 2 failed gate oxide. The gate oxide breaking down at less than the normal voltage is
more an indication of a reliability problem than a wafer sort yield problem. A weak gate oxide
will stil] allow the die to work initially but a2 weak or contaminated gate oxide will cause an
early lifetime wearout.
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Therefore, in 1ooking at the lifetime reliability results, the failures that were determined to
not be related 10 the Sate Oxides will not be considered in a comparison with the VRAMP non-
immediate fajlures. From Table 7.10, the only run that had gate oxide reliability lifetest failures
was run C1. The other runs are considered to have no reliability lifetest gate oxide failures.
The graph of the nOmalized VRAMP failures compared to the normalized reliability lifetest
failures is shown in Figure 7.7.

VRAMP Failures VS Gate Oxide Reliability Failures
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Figure 7.7 Wafer failyses versus gate oxide lifetime reliability faitures

The only Tun thay showed weak gate oxide resuits from the VRAMP tests is run Cl. Run
C1 was also the only yun that had failures due to gate oxide pinholes. The other runs €2 and
C3) had no gate OXide failures and essentially no VRAMP failures. Runs C1 and (2 tave
their data point ovetlap at the origin of the above graph.

The gare oxide pinhole failures were determined to be due to ESD damage. This was
determined through gailure analysis of the parts that failed the reliability lifetime burn in tests.
The Wafer Level Rejjability TRAMP stress test was able to predict a reliability problem with
this pasticular lot. The traditional reliability stress tests clearly show the gate oxide problem.
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The results from final test do not show any specific failure modes or correlation to any
wafer reliability tests, except for a lower final test yield for run C1. This is interesting to note
because the final test is another functional test, similar to the wafer sort operation. If the wafer
sort operation is done cotrectly, there is a small amount of failure at final test due to either
assembly induced defects or die that have infant mortality problems. Run C1 showing a lower
final test yield along with having a weak gate oxide is not unexpected. Outside of the usual
assemnbly related defects, there would be some die in run C1 that barely passed the wafer sort
testing operation due to the weak gate oxide. These additional die at final test failed due to the
stressing of the heat cycles encountered in the assembly processes and the electrical stress of
final functional testing. The normalized VRAMP test results compared to the normalized final
test yields is presented in the graph in Figure 7.8, below.

VRAMP Failures VS Final Test Yield
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Figure 7.8 Wafer failures versus final test yield

From the above graph, there appears to be a decrease in the final test yield with an increase
in the failure of the VRAMP tests. The final test yield has natural variance associated with it.
If the wafer sort test has been done correctly, there will be a small percentage of failures
associated with "escapes” from wafer sort in the final test yield. The final test yield will mostly
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reflect failures due 10 the assembly processes. The above graph shows the final test yield of
five of the Six Jots - C1, C2, C3, P1 and P2. With no yield on run C4, there were no good die
t0 agsemble and consequently, no parts (ICs) for final test.

The only run that had a significant failure during the Wafer Level Reliability VRAMP test
alsy had the Jowest final test yield, run C1. This final test yield was outside of the normal
variance seen in production at final test. Although no failure snalysis was done on the failed
run C1 final test yield loss, the yield was significantly less than the normal standard assembly
ceramic yield, The standard yield is shown as a normalized final test yield of 100%. It can not
be determineg that the yield loss was due to the weak gate oxide without the failure analysis,
but ¢his would seem to be a reasonable assumption due to the Wafer Level Reliability data.

7.5 Wafer Level Reliability

The question still arises with the results presented on run C4, why was it not detected until
the wafer Sort Operation? The answer to this question is that the manufacturing processes
entesed an oyt of control condition that was not detected. This is why the gate oxide reliability
is only one factor that must be considered when determining what failure modes to monitor for
with Wafer Level Reliability.

To develop a set of WLR structures to be used in monitoring the reliability of a
manufactuting process, the major failure mechanisms must first be known and understood. By
identifying the major failure mechanisms, test structures can then be designed and developed -0
tegt for these failures. The purpose of using Wafer Level Reliability is to have the failures
known as €arly in the process as possible. To be proactive, rather than reactive.

Gate Oxige wafer level test structures are just one type of test structures to test one major
faijure mechanism for reliability failures. In examining the results of the burn in lifetime tests
in Table 7.11, there were also failures for open vias and metal 1 slit voids. These are failures
thag possibly could be detected early through the use of Wafer Leve) Reliability monitoring.

Wafer Level Reliability is not just a single type of test structure or failure mode. The slit
void failure js a first Jayer metal stress void failure, This can be detected by use of
electromigration iest structures such as the SWEAT test structure. The monitoring of via chain
electromigration structures may have detected the via failures. Further work is needed in
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determining exactly which structures will accurately detect Which failure modes.

Cerain failures may not be detected by test structures that were designed to detect
problems. For example, a particular via problem may be a result of sensitivities of a particular
design to a particular process. The test structure in question may not be designed to have a
struCture that is sensitive to a particular failure. Even though there are test structures and
procedures in place to detest via problems, the problems that are structurally sensitive can go
undetected by some Wafer Level Reliability test Structures.

To over come this, the development of Wafer Level Reliability test structures must be a
conStant ongoing process. As new technologies are developed with smaller and different
designs With different materials, new failures will result. As processes are changed, different
process sensitivities will result causing new reliability failure modes. Not all of the failures that
cant occur on a particular design can be detected. Wafer Level Reliability is not intended 10
replace the traditional monitoring of lifetime through the various accelerated burn in tests.
However, the advantage of Wafer Level Reliability is that it requires much less time to do than
the traditional lifetime burn in tests. Tests are designed to take less than a minute for Wafer
Level Reliability tests as compared to the traditional lifetime tests. Another advantage of Wafer
Level Reliability tests is that # does not destroy product. Lifetime bur in stressing destroys
the product it is testing. Wafer Level Reliability test structures can be put into the scribe line
area next 1o every product die. The importance of this is that information on the reliability of
product can now be gathered without destroying the product itself. For specific reliability
conoegns, product can now be monitored and data can be gathered about the reliability of the
product.

Because the Wafer Level Reliability tests can be done in a short amount of time, it is now
possible to do reliability monitoring on every Single wafer that is produced. This amount of
sampling will increase the confidence level of the reliability of the final product. The outgoing
quality of %e product can be statistically guaranteed to be at a certain confidence level for a
given number of different reliability failure modes,

A question still arises about how one obtzins lifetime data from Wafer Level Reliability
1ests and test structures. While it is not feasible to gather complete lif=time data of a part that
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have many different reliability failure modes from a number of different test structures that are
designed to only monitor single failure modes, it is feasible to gather indications of the product
lifetime from these test structures. The test structures will only show reliability failures that
they are designed to detect. If there is a reliability failure that no test structure exists to detect, it
will go undetected. The procedure is to have Wafer Level Reliability a vital part of an overall
quality program.

7.5.1 Statistical Process Control

Constant sampling of lots through traditional lifetime burn in tests will help to identify the
major reliability failure modes. From these failure modes, test structures can be used or
designed to detect the failures. The sensitivity of the test structures and the testing
methodology can be determined by experiments such as the gate oxide Wafer Level Reliability
testizsg done here. Statistical Process Control @PC) principles are important in determining
the relationship of Wafer Level Reliability results to burn in lifetime reliability results. When
the manufacturing process is in control, there will be some small variance in both the Wafer
Level Reliability tests and the lifetime burn in tests. SPC can be used to show the difference
between the natural variance of a Wafer Level Reliability test and an out of control condition
that requires attention. The implementation of Statistical Process Control in Wafer Level
Reliability monitoring is outlined below.

Most of the Lifetime stress tests usually involves at least 1000 hours to complete the test.
This means that very little of the actual production lots can be sampled for reliability testing.
This is also very expensive to do and destroys product ICs in the process. To obtain enough
samples to guarantee product lifetime is also usually prohibitively expensive. The answer to
this problem is to use accelerated Wafer Level Reliability testing. The key to using Wafer Level
Reliability methodologies as lifetime monitoring is to correlate these tests to the results of burn
in analysis and use SPC to determine out of control conditions.

The comrect way to determine the Median Time To Failure (MTTF) and to have enough
sampling of product to insure product reliability is to develop an ongoing comparison of Wafer
Level Reliability monitoring with lifetime stress testing. Once & correlation between the MTTF
of the bumn in tests and the accelerated test is done, the relationship between the Wafer Level
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Reliability test methodologies and the lifetimes of the particular reliability is known.Once  this
work is done on a mature process, a base line of results will be established. This "base line" is
a known set of correlations between the Wafer Level Reliability testing results and the Bum in

MTTFs. For example, if a 1010 hour resylt of a product had a SWEAT test structure last for

30 seconds before failure, then the 30 second SWEAT result could be considered for a
production process as a base line monitor. Through enough test and statistical analysis, a base
line for other reliability failure modes can be established. For an in control, mature procCess,
these base Yine results are the results that are expected from normal Wafer Level Reliability
testing.

This base lining of the process leads to the next part of an overall Wafer Level Reliability
program. Once the base line is established, it can be used to monitor the day to day production
of a VLSI manufacturing facility. By using the principals of Statistical Process Control, SPC,
a process monitor (PM) can be set up. The PM would involve various test structures and test
methodologies such as SWEAT or BEM, VRAMP or JRAMP, and a hot carrier test
methodology. As long as the results of the tests remain within control, that is, within the
normal distribution of results, the product will have an acceptable lifetime for the particular
reliability failure mode.

If the tests deteriorate below the normal distribution limits, this indicates an out of control
condition and product that would have reliability problems. Action can then be taken to
identify what has changed in the manufacturing process, and the corresponding problem can be
rectified before any more product is affected.

To look at an out of control condition, the example of an electromigration SWEAT test
production monitor will be used. This SWEAT monitor can be any monitor of a metal layer
electromigration. For the purposes of illustration, a Metal 1 monitor will be used.

The graph below shows the mean time to failure of a typical Metal 1 production monitor
SWEAT test on product wafers done on a lot by lot basis:
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Figure 7.9 SWEAT clectromigration control chart

The example electromigration Production Monitor (PM)'s would be tested and a lot average
is plotted on a chart like the one shown above. The mean time to failure Temains statistically in
control between the UCL (Upper Control Limit) and the LCL (Lower Control Limif). Whea
lots fall below the LCL, action must be taken to find out where the manufactaring process is
out of control before more defective product is manufactured. Even through the lots that are
below the LCL do not have their actual electromigration MTTF known, the results from the
correlation experiments clearly show that there is a problem with their lifetime due to
electromigration. This is an example of part of an entire reliability and quality manufacturing
monitoring program. Similar Wafer Level Reliability monitors would be installed for all the
major reliability failure modes.

By using this principle of Statistical Process Control, the reliability of 2 given process can
be monitored. The variows wafer reliability results can then be related to a given lifetime failure.
When a process does go-out of control, the Wafer Level Reliability test will show this. The
particular test will fail. The lifetime affect will not be known, but it Will be known that the
lifetime is being affected and steps can be taken to bring the process back into control. This is
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perhaps the greatest advantage to Wafer Level Reliability. It is proactive, rather than reactive.
Action can be taken when the process goes out of control and affected product can be scrapped
out of produ:ction. With the traditional lifetest, problems could go undetected for months.

This is because of the length of the traditional lifetime bumn in tests take. Not only does it take
1000 hours or more 10 stress the test parts, there is addiz#.nal time of testing and retesting the
parts during the lifetest plus the additional time t do the failure analysis that determines the
exact failure mode. Even after all of this testing, some failures can be missed. Because the
traditional lifetime tests consume a large amount of resources, the ongoing Lifetime burn in
monitor sample volumes are usually small when compared with production volumes. It is
therefore possible for an intermittent reliability problem to go undetected by using only the
traditional Lifetime burn in tests for reliability screening.

The sooner a reliability problem is detected, the less the effect upon the product and
customers is felt. By testing for reliability within the manufacturing line by the use of Wafer
Level Reliability rather than after, reliability problems can be resolved before a large amount of
product is affected. The flow chart in Figure 7.10 gives an example of where Wafer Level
Reliability tests could be incorporated into a semiconductor manufacturing process flow.
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Figure 7.10 Wafer Level Reliability Process Monitor flow chart

As a wafer is processed, time and resources have been spent on the manufacture of the
wafer. 'Iheearlierpmblemscanbedetected,theearlierthepromscanbecomctedandthe
less product is affected. Reliability monitoring within the manufacturing processes is now
possible through the use of Statistical Process Control, Wafer Level Reliability developmient
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and Lifetime burn in data correlation.
7.5.2 Product Lifetime Modeling

One of the major goals of a semiconductor reliability program is to gain information about
the lifetime of Integrated Circuits. Most semiconductor lifetimes provided by manufacturers are
derived from the resuits of long term bum in lifetime testing. Wafer Level Reliability can not
by itself predict product lifetime.

WLR testing can be used in a process monitoring function as described previously, by
using the principles of SPC monitoring to detect when the reliability of a product is outside of
the normal variance seen in the WLR test data. If the individual results of these tests are
applied to the Arrhenius equation, one will derive a number for the lifetime of a major reliability
failure mode. This lifetime number would not be accurate for the following reasons. Wafer
Level Reliability is done on a test structure that is specifically designed to cause failures for
that one mode only. The test structure is different that the structure of the actual production
circuitry. The lifetime data obtained is a representation of the lifetime of the test structure
circuit under normal operadon, not the associated product IC.

The other difficulty is that the WLR tests are highly accelerated. Even a small error in
measurement or drift in equipment calibration can cause a large error in lifetime calculations. It
is almost impossible to determine lifetimes of 10 years or so from a test that takes only 30
sceonds.

Yet the desire is to take the data that Wafer Level Reliability provides and apply it to product
lifetimes. WLR testing provides a possibility of collecting a large amount of data quickly. To
use this data in the lifetime calculations of product predictions would enable the lifetime effects
of process problems to be determined. With a limited amount of sampling that takes place with
the lifetime burn in tests, information about the lifetime effects of process problems is difficult
to obtain, Small sample sizes of reliability monitoring lots for lifetime burn in can miss process
problems. With WLR structures present in scribe line structures adjacent to productior: die,
data can be obtained from every wafer that has a potential process problem.

The issue is still relating the data from WLR test data to product lifetime. The methodology
illustrated in this chapter to determine the relationship between the VRAMP results and the gate
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oxide reliability is an example of the methodology of relating the WLR test data to the lifetime
burn in results. Through additional correlation of other WLR test structures such as SWEAT
or hot carrier structures to lifetime burn in results, empirical relationships can be established
between Wafer Reliability tests and actual product lifetimes. This methodology is how WLR
test can be used to determine product lifetimes. The lifetime of product can be modelled by first
understanding the empirical relationship between product lifetime burn in tests and Wafer Level
Reliability data.

WLR test structures can be tested to determine if they actually detect the major reliability
failure modes that they are designed to. The test structures and the associated test methodology
can then be refined such that the major failure modes are detected. A test chip with these major
test structures is then placed next to a production die as illustrated in Figure 7.4. Additional
data can then be gathered to determine the relationship between the WLR test results and the
lifetime burn in results. The product die adjacent to the WLR test die is subjected to the lifetime
burn in test to determine the FIT rates of the major reliability failure modes. Over a period of
time, empirical relationships between the major reliability failure modes contribution to the
overall FIT rate and the WLR test time can be established. For example, if the normal WLR
metal 1 SWEAT test is shown to last for 30 seconds, and this corresponds to a contribution to
the overall FIT rate of 2.5 fits, then an empirical data relationship is known. If a particular lot
experiences a major process problem such as corrosion, the metal 1 SWEAT survival time may
drop to 20 seconds. The associated product would not be used in its intended application, but
would be used to determine the effect on product lifetime of the metal 1 corrosion problem.
This would then establish another data point in the WLR and lifetime relationship. Over time
enough empirical data has been gathered, a model of the major reliability failure modes
contribution to the overall FIT rate can be established. An example of what this limited
reliability model is given below in Table 7.12.
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Table 7.11 Reliability stress test results summary

Major Failure Modes FIT Rate Contribution
Gate Oxide 1.7
Hot Electron 0.8
Contact Electromigration 0.3
Metal 1 Electromigration 0.7
Metal 1 Stress Voids 0.2
Via Electromigration 0.3
Metal 2 Electromigration 2.3
Metal 2 Stress Voids 0.9
Passivation Pinholes 0.0
Assembly Static Discharge 0.4
Not Determined 1.3
TOTAL FAILURE RATE 8.9

The not determined data would be due to failures that could not be identified or not monitored
forin a WLR test structure. This model would be updated as the process changes and evolves.
In addition to new Wafer Level Reliability tests and test procedures, new lifetime stress tests
that precipitate the lifetime failures would also be developed. From this model, quick
information about the lifetime can be obtained quickly though the use of WLR data. The
traditional lifetime burn in tests would be used mostly for the evaluation and updating the WLR
reliabifity model and less for product lifetime evaluation.
7.6 Summary

The relationship between the Wafer Level Reliability test data and the lifetime bum in
results has, been demonstrated through the testing of ASIC CMOS gate oxide. VRAMP WLR
testing was shown to predict lifetime and yield failures on product die adjacent to the test chips.
Through the use of High Temperature Storage and High Temperature Dynamic Lifetime
stressing, failures were found on a lot that had VRAMP failures. With severe WLR VAMP
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immediate failures, the wafer sort yield was also seen to be affected.

The procedure outlined in this gate oxide test shows how Wafer Level Reliability can be
used at various process steps as a production monitor for reliability. This WLR production
monitoring within the various process steps, this in process monitoring, can identify the major
reliability defects within the process, not months after the problem. Data can be gathered
rapidly and changes can be made through the principles of Statistical Process Control, SPC.

Further research is required to develop the Wafer Level Reliability test result relationship to
lifetime burn in data results. By following the same procedure demonstrated on the gate oxide
reliability for other major reliability failure modes, empirical data can be gathered to develop a
Wafer Level Reliability lifetime model. This model can then be used to estimate the product
lifetime much quicker than the existing lifetime burn in procedures. Lifetime information about
the impact of process changes can be assessed quickly, rather than in a period of months as it
takes today.

The only way to insure that the model remains accurate and can roughly estimate the
lifetime of product, is to have an ongoing Wafer Level Reliability monitor program. The
purpose of developing this program is to continually update the model, as well as identify new
fsilure modes. With the identification of new failure modes, new WLR structures and test
procedures can be developed and old ones updated to detect the new failure modes. The Wafer
Level Reliability data can be empirically related to adjacent burn in lifetime failure rates. The
model can then be updated to reflect new data and improve the accuracy of the model.

Further research and development is required in the arca of Wafer Level Reliability to
develop a model that can give a good indication of product lifetimes. Even with a good model,
there will be limit=tions to the prediction accuracy. The model will only be able to show
failures in the major failure modes, not all of the possible failures. With more development of
this Wafer Level Reliability model, it may be possible to estimate product lifetime data from in
process monitors. This would mean specific wafers could have their reliability assessed by
testing the WLR structures on them.
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CHAPTER VIII
CONCLUSIONS

The semiconductor reliability research activities conducted im this thesis were directed at
providing a “state of the art” knowledge base and an evaluation of the new and emerging field
of Wafer Level Reliability, specifically for Application Specific Integrated Circuits (ASIC).
Semiconductor designs and processes are continually undergoing rapid changes in complexity,
performance and size in response to increased competition and the economic pressures of the
industry. Semiconductor manufacturers are challenged to produce integrated circuits that are
inexpensive yet more reliable than ever before. New semiconductor processes, testing
methodologies and procedures are being developed to accommodate these changes by
increasing the amount of reliability assurance testing through Wafer Level Reliability Testing,
the subject of this thesis. Presently, there is very little, if any, published material on this new
area.

Initially, the fundamentals of semiconductor manufacturing processes (e.g.
photolithography, ion implantation and diffusion, thin film deposition, etching, etc.) were
discussed and illustrated is some detail to form a part of the knowledge base required to
understand the possible failure mechanisms and defects that can occur due to process
irregularities. These fundamentals were required to demonstrate the dominant failure
mechanisms that affect the reliability of semiconductor devices and to reveal the importance of
Wafer Level Reliability for the evolving semiconductor industry. Process anomalies were
shown to significantly affect the performance and lifetime of integrated circuits.

Yield and reliability are key performance indices of semiconductor manufacturing processes
that define the quality of integrated circuits during the various stages of their fabrication.
Detailed discussions of the various yield concepts (e.g., line yield, wafer sort yield, assembly
yield, final test yield) were presented to reveal how today’s semiconductor manufacturers
monitor the quality of their products during the various stages of their manufacturing
processes. The basic reliability equations (e.g., reliability distributions, burn in reliability,
Arrhenius equation, Eyring’s equation, etc.) and the concepts of accelerated lifetime testing
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were developed and provided as basis for assessing why various test procedures are adopted
by the semiconductor industry. The various acceleration factors, not easily found in the
literature, were presented and provided a means of estimating the failure rate of integrated
circuits operating in different environments. The yield and reliability knowledge base were
required for the interpretation of the empirical Wafer Level Reliability test results presented in
this thesis.

The detailed fundamentals of electromigration, the most critical failure mechanism as seen
by the early life time failures of today’s complex semiconductor circuits were presented. The
basic equations for defining the MTTF of semiconductor circuits and the critical variables that
determine reliability test procedures and screening methodologies were developed and
discussed in detail. New test methodologies (€.g., SWEAT and BEM tests) to detect
electromigration failures were presented and illustrated.

Wafer Level Reliability @i.c., WLR).Tesﬁng fundamentals involving the fabrication and
integration of test structures adjacent to production parts on a single wafer and the specific tests
for these test structures were discussed and illustrated by unique WLR test structures for ASIC
gate array manufacturing. A test chip layout conteining the various test structures (.g., hot
carrier, interconnect chains, SWEAT, BPSG oxide dielectric, interdielectric oxide, gate oxide,
Metal 1 and 2 SWEAT) was presented. Detaiied discussions on the test structures which were
designed to detect the three main failure mechanisms in today’s semiconductor industry,
namely; electromigration, dielectric failures and hot carrier failures was presented. These Wafer
Level Reliability test structures applied to an ASIC manufacturing environment have not been
published to date.

Empirical test results of traditional life time reliability testing for designed and fabricated
wafers containing test circuit die adjacent to ASIC die were presented and analyzed in detail.
Wafer Level Reliability test results, VRAMP, QBD, BVOX, wafer sort, final test results and
reliability stress experimental test results were presented and analyzed in some detail. It was
shown that WLR testing did reveal the major failure mechanisms, many of which were not
detected by some of the traditional screening tests. The test results presented in this thesis
provide insight into the various reliability tests that are conducted at the end of various process



-187-

stages in the manufacturing of semiconductor devices.

The effectiveness in detecting known failure mechanisms by Wafer Level Reliability test
structures being placed on production wafers was clearly demonstrated in this thesis by an
analysis of empirical test data of production runs containing WLR test structures. Wafer Level
Reliability provides an economical and time efficient means of detecting major process
anomalies and provides a means of rapid feedback to control manufacturing processes that are
out of control. Wafer Level Reliability achieves early detection of process anomalies due to the
increased number of samples taken per wafer utilized by this testing methodology. Traditional
lifetime testing methodologies can take several months to identify major process failure
mechanisms while Wafer Level Reliability testing requires significantly less time to identify the
same major failure mechanisms. Analysis of the test results also revealed that some of the
traditional screening tests failed to detect certain failure mechanisms that were detected by
WLR testing. Through the use of in process production monitors, failures can be detected early
in the process.

Another major economical advantage of Wafer Reliability testing is that it is a non-
destructive test and does not consume product in testing, a significant economical advantage
over other testing methodologies. It can be easily incorporated into existing semiconductor
manufacturing processes.

A primary question posed by this thesis was: could Wafer Level Reliability testing predict
the lifetime of semiconductor devices? WLR testing provides an estimate of product lifetime
based on the identification of the major semiconductor failure mechanisms rapidly. It can not
replace traditional lifetime testing methodologies which require months of testing to provide
more accurate estimates of product lifetime. Future research is required to develop accurate
models of the relationships of WLR test results to traditional lifetime testing, before product
lifetimes can be estimated by Wafer Level Reliability test results. An example of this modeling
was discussed in detail in this thesis.

It is important to remember that no testing methodology can econornically identify all the
possible semiconductor failure mechanisms. The failure rate of a semiconductor device is
dependent upon its operating environment and the stresses placed on the individual ICs. For



-188-

example, a silicon rectifier operating in different environments has the following failure rates:

Table 8.1 Semiconductor failure rates in different environments

« air conditioned digital computer 100 FITS
+ data handling system 100 FITS
+ control room 250 FITS
+ normal industrial 500 FITS
« shipboard, chemical environment 1000 FITS
» mobile, road, rail 2500 FITS
» portable and bench applications 2500 FITS
« airborne 5000 FITS
» rocket launch 8000 FITS

Semiconductor manufactaters can only provide base failure rates for their products and it is the
duty of their customers to determine the failure rate of their products depending upon their
utilization.

Wafer Level Reliability is a new and emerging field in semiconductor quality assurance of
ASIC technologies. Considerable costs and research efforts have advanced the Wafer Level
Reliability field to this stage in its evolution. Considerably more rescarch is still required to
develop new test structures that can detect new failure mechanisms in new and existing
semiconductor circuits. Models that relate Wafer Level Reliability to traditional lifetime tests

need to be developed to increase the accuracy of lifetime predictions tarough WLR testing.
Because today’s semiconductor integrated circuits are so reliable (e.g. 1 failure per 10°
operating hours, ie. 1 FIT), reliability testing methodologies are changing in order to
precipitate failures within the shortest time period possible in order to estimate the reliability of

new semiconductor devices.
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