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TUTORIAL 1

RELIABILITY OF ELECTRONIC EQUIPMENT

ASSESSED BY FIELD DATA COLLECTION AND ANALYSIS

A tutorial
by Prof. Jergen Meltoft
The Danish Engineering Academy
Department of Electronic and Electrical Engineering
Akademivej, Building 451
DK-2800 Lyngby, Denmark

Abstract

Ten years ago the reliability of electronic equipment
was in most cases ‘determined' by laboratory testing
and/or predictions. The basis for the predictions was
dominated by results from laboratory testing as well.
Very often this type of reliability ‘determination’ did not
comrespond very well with the following experience of
the field performance.

Today it becomes more and more obvious that field ob-
servations and proper analysis of such observations are
the route to be followed if the reliability is to be deter-
mined realistically and more important is to be im-
proved continuously.

This approach is backed up by engincering methods of
analysis which is not based on the assumption of a con-
stant failure rate and which look at the reliability from
a systems point of view rather than from a component
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point of view. Furthermore these methods take into ac-
count that after a failure normally systems are repaired
and afterwards are neither "as good as new” nor "as bad
as old". Finally the results of an analysis point out
where to concentrate rectifying efforts most efficiently.

The tutorial goes through a number of newly developed
methods for such analysis. The methods presented are
at the same time very efficient and simple to under-
stand as well as simple to apply. The presentation is fo-
cused on the practical engineering aspects which is
supported by a number of industrial cases which the
author has worked on succesfully over the last 10 years.

The data requirements for the methods range from
crude information (the "I-p"-method) to detailed in-
formation (the M(t)-method).

As a final point a strategy for an efficient as well as an
economical way to utilise the methods is outlined.
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ADVANCED TECHNIQUES FOR INTEGRATED CIRCUIT FAILURE ANALYSIS

A tutorial by
Karel Van Doorselaer

Alcatel Bell
Francis Wellespiein 1, B-2018 Antwerp, Belgium

Abstract

A general overview will be given of the various
techniques that bave been developed within the
semiconductor industry for integrated circuit failure
analysis. This overview will present the principles, the
main advantages and difficulties of the different
techniques for failure localisation, imaging and sample
preparation. After the overview, two techniques that
have proven major usefulness in a broad field of
application, will be discussed in detail.

Acoustic Microscopy has caused a real breaktbrough in
understanding failure mechanisms occurring in plastic-
packaged ICs. The principles of this technique will be

highlighted, as well as its use in package related
reliability studies and package cracking (popcorn)
evaluations. With this background, hardware
independent failure criteria will be discussed.

Focussed lon Beams are rapidly emerging as the
powerful tool for sample preparation and silicon related
failure analysis. Its field of application is broadening
because of the increasing importance of its capabilities
for circuit repair. The different applications will be
highlighted, as well as new developments towards
increased performance.

ADVANCED FAILURE ANALYSIS OF SEMICONDUCTOR DEVICES

A tutorial by
Massimo Vanzi

University of Cagliari
Istituto di Elettrotecnica, Piazza d'Armi, 09100 Cagliari, Italy

Abstract

Within the general framework of Reliability Evaluation
of semiconductor devices, Failure Analysis (FA) should
play the role of connecting the detected failure modes
with the underlying, and often cryptic, failure
mechanisms. To this purpose, many research and
technology fields must contribute, ranging from basic
semiconductor physics to advanced analytical
techniques. Nevertheless, what is specific and crucial
for FA is Strategy, which is strongly dependent on the
Device Under Test and its history. As many backwards
processes, this search for causes of observed effects is
not univocally defined, which means that experience is
a fundamental component or, what is the same, that FA
of advanced devices is largely unsuccessful. In
particular, Integrated Circuits beyond a fair level of
complexity, compound semiconductor devices and, in
this field, the specific area of optoelectronic devices are
almost virgin domains for FA. the Integrated Circuit
case is just partially relaxed for IC manufacturers, based
on their knowledge of project, layout and technology of
their own products.
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The general situation, on the contrary, is testified by
the very low number of actual failure analyses on those
fields that are reported on specialised magazines or
s :

The Tutorial on Advanced Failure Analysis is
consequently focussed on onm Strategy of some
significant case histories, dealing with failures from
field applications or life tests of advanced semiconductor
devices of the previously indicated categories, and
belonging to field applications or life tests. Well
established techniques will be called into play, as well
as advanced facilities, both in conventional and unusual
applications, based on Strategy requirements.
Continuous feedback between physical measurements,
interpretive hypotheses and specimen manipulations
will be presented as the interactive "navigation tool” for
successful FA,
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RELIABILITY: WHICH STRATEGY?
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Patrick D. T. O’Connor, Reliability Manager,
British Rail Research

1. INTRODUCTION

The electronic component
industry leads the world in
the achievement of quality
and reliability, whilst at
the same time providing
products and functionality at
steadily reducing prices.
The reliability and cost
effectiveness of modern
electronic systems very
largely results from the
almost incredible reliability

of modern electronic
components. In fact,
failures of electronic

components in modern systems
are rare events. People in
the industry know how these
results have been achieved,
and they know that
competition demands
continuous improvement even
on these levels.

In this paper I will discuss
the effects of externally-
imposed standards on the
quality and reliability of
electronic components.

2. 1809000
2.1 Back n

The international standard
for quality systems, IS509000,
and the British Standard
eguivalent BS5750, have been
developed to provide a
framework for assessing the
extent to which an
organization (a company,
business unit, or provider of
goods and services) meets
criteria related to the
quality of the goods or
services provided. The
concept has been developed
from the US Military Standard
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for quality, MIL-Q-9858,
which was introduced in the
1950’s as a means of assuring
the quality of products built
for the US Military services.
The UK Ministry of Defence
developed a similar standard
(Def Stan 05-21), as did NATO
(AQAP-1). The BSI, and later
the IS0, used these as the
basis for creating BS5750 and
IS09000. These two standards
are in fact identical, and
many other countries have
issued national equivalents.

The original aim of supplier
registration, as exemplified
by standards such as MIL-Q-
9858 and Def Stan 05-21, was
to provide assurance that the
suppliers of equipment
operated visible systems, and
maintained and complied with
written procedures for
aspects such as fault
detection and correction,
calibration, control of
subcontractors, and
segregation of defective
items. They had to maintain
a "Quality Manual"', to
describe the organization and
responsibilities for quality.
It 1is relatively easy to
appreciate the motivation of
large government procurement
agencies such as the Ministry
of Defence to impose such
standards on their suppliers.
However, it is widely
accepted that the approach
has not been very effective,
despite the very high costs
involved, and in the USA the
Department of Defence has
largely discarded it in
favour of more modern
methods, as described later.

A i ion
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The major difference between
the standards and their
defence-related predecessors
is not in their content, but
in the way that they are

applied. The suppliers of
defence equipment were
assessed against the

standards by their customers.
For example, the Ministry of
Defence assessed UK
companies, and successful
assessment was necessary in
order for a company to be
included on the Defence
Contractors’ List, and
therefore entitled to be
considered for MoD contracts.
By contrast, the
IS09000/BS5750 approach
relies on "third party"
assessment: certain
organizations such as BSI,
Lloyds Register, and several
others, are "accredited" by
the National Accreditation
Council for Certification
Bodies {NACCB), which
entitles them to assess
companies and other
organizations, and to issue
registration certificates.
The 3justification given for
third party assessment is
that it removes the need for
every customer to perform his
own assessment of a supplier.
The supplier’s registration
indicates to all his
customers that his quality
system complies with the
standard, and he is relieved
of the burden of |Dbeing
subjected to separate
assessments by all of his
customers, who might
furthermore have varying
requirements.

The other main difference is
that 1S09000 is applied to
every kind of product and
service, and by every kind of
purchasing organization.
Today, schools and colleges,
consultancy practices, local
government departments, and
window cleaners, in addition

to large companies in every
industrial sector, are being
forced by their customers to
become Tregistered or are
deciding that registration is
necessary.

The assessments are performed

by trained and approved
assessors. The organization
desiring to be registered

must apply to a certification
body, and must pay the fees.
Continued certification
requires reassessment every 2
years, as well as random
“"spot check"” assessments,
typically twice per year.

In order to generate the
number of assessors needed,
several organizations are
authorised to run training
courses. Additionally, these
organizations, and individual
consultants, provide further
training and consultancy, for
example on management
aspects, help with preparing
the quality documentation
necessary for registration,
and preliminary assessments
to help prepare for
registration. Of course
these services must all be
paid for.

To an increasing extent,
purchasing organizations such
as companies, government
bodies, and national and
local government agencies are
demanding that their
suppliers must be registered.
Many organizations perceive

the need to obtain
registration in order to
comply with these

requirements when stipulated
by their customers. They
also perceive that
registration will be helpful
in presenting a quality
image, and in improving their
quality systems.

of course, the
organizations

many
and
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individuals, from the NACCB,
the BSI, Lloyds Register, and

others, to individual
consultants, assessors, and
trainers prosetylise and
advertise the apparent

benefits of the system, since
they 1live by it. It is
difficult to derive exact
figures, but the overall cost
to British industry is many
tens of millions of pounds
per annum and growing. The
taxpayer and other customers
also pay a large amount, in
support to the BSI and the
NACCB, and in the costs of
registration by the suppliers
of the goods and services
they use.
2.3 Does__ 1S09000
Quality?

IS09000 does not specifically
address the quality of
products and services. It
describes, 1in very general
and rather vague terms, the
"system'" that should be in
place to assure quality. 1In
principle, there is nothing
in the standard to prevent

an organization from
producing poor quality goods
or services, so long as
procedures are followed and

Improve

problems are documented.
Obviously an organization
with an effective quality

system would normally be more
likely to take corrective
action and improve processes
and service, than would one
which is disorganised,
However, the fact of
registration cannot be taken
as assurance of quality. It
is often stated that
registered organizations can,
and sometimes do, produce
"well-documented rubbish",
An alarming number of
purchasing and quality
managers, in industry and the
public sector, seem to be
unaware of this fundamental
limitation of the standards.
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The effort and expense that
must be expended to obtain
and maintain registration
tend to engender the attitude
that the optimal standards of
quality have been achieved.
The publicity that typically

goes with initial
registration supports this.
The objectives of the
organization, and
particularly of the staff
directly involved in

registration, are directed at
the maintenance of procedures
and audits to ensure that
people work to them. It
becomes more important to
work to procedures than to
develop better ways of doing
things.

2.4
Quality

Total quality is the approach
which was pioneered by
teachers such as W.E.Deming

1509000 and Total

and K. Ishikawa, and
initially applied in Japan in
the late 1950‘s, in which

every person in the company
becomes committed to a never-
ending drive to improve
quality. The drive must be
led by top management, and
must be vigourously supported
by intensive training, the
application of statistical
methods, and motivation for
all to contribute. The total
quality concept links quality
to productivity, and it has
been the prime mover behind
the Japanese industrial
revolution. It is
fundamental to the survival
of any modern manufacturing
business competing in world

markets. Such businesses set
standards for quality,
internally and from their
suppliers, far in excess of

the requirements of 1509000.
These are aimed at the actual
quality levels of the
products, and at continuous
improvement in these levels.
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Much less emphasis is placed
on the "system".

Third party assessment is at
the heart of the 1509000
approach, but the total
quality philosophy demands
close partnership between
suppliers and purchasers. A
matter as essential as
quality cannot be safely left
to be assessed by third
parties, who are unlikely to
have the appropriate
specialist knowledge, and who
cannot be members of the
joint supplier-purchaser
team. This principle applies
whether the supply is of
complex engineering products

or of window cleaning
services, or anything in
between.

Defenders of IS09000 say that
the total quality approach is

too severe for most
organizations, and that
1509000 can provide a
"foundation" for a total

quality effort. However, the
foremost teachers of modern
quality management all argue
against this view. They
point out that any
organization can adopt the
total quality philosophy, and
that it will 1lead to far
greater benefits than
registration to the
standards, and at much lower
costs. It is notable that
the IS09000 approach is not
used in Japan. David
Hutchins, the leading teacher
of quality management in the
UK, states in his book,
"Achieve Total Quality"
(Director Books, 1992) that
"Eventually, those industries
that manage to survive and
the governments of the
countries whose industries
have been taken down this
blind alley will 1live to
regret that they did not
think all this through before
it was too late".

T rov

Since its inception,
1S09000/BS5750 has generated
considerable controversy.
The journal of the Institute
of Quality Assurance has
published a large number of
letters from quality
professionals, arguing that
the whole concept is wrong
and should be abandoned.

Recently, articles and
letters have appeared in the
national press and in
journals such as The

Director, mainly relating to
the adverse effects of the
standard on small businesses.

Small organizations are
questioning the value of the
exercise, as they do not see
how the expensive process of
preparing documentation and
undergoing registration
improves the quality of their
products and services, and
large organizations are also
querying the benefits in
relation to the high costs of
compliance and questionable
effectiveness. The evidence
is, however, variable. Some
organizations have generated
real improvements as a result
of registration, and many
consultants and certification
bodies provide good service
in quality improvement.

As remarked above, the
leading teachers of quality
management all argue against
the ‘'systems" approach to
quality, and the world’s
leading companies do not rely
on it. So why is the
approach so widely used? The
answer is partly cultural and
partly coercion.

The cultural pressure derives
from the tendency to believe
that people perform better
when told what to do, rather
than when they are given
freedom, as well as the
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skills and
motivation, to determine the
best ways to perform their
work. This belief stems from
the concept of '"scientific
management", developed in the

necessary

1920's by the American
researcher F.W.Taylor.
"Taylorism" became the
conventional management

doctrine, in which managers
perform the functions of

thinking, planning and
organising, and 'workers”
perform their tasks as
instructed. 'Taylorism" was

utterly discredited by P.F.
Drucker in his classic book
"The Practice of Management',
published in 1955 .
Nevertheless, the

"scientific" approach to
management retains a strong
holad on much Western
management teaching and
practice.

The coercion to apply the
standards comes from several
directions. For example, the
Treasury guidelines to public
purchasing bodies states that
they should "consider
carefully registered
suppliers in preference to
non-registered ones". In
practice, many agencies
simply exclude non-registered
suppliers, or demand that
tenderers must be registered.
Several large companies adopt
the same policy, and of
course all contractors and
their subcontractors
supplying the Ministry of
Defence must be registered,
since the MoD decided to drop
its own assessments in favour
of third the party approach
based on IS09000.

The Department of Trade and
Industry claims that the
standards are ‘'voluntary",
and that they "have been
developed by industry to meet
their own needs". This is
simply untrue. Registration

P il e i

is often as voluntary as a
donation to the Mafia. The
standards have not been
written "by industry", but by
people who sit on standards-
writing committees, which in

practice have unfettered
power to ‘standardise"
methods which directly
contradict the essential

lessons of the modern quality
and productivity revolution.

2.6 _The Solution

The only rational solution to
the situation that has been
allowed to develop is to
dismantle the structures that
have been built around the
standards, and to remove all
aspects of compulsion,
whether stated or implied.
The standards should be used
only as a guide to what
should be included in a
minimal gquality system. The
systems for accreditation and
registration should be
abandoned. Companies and
other suppliers should be
encouraged to set up and
audit their own quality of
goods and services they buy.
0f course any organization
should Dbe free to seek
external advice and auditing
if they wish. However,
purchasing organizations,
particularly in the public
sector, must not discriminate
against suppliers on the
grounds of who audits thair
quality systems, but only on
their quality management and
performance.

Finally, the severe
limitations of the standards,
in relation to modern

concepts and practices of
total quality, must be
recognised and emphasised.
Their application has no
doubt led to some 1local
improvements, but at great
overall cost, and negative
overall effect. Therefore,
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the major agencies involved,
particularly the Institute of
Quality Assurance and the
Department of Trade and
Industry, should proclaim the
deficiencies and should
support application of the
quality methods that are used
by the world's leading
companies and economies.

3. COMPONENT STANDARDS

Standards for particular
component families and types
orginated in the USA in the
1950’s. For example, MIL~-
STD~-38510 specifies IC’s, and
there is a range of standards
covering every component
type. Near-identical
standards were issued by UK
MoD and BSI (BS9000 series),
and later by CENELEC (Europe)
and IEC (international).
Concurrently, standards for
testing were developed,
notably MIL-STD-88s for IC'’s,
and this is mirrored in
BS%001 and in the equivalent
CEN and IEC specifications.

These standards were a good
idea at the time. Generally,
componert quality and
reliability were 1low, and
stability of performance,
packaging, etc. were seen to
be beneficial for systems
with long development and use
cycles, particularly military
systems.

However, the industry’s
response to the requirements
of the industrial and

consumer markets has resulted
in the availability of ultra-
reliable components at costs
which are significantly lower
than for components which
have been produced and tested
in compliance with the
standards. In fact,
commercial grade components,
particularly IC’s, have for
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some time been more reliable
than the egquivalent,
expensive, components which
comply with the military and
other specifications.

Since component failures are
so rare, and since
replacement of components in
modern systems is often
inadvisable, the problem of
component replacement in
service has practically
vanished. However, there are
managers, particularly in the
military and in some other
large organisations that
purchase electronic systems,
who do not appreciate this.

4. RELIABILITY PREDICTION

In Reference 1 I explained
why the standardised methods
that have been develouped for
predicting the reliability of
electronic systems should no
longer be used. Methods such
as MIL-HDBK-217 are based
upon the totally wrong
assumptions that:

1. All electronic components
have a propensity to fail
during service, and that the
rates of failure are known
and are constant.

2. All system failures are
raused by component failures,
and all component failures
cause system failures. A
corrolary is that failures on
compecnent tests (eg.

production test) can be
correlated to failures in
systems.

3. "High specification"
components, eqg. IC’s
purchased to MIL-STD~
38510/BS9001 etc., are more
reliable than commercial
grade components. (The
comments in the previous
section appy).

4. All components are much
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more likely to fail if their
operating temperatures are
increased in the range up to
their rated maxima.

There are other assumptions
within the MIL-HDBK-217
"models" that are wrong, as
described 1in Reference 1.
Oother methods also exist,
such as BT’s HRD4 and the
French equivalent. Rll of
these give highly misleading
indications of the influence
of component reliability on
the reliability of systems,
and they should therefore not
be used, maintained or
further developed. It is
notable that the world’s most
successful electronic system
developers do not use them.

5. CONCLUSIONS
I have tried to show that the

standards that are often
imposed with the objective of

assuring quality and
reliability generally have
the opposite effect. They

tend to add to costs, they
detract from the activities
that really are necessary,
and they provide misleading
and pessimistic indications
of what is achievable using
the best modern methods of
quality control and design.
The European electronic
components industry must
resist these impositions, in
order to retain and
strenghthen its competitive
position.

Reference: 1. Reliability
Prediction: Help or Hoax?
Solid State Technology,
August 1990
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BACK SEM INSPECTION OF METALLIZATION:
A TECHNIQUE FOR FAILURE ANALYSIS AND RELIABILITY

J. Barbero, E. Cordero, J. Soria

Alcatel, SESA.
Avda. Princesa Juana de Austria Km. 8,7 28021 Madrid, Spain.

1. ABSTRACT

A technique based on plasma etching of the silicon
die has been developed in order to study metallization
defects from the back side of the component. This
technique complements the infrared laser inspection,
resolving the problem of the pour resolution. A
stressmigration simulation has been carried out in
order to determine the possibilities of this method.
Back SEM inspection allows to investigate voids and
reductions of the metallization lines that are not
visible in a top SEM inspection.

2. INTRODUCTION

2.1 Background

Most of the voids caused by both stressmigration and
electromigration are located in the bottom of the
metaliization layer, avoiding the optical microscope
detection and making necessary the SEM inspection
to be performed at big angles and to study cross
sections of several aluminun oxides steps and contact
windows (in at least two perpendicular directions).
To complement these studies, a technique has been
developed in order to perform a SEM inspection of
metallization layers from the back side of the chip.

2.1.1 Infrared laser inspection
Infrared laser inspection from the back side of the

Infrared laser inspection: voids are clearly visible in the
metallization lines and in the contact windows. Top SEM
inspection does not allow to study these defects. Voids

silicon and gallium arsenide devices has been widely were caused by stressmigration.
used to study the defects of both, metallization lines
(e.g. stressmigration), and contact windows. A 2.1.2 Top SEM inspection

problem of this technique is the "pour" resolution due
to the size of the spot. The Laser Scanning
Microscope (LSM Zeiss) available in our faboratory,
has a spot size (using a 50x objetive with a N.A. of
0.50, and a laser of 1152 nm) of 2.81 pm. This
implies a resolution that is not enough to perform a
deep inspection of most of VLSI devices.

The method to carry out this inspection consists of
sanding and polishing the die from the backside,
which permits to get a flat surface and, as the silicon
is transparent to the infrared laser, 1o be able to
receive the reflective image through the die,
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Top SEM inspection of metallization allows the
detection of voids in the metallization lines, and the
study of oxide steps and contact windows from the
top view. If some voids are located in the back side of
metallization, and this is the usual situation, it is
necessary to observe the samples with an angle, in
order to detect those that are near the border.
However, it is not possible 10 study the voids that are
hidden, or far from the border.

Cross sections are usually carried out in order to find
out reductions at the contact windows caused by
silicon nodules or any other mechanisms, such as
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stressmigration or electromigration. This is an old
and very useful technique, but it only provides
information from the contacts that are located in the
polishing plane. It is necessary to do several cross
sections, at least two, in order to study the oxide steps
at different directions. Therefore, a reduction in a
contact window that is not located in the plane of the
section, cannot be studied, and furthermore, only
some contacts per section can be investigated.

; Sam
SEM inspection of a metallization line. Voids caused by
stressmigration are visible when the sample is observed
with an angle, but it is impossible to decide how deep these
voids are.

SEM picture of a cross section. A silicon nodule is located
in the middle of the contact window.

3. BACK SEM INSPECTION

A SEM inspection of the back side of the
metallization level can't be performed using standard
techniques. Wet etching is a possibility, but it is
difficult to assure that the metallization level has not
also been slightly etched, and it is very difficult to
keep the integrity of the layer. Taking advantage of
the very low etching rate of the silicon dioxide
passivation, when a CF, - O) plasma is used, it is
possible to etch the silicon die and to study the back
of the metallization layer by means of SEM
inspection .

3.1 Method
The method is divided in three different steps:

3.1.1 Sanding and polishing

Sanding is done to decrease the thickness of the
silicon to be etched. A radiography system is used to
control the approaching to the top of the die. This
process allows to reduce the thickness to be etched 1o
less than 100 pm.

Radiography of a sample afier sanding. The polishing
plane is very near to the bonds. This is only possible for
plastic packages.

When polishing is done, the thickness of silicon can
be measured by focusing the infrared laser at the
metallization level and at the silicon surface. This
allows 1o do an infrared laser inspection and to
reduce carefully the thickness to be etched.

3.1.2 Exching

The etching process is the common used to eliminate
the glassivation, but a longer time is needed. We used
a2 10:1 plasma of CF4 - Oy. If the polysilicon level is
present, it means that the passivation layer has not
been completely removed, and the back SEM inspec-
tion of metallization can not be performed yet. The
time required to remove a silicon die is 2-5 hours.

3.1.3 Inspection

Inspection is made in with SEM. To avoid charge
effects that made impossible to perform a suitable
inspection, the samples must be sputtered with gold.

4. BACK OPTICAL INSPECTION

After the plasma etching process, a back inspection
of the metallization and the polysilicon level can be
carried out using a normal optical microscope.
Images are similar to the infrared laser microscope
ones, but in full color.
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5.3 Examples of different devices.

In order to study the possibilities of the method, some
tests have been carried out on different kind of
samples. Next pictures show the results:

6R0x Oeradas
e ot

G

- . A aaan e
A strong reduction of a comtact window. Top SEM
inspection could show a hole, and a cross section could or
could not show a strong reduction, depending on the
polishing plane.

Void near a contact in an aluminum surface. The shape of
the contact can be studied from the top and from the back,
in order to compare them.

vonetx IFarndos T

Stressmigration void in a contact window of an Al-
polysilicon contact. In this case , the defect would not be
detected in a top SEM inspection.

Aluminum lines and contact windows. No reductions were
Josnd in this case.

4570 4S9rados

W - W W W W,

aya
A

Voids in a contact window caused by stressmigration.
(Their shape follows the grain boundaries).

6. CONCLUSIONS

Back SEM inspection has been found to be a very
belpful technique to complement the results of the
top SEM inspection, providing some information that
is difficult to get by any other techniques.

It is quiet easy to do, but care must be taken during
the sanding process in order to avoid the damage of
the sample, and the plasma process must be well
controlled.




from the top and from the back of the metallization
lines. A cross section could show a reduction of the
metallization or not, depending on the direction of
the cross section plane. In the back SEM inspection,
the voids, caused by stressmigration, are casily
studied in the whole surface of the chip.

G100x 30grades

9100x JBaradas

{
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A comparaison of contacts windows of two similar
samples. The first picture was got during a top SEM
inspection and the other two were obtained during a back

SEM inspection. Voids are visible in these cases.
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Next pictures show some Al-polysilicon contacts
from the back side, before and after the removal of
the polysilicon level. Back SEM inspection gives
information that is very difficult to get from both the
optical and the Infrared Laser inspection.

Comparaison of back optical and back SEM inspections:
In the first picture the polysilicon was not etched. In the
second and third pictures, the polysilicon has been etched:
voids and nodules are the cause of the bad aspect of the
contacts. The damages were caused by an interdiffusion
process between aluminum and polysilicon.
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This technique can also be helpful in failure analysis
when these are related with the presence of voids in
the metallization lines or in the contact windows,
such as stressmigration, electromigration and
interdiffusion process.

A back optical inspection can also be carried out.
This allows to detect defects at the contacts and at
the polysilicon levels, (before removing this layer).
The images are quiet similar to those obtained using
infrared laser microscopy, but with a higher
resolution and in full color.
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VOLTAGE CONTRAST STUDIES

ON 0.5 jtm INTEGRATED CIRCUITS
BY SCANNING FORCE MICROSCOPY
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1. ABSTRACT

A scanning force microscope (SFM)
test system is used for voltage contrast
studies on 0.5 um integrated circuits.
Waveform measurements are performed
on passivated 0.5 um conducting lines
up to 4GHz. Additionally two
dimensional measurements at 10 MHz
demonstrate the potential for a device
internal function- and failure analysis in
the sub-pum-regime due to direct
correlation between voltage contrast
and quantitative topography images.

2. INTRODUCTION

Device internal function and failure analysis
of very large scale integrated circuits (VLSIC) is
important for the design and simulation verification.
Conventional device external test techniques for the
function- and failure analysis of VLSICs must be
completed by device internal contactless test
techniques which allow a test access to individual
devices [1]. The contactless electron beam test
technique is well established and suitable for
probing within VLSICs in the submicrometer
regime, but the temporal resolution is fimited due to
the electron transit time effect [2]. Also problems in
probing passivated ICs occur. A new contactless
test technique with simultaneously high spatial and
temporal resolution for device internal function- and
failure analysis also of passivated ICs is the
scanning force microscope test system [3]-{7].

In this paper a SFM test system is used for a
contactiess device internal function- and failure
analysis within silicon ICs. Voltage contrast images
of sub-pm-conducting lines are measured and
correlated to topography images. Additionally the
influence of scan direction is investigated. The
achieved spatial resolution is quantified from the
voltage contrast images. High frequency
measurements up to 4 GHz on passivated 0.5 um

3. ELECTRIC FORCE MICROSCOPY

A SFM test system for device internal
voltage measurements uses & sharp conducting tip
which is mounted on one end of a conducting
cantilever and is scanned across the surface of a
device under test (DUT). The tip is biased with a
amphngvoluge(themechamedresponseubnhtyof
the cantilever is limited in the kHz regime.
Therefore a sampling technique must be used) and
interacts with the electric signal on an interconnect
line via the Coloumb force. This interaction causes a
deflection of the cantilever which is optically
detected. By this high frequency measurements up
to 40 GHz have been demonstrated [7). At present
the limitation for using higher mixing frequencies is
signal coupling to the DUT due to antenna
behaviour of the cantilever/tip. Special tip and
cantilever geometries preventing this are under
development and bandwidths above 100 GHz seem
achievible.
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4. TEST STRUCTURE

The test structure is build upon a 4.5 mm x
4.5 mm wide p-doped silicon chip with various
conducting lines (A-H). The electrodes consist of
aluminium, 500 nm thick. The test structure itself is
mounted in a standard pin carrier and passivated or
unpassivated avaliable. Electrical connections to the
chip are made by bondwires.

For the measurements the structure F
consisting of three conducting lines (spacing and
line width is 500 nm in the test area) is used.

Figure 1:  Layout of the test structure with
conducting lines A-H and marked
test area (15 ym x 15 pm) on line
Structure F

5. EXPERIMENTAL RESULTS AND
DISCUSSION

For the experiments a standard SFM (8]
with an adapted electrical sampling system is used.

The experimental results should achieve
information of the DUT topography with nanometer
resolution and also information of the voltage on
the conducting lines F. Therefore first the
quantitative topography of the test area was
measured in contact SFM mode ons an
unpassivated IC (see figure 2a). The image shows
partly damaged conducting lines with rough surface.
Then corresponding voltage contrast images are
taken in the same area in non contact SFM mode
(see figures 2b-2f). The voltage contrast images are
made with applied voltages of left OV (1), middle 3V
(m), right 3V (r) at 10 MHz. An inhomogeneous
voltage contrast in correlation to the damaged
topography can be seen.

lmr

a) topography image

b) voltage contrast: tip versus DUT position: -90°




¢) voltage contrast: tip versus DUT position: -45°

d) voltage contrast: tip versus DUT position: 0°

¢) voitage contrast: tip versus DUT position: 45°

—1

f) voltage contrast: tip versus DUT position: 90°

Figure 2: a) Measured topography of the test
area from figure | with three
conducting lines (I, m, r)
b-f) Measured voltage contrast
images for various tip versus DUT
positions in 45° steps at 10 MH: for
applied voltages of 0 V (1) and 3V
(m, 1)

To verify that the measured voltage contrast
shown is free from scan direction artefacts due to
neighbouring lines which excert some additional
force on the cantilever/tip several position changes
are made. The DUT versus cantilever/tip position
was changed in 45° steps. In figure 2b-2f the
voltage contrast images of the test area from figure
2a are shown for various DUT versus tip positions.
A comparison of significial points in the voltage
contrast images from figure 2b-f shows no
measurement artefacts due to tip/cantilever versus
DUT position,

To quantify the spatial resolution of the
voltage contrast we took linescans from image 22
and 2d (line SO from 200). In figure 3 the linescans
with topography information and voltage contrast
are shown. To calculate the spatial resolution it is
necessary to zoom figure 3. For this purpose the
edge of a conducting line was choosen with large
signalfall of the voltage contrast signal. In figure 4
the zoomed area from figure 3 is shown. Signal
amplitudes at 10% and 90% are marked. A spatial
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resolution of sbout 250 nm can be calculated for a
working distance of 50 nm between tip and DUT.

direction —»

Linescan from images 2a and 2d
(Tine 50 from 200)

Figure 3:

Zoom area from fig. 3 with signal
Jall from 90 % t0 10 %

Figure 4:

To demonstrate the high measurement bandwidth of
the SFM test system simultaneously to the high
spatial resolution we applied on a passivated IC an
analog high frequency signal (line structure F, line
(m) connected, lines (1, r) grounded). Frequencies of
500 MHz, 1 GHz, 2 GHz, and 4 GHz are used. The
measured waveforms are shown in fig. Sa-d. The
measured signal (see fig. 5a) looks extremly good at
500 MHz, but becomes with rising frequency noisy.

This is due to the worse high frequency
characteristic of the 0.5 um conducting line causing
\ ianal dampi th raisina £ s into
the GHz- regime.

8) 500 MHz

c) 2 GHz




e — ——————— -

Measured waveform on passivated
0,5 wn conducting line

a8) 300 MH:z applied

b) « .z applied

¢) 2 GHz applied

d) 4 GH:z applied

Figure 5:

6. CONCLUSION

Voltage contrast studies up to 4 GHz are
shown on passivated 0.5 pm conducting lines by a
SFM test system. A characterization of the test
structure was made by correlation between
quantitative topography and voltage contrast
measurement at 10 MHz The obtained voltage
contrast results are completed by measurements
concerning scan direction artefacts showing no
correlation between tip/cantilever versus DUT
position and measurement results. The spatial
resolution of the SFM test system was calculated
from the experimental results to 250 nm in voltage
contrast mode with still some potential for
improvements.
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EBIC APPLICATIONS FOR COMPLEX DEVICES
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ABSTRACT

This paper presents two novel applications of the well
established EBIC-technique for multi-junction devices.
The first application deals with the localization of gate
leakage. The second with localization of the defect die
of a hybrid-IC containing 4, 8 or 12 discrete
transistors.

1. INTRODUCTION

in general, papers about the EBIC-technique concern
a single PN-junction. Moreover these papers are
mostly very theoretical. The applications in this paper
are on the contrary not only extremely down to earth,
but also very powerful, sensitive and fast. This
approach could be even more useful for Integrated
Circuits.

The gate leakage application adds another technique to
localize these kind of failures. Traditionally Liquid
Crystal Microscopy, which necessitates dissipation,
has been used for these kind of failures. Over the last
few years Photo Emission Microscopy has been used
widely as well. A big disadvantage of this technique is
the fact that a defect covered by metal, which acts as
a reflective layer, will not be seen in general.

Both these techniques have a lower resolution when
compared with EBIC, which does not have the
disadvantages mentioned above. Moreover leakage
currents in the nA-range or even below are not
difficult to localize.

In order to localize the defective die in a CATV-
module (hybrid-IC), it was necessary in the past to
remove some of the bonding wires. This was in order
to localize the leakage path, which gave rise to a
higher power consumption (supply current). It was
also necessary to know which voltage should be
present at which node. In many cases information
from a development engineer was needed. Now it is
possible to check the dies first without any
destruction. This leaves many possibilities to analyze
the device further in case of another defect.

2. PRINCIPLE OF OPERATION

The EBIC (Electron Beam Induced Current)-technique
is an option that can be added to a SEM (Scanning

Electron Microscope). The electron beam of the SEM
is scanned over the device. With a normal «. “ector
this results in secondary and backscatter electrons
being collected to form a TV like image.

The EBIC-technique however makes use of the
electron-hole pairs generated by the e-beam. For each
electron-hole pair in silicon 3.6 eV is needed (Ref.1).
So for example an electron, accelerated with I8 kV,
can result in 500 electron-hole pairs. The micrographs
in this paper are made by mixing the normal- and
EBIC-signals. No supply voltage was used for the
devices.

The electrons and holes are separated by the built-in
electrical field of a rectifying-junction. Without an
electrical field the electron-hole pairs will recombine.
The separation of electrons and holes gives rise to a
current flow which is used to form the image. Only a
connected junction will yield an EBIC signal.

3. GATE LEAKAGE

The basis of this application is that all junctions which
should be present in the device are shorted either
externally or by function. A pinhole through the gate
oxide can give rise to a Schottky diode. This diode is
formed through the gate oxide by alloying of either n-
poly sificon with a p-type region or aluminum with an
n-type region. The former case is shown in figure 1.
This figure shows a schematic cross-section of a
damaged VDMOST device.

GATE METAL

N-POLY

PR | SOURCE METAL

GATE OXIDE

| N++ l | N++ i Li
P+
[l
N+ (DRAIN)

Fig. 1: Cross-section damaged gate oxide.

The EBIC signal will be measured between the gate
on the one hand and the diain & source on the other.
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The Schottky diode is the only junction which will
show up in the EBIC signal in this configuration.
Therefore gate oxide defects will appear as bright
spots. Figure 2 shows three such locations of
defective gate oxide of a VDMOST device.

Fig. 2: Defective gate oxide (3 bright spots).

4. CATV-MODULES

In this section the defect die of a CATV-module is
localized. The defect is a shored collector-base
junction of one of these dies.

CATV (Cable Antenna TeleVision) - modules contain

4, 8 or 12 similar discrete transistors soldered on
analuminum oxide substrate. The module is a push-
pull wideband amplifier for the 41 thru 860 MHz
range. The push-pull combination is used to diminish
second and third order distortion. Figure 3 shows a
standard electrical circuit of such a module with four
transistors. A power doubler consists of 8 dies. Each
die of figure 3 is then doubled. Modules of 12 dies
combine a power doubler as a final-amplifier with the
circuit of figure 3 as a pre-amplifier.

Often only one of the dies is defective, due to an
accidently generated external transient voltage pulse.
This type of pulse usually results in a destroyed
collector-base junction. These junctions are operated
in reverse bias and are more sensitive to damage
caused by voltage overstress unlike the forward biased
emitter-base junctions.

The EBIC signal will be collected between VCC and
ground. This EBIC-signal only is sufficient to show
the collector-base junctions of all tramsistors. Each
transistor contains four active base diffusion regions
and four emitter ballast resistor diffusion regions. The
EBIC signal of the four collector-base junctions and
the four emitter resistor regions (in fact collector-
emitter parasitic junction regions) of a good transistor
are given in figure 4.

The location of the defective junction is clearly
indicated by the absence of the collector-base part of
the EBIC-signal at the defective transistor as shown in
figure 5. So only the emitter resistor regions remain
showing up in the EBIC-image.

N

5l
Il -
EE % ) :“‘1

Fig. 3: Electrical circuit CATV-module.
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Fig. 4: Good transistor (Iluminated base regions).

Fig. 5: Defective transistor (dark base regions).

Collection of EBIC-signal from T3 and T4: these
transistors are connected to the VCC with their
collectors. The bases of these transistors are
connected to ground via two resistors.

Collection of EBIC-signal from T1 and T2: the bases
of these transistors are connected to ground via one
resistor each. The collectors are connected to VCC
via T3 and T4.

It is not yet understood how the part of the EBIC-
signal that is generated at T1 and T2 can pass T3 and
T4 respectively.

This problem will be investigated further in future.

5. CONCLUSION

The applications presented resulted in faster analysis
of device failures. This is because of an advantage of
the EBIC-technique in gemeral. As this technique
combines localization and visual inspection in one
single machine.
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The gate leakage application is an altermative for
Liquid Crystal Microscopy and Photo Emission
Microscopy.

The module application made it possible to localize
the defect die in a non-destructive way.
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ABSTRACT

This paper outlines critical characterisation
information such as useful yields, sputter rates and
+vel-ve ion probability of many materials using
FIBISIMS employing a Ga® beam. Several examples
that demonstrate the application of FIBISIMS for
materials evaluation in the microelectronics industry
are presented.

1. INTRODUCTION

FIB (Focused Ion Beam) technology has now been
extensively applied to the microelectronics industry
and in particular to the semiconductor field. Many
applications of FIB including device modification,
precision cross-sectioning, TEM sample preparation
and even micro-machining and device fabrication have
been well documented in previous literature. FIB/SIMS
(Secondary Ion Mass Spectrometry utilising a Focused
Ion Beam System) on the other hand is a relatively new
application of commercially available FIB systems that
allows materials characterisation in-situ using basic
SIMS capabilities whilst FIB milling or imaging of
precision cross-sections.

Several micro-SIMS or ion microprobe SIMS
instruments are available or have been developed in
research institutes or universities. Levi-Setti et al (Ref.
4-6) have developed an ion microprobe system at the
University of Chicago - Hughes Research Laboratories
using a 40keV Ga* beam and have published
extensively on the utility of such a system. Less has
been written about FIB/SIMS systems where the
system has been designed primarily as an FIB with
milling, deposition and enhanced etching capabilities.
In this case the system has been optimised with these
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techniques in mind and the SIMS is an additiona!
optional capability. Therefore the system has not been
totally optimised for pure microbcam SIMS analysis
and therefore a compromise has to have been made in
factors such as transmission efficiency of the ion
transfer optics, sputtering rates and vacuum level.

Very little data has been reported using a Ga*
primary beam and in particular using an FIB/SIMS
setup. The objective of this work is twofold. Firstly to
report some important data for SIMS analysis using a
25keV Ga® beam that will enable more accurate and
efficient data collection. Secondly it is to demonstrate
some of the many applications of this capability to the
microelectronics industry.

Useful Yields of several important materials
have been measured and comparisons of these same
materials or elements in different matrices have also
been made to give some quantitative representation to
allow users of such systems more insight into data
interpretation. This highlights the systems capabilities
in particular its weaknesses and its strengths in material
sensitivity. Sputter rates have also been calculated for a
range of materials allowing more accurate and
widespread calibration of depth profiles.

2. CHARACTERISATION

Benninghoven ct al in (Ref. 1) have compiled
and presented a large amount of theory and practical
data about SIMS in general. They have listed several
factors that are commonly used as “Figure’s of Merit”
for SIMS instruments, Some of these have been used
here to characterise the FIB/SIMS instrument utilised.
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The following sections outline the formulae
used to calculate the data presented in Section 4. These
are all standard measures or indicators of ion beam
system performance or specifically for SIMS in some
cases. Other common indicators such as the
instrumental transmission factor ff , sample
consumption V and the material conversion efficiency
% ?(A) could not be calculated due to the lack of
samples with a suitable fractional concentration c(A)
of atomic species A. Further work is planned in this
area.

2:1 Usefu] Yield ;

The useful yield T, (A) , is defined (eqn 2.1)
as the number of detected secondary ions of species A
per number of sputtered atoms of species A from the
same sampling volume. It is therefore is a very useful
indication of a system's sensitivity under specific
conditions to a specific species relative to the amount
of sample that has to be consumed.

1, (A)=— @.1)

where N?(A) is the number of detected secondary
ions in charge state g of element A and N(A) is the
total number atoms sputtered.

2:2 Soutter Yield :

The sputter yield S, (eqn 2.2), is the number
of sputtered atoms per incident primary ions which
gives an indication of the sample consumption rate
using a specific beam current on a specific material.

Y€

S, =2 @2
Y f t

where ¥, is the total sputter yield of all species
imespective of charge state, /, is the primary ion beam
current, 7 is the total sputter time and € is the electron
charge.

2:3 Target Atom Density (stoms per um’®) ;

The target atom density 71, defined in eqn 2.3,
is simply as it suggests, an estimated number of atoms

per unit volume in a specific sample. This when
multiplied with the volume of the sputter crater will
give an estimation of the total number of atoms that
have been sputtered during the analysis.

N,p
no = A_{-Xlolz (2-3)
where N, is Avogadro’s Number, P is the atomic
density (g/cm™) and M is the average atomic mass.

&4 Erobability of Charged Stateq ;

The probability of charged state g, O, of a
particular species, T, is an indication of the likelihood
of detecting 12* versus T*, for example.

N;
Ay = 2.9
n N;
s
where N is the number of particles detected of
molecular species M and in charge state g.

3. EXPERIMENTAL PROCEDURE

The system used for all the SIMS data in this
paper was a commercially available FIB611 with the
“SIMSmap” option from FEI Company. A Ga* LMIS
(liquid metal ion source) is used with a two lens
variable aperture focusing ion optical column. The ions
used are at an energy of 25keV and can be focused to a
range of spot sizes from 28nm to 280nm delivering a
beam current of 6pA to 6nA. The FIB system is
configured to perform all standard, and some not-so-
standard applications, as well as performing FIB/SIMS.

This is accomplished using an RF quadrupole
mass spectrometer mounted to the side of the FIB
chamber with ion transfer optics that steer and focus
the positive and negative ions gencrated into the mass
spectrometer for analysis.

The transfer optics consist of a spherical
sector energy analyser that is positioned over the
sample and underneath the end of the ion column. A
hole on the top sphere and one in the extraction plate,
after alignment, allow the primary ions to pass through
and the secondary ions to be collected. A three element




electrostatic lens and deflection plate focus the ions
through the quadrupole’s acceptance aperture. The
quadrupole mass filters the ions to be detected by a
channel electron multiplier (CEM) detector. This setup
is similar in design and characteristics to that detailed
in (Ref. 7).

The addition of the mass spectrometer to the
FIB chamber makes use of the high spatial resolution
achievable using the focused Ga* beam allowing high
resolution SIMS maps to be obtained together with
highly localised spectral analysis and depth profiling.

A beam current of 1pA and a serpentine
scanned analysis area of 7.5x7.5um was used on a set
of standard samples for the characterisation work. The
vacuum level of the sample chamber during the
FIB/SIMS analysis ranged between 1.2 and 2x10” torr.
All other parameters were maintained at a constant
from sample to sample to establish some consistency
and reproducibility in the results. A variety of system
parameters are used for the applications work routinely
performed on the system, some of which are described
at the end of the paper.

The volume of the sputter craters was
measured and calculated using an Atomic Force
Microscope (AFM). This system was calibrated using a
standard grid at a variety of predefined scan ranges,
from 10x10pum to 100x100um scanned using a tripod
piezoclectric scanner, before the sputter crater
measurements were made. The AFM used, was a
commercially available system, Universal Sample
AFM from Topometrix Corporation. The x-y
verified using a Hitachi $4100 ficld emission Scanning
Electron Microscope (SEM) and a Hitachi $2150
wungsten filament SEM with a SEMICAPS image

4. RESULTS AND DISCUSSION

Figure 1 shows a graph of the sputter rates of
various elements measured in pm¥nC. This graph
indicates the sputter rates of approximately 30 pure
clements. It is clear from this diagram that the sputter
rate varies quite considerably from element to element.
A slight bowing or peak in the distribution can be

observed around Se. This slight peak in sputter rate
coincides with the atomic mass of Ga, the primary
beam. It would be expected that the maximum
sputtering rate is achieved when there is maximum
stationary atoms in the sample. This occurs when both
are similar in mass, ie close to the mass of Ga.

Sputter Rate (sm¥/aC)
[
L]
®
L]
2

L L]

Figure 1 : Graph of Sputter Rate versus Atomic

Weight of the elements measured.
| Material  Formuls _ Dengity Sy S
Wei atmion Y
| MO 4032 338 0S8 015 |

FeO 71.85 57 1.03 028

Fe0h 159.69 524 091 028
| FeiOy 231354 5.1 o9 0.27
| _FeSiz 8393 61 090 0.24
| _FeS; 11998 S0 119 033
| Co0 14308 60 118 0.44
|_CpS 15914 56 LIt 035
|_CuFeSz

- R R 028
0.34

Je46e 53] 27 o6l |
Lﬂ 424 167 044

?

&
|

Table 1 : Sputter rates of various compound
materials.
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Table 1 shows the sputter rates measured for
Some are very relevant for the microelectronics
industry, others are there due to novel applications or
for completeness. Again, it is clear in this table that the
maximum sputter rates are when there is Ga in the
sample,

Figure 2 shows a graph of the calculated
T,(A) versus the atomic number of the species. All
data plotted is for positive ions with g=1. The solid
dots on the graph represent yields measured from pure
elements and the hollow dots represent yields
calculated of atomic species from a compound matrix
(as listed in Table 1). Note the approximate 1/M
relationship as encountered when using quadrupole
spectrometers.

The sputter rate and useful yield data is
critical to obtain precise data interpretation from SIMS
results and to be able to plan an experiment effectively.
The sputter rates allow more accurate depth profile
calibration. Normally a depth profile will display with
a linear x-axis representing time. However if the
sample is multilayered (nearly all applications in
microelectronics are like this) then the different sputter
rates will cause a non-linear time scale. Using the
sputter rates presented in Figure 1 and Table 1 the time
scale can be converted into an approximate depth scale.
As an example, analysing a material with a sputter rate
of 0.25um’*/nC using a 100pA beam in a SxSpm area is
equivalent to removing approximately 4nmy/min.

7, (A) values are important to consider since
they indicate if the instrument is even capable of
analysing the problem at hand. They also give a
measure of how much material has to be present or has
to be consumed before any results will be obtained.
This is very critical when deciding how to analyse sub-
miaonpuﬁclesonmleaferfor'exmle.lfdn
suspected particle has a very low useful yield on the
graph in Figure 2 then you would have to think very
seriously about using FIB/SIMS as a tool to determine
its composition.

The yields displayed in Figure 2 may seem
lower than others that have been published previously
(Ref 3) but it is important to consider the instrument
on which the data was measured and its capabilities.

!";Zi. v N
e
A

Figure 2 : Graph of Useful Yield T, (A) versus
Atomic Number,

Here the system has s high sputter rate due to the high
beam current densitics and the transfer optics and
quadrupole have been quoted to have a transmission of
approximately 0.5% (Ref 7). These factors taken into
account and the fact that the beam that is being used is
Ga"*, which is not as efficient at generating secondary
jons as Cs* or O' beams, account for the lower yields.

Another important factor to consider before
embarking on an analysis is whether the species of
interest is likely to be detected as a +ve or a -ve ion.
Figure 3 shows a graph of some elements and the ratios
of +ve ion yield to -ve ion yield. This graph therefore
indicates the likelihood of a material being either +ve
of -ve. Anything above the line is likely to be seen as
+ve and the further above the line the more likely it is
to be +ve. Similarly for points below the line being
more likely to be detected as -ve ions. This knowledge
is very fundameatal to the use of a SIMS instrument
and should be clear before trying to detect a particular
species.

The matrix effect is another complication to
SIMS data interpretation and has to be considered
when interpreting depth profiles as well as area maps
and spectra.

Table 2 gives some examples of the matrix
effect. Here it can be seen that the presence of oxygen

——




raa— A Attt 0 = -4
Laums .
10004
L
!-- L]
i .
§ r1omen . .
i L]
[y )
C 0 P Mg N 82 53 B O W
1
L] L]
.
Lma .

Figure 3 : Graph of +vel-ve ion yield ratio indicating
the relative likelihood of a species being detectable as
either a +ve or a -ve ion.

in the metal oxides has enhanced the signals of Al‘,
Cu*, Ti* and Fe* from that of the pure metal. Likewise
the enhancement has been different for different
species. Al* and Cu® have been enhanced by 100x
whereas Fe* and Ti* have only been enhanced 10x by
oxygen. The enhancement is not just due to the oxide,
it may also be due to other compound/species. For
example, the copper signal has been enhanced in the
sulphide as well as the oxide, however not by the same
magnitude. In addition the matrix may not be
enhancing but actually suppressing signal. The Fe'
yield from iron silicide is less than that from pure Fe.

This effect is commonly seen in depth profiles
for example where there may be a thin layer of oxide
present on top of a metal layer between two insulators.
When the jon beam reaches the metal oxide the signal
of the metal jon peaks perhaps 10-100x higher than the
actual bulk metal itself. Once the oxide has been
eroded the peak in signal will stabilise at an
equilibrium level relative to the useful yield of that
metal. The same phenomenon can be seen in area maps
sometimes as a bright ring around a feature or particle
that would have been expected to give a solid area of
signal.

Table 3 presents the data obtained for Q.
Any material that is not represented in Table 3 was
found to have an @7 equal to 100% for the singly
charged positive ion state.

All of the above measurements will obviously
have some error due to the errors in the instrumentation
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JTon Matrix 1,.(A)
Al Al 1.18x10%
AL, 2.95x10*
TS Ti 1.93x10*
TiO 3.06x107
TiN 4.44x10"
oy Cu 2.61x10?
w0 3.63x107
Cu;S 1.79x10”
Fe' Fe 1.04x10°*
FeO 3.17x107
Fe,04 2.78x107
Fe;0, 2.03x107
FeSi, 4.72x10*
FeS, 6.33x10”
o AlO; 1.24x107
MgO 3.43x10*
TiO 1.50x10”
Cu,0 8.44x10*
FeO 2.21x10*

Table 2 : Examples of the Matrix Effect

Species Ton ot
Si si** 0.40
Si* 0.55
Si 0.05
Al AP 0.01
Al* 0.99
Ti Ti* 0.995
TV 0.005
c c 0.01
C 0.99

Table 3 : Probability of Charged States for those
materials that were tested and did not have 100% for
q=+.

One such error is introduced by using AFM to measure
the sputter crater depth. Since the tip has a finite shape
or profile it will not follow the steep sidewalls of the
sputter crater necessarily accurately. There will
therefore be an emror introduced in the volume
measurement. It is however felt that this error is fairly
negligible in comparison to the other errors introduced
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by the sputter crater roughness and non-cuboid shape.

A large source of error or more accurately,
variation, in the results arises from the dependence of
sputter rate upon the crystal orientation of the sample.
Therefore a crystalline sample sputtered from different
faces or a polycrystalline sample sputtered in random
locations will give different results. Although some
effort has been made to reduce the variation due to this
effect, it has by no means been eliminated. Therefore
there may be a range of values of which the above
results fall within.

5. APPLICATIONS

There are in fact many applications of
FIB/SIMS use within the microelectronics industry.
Only a few very brief accounts can be given here as a
sampler of what is actually possible. The two main
areas that the FIB/SIMS technique bas over other
SIMS techniques or common laboratory capabilities
(such as SEM/EDX) is its spatial resolution for high
resolution mapping and highly localised depth
profiling. These are of particular importance in the
wafer fabrication / IC assembly and testing areas.

The system at the Institute of Microelectronics
has been targeted at three main areas within the
microelectronics  industry disk drives, wafer
fabrication and IC packaging. The examples given in
Figures 4-9 can be divided among these areas.

The first example, shown in Figure 4, is of a
high resolution map of the air bearing surface (ABS)
and the pole tip region on a disk drive read/write head.
The top-left image is a secondary electron image
showing the topographical information. The
manufacturer had found particles on the head after
initial testing and wanted to establish their origin. The
subsequent images are of Cr* (bottom-left), F (top-
right) and CI" (bottom-right) maps. These clearly show
that one of the particles is mainly Cr (from magnetic
layer on media) which indicates that the head has
crashed into the media while under test. The fluorine
and chilorine are found to be fairly wide spread over the
ABS and pole tips. These are thought to have been due

Figure 4 : SIMS Map of Head after disk crash.
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Figure 5 : Depth Profile of Magnetic Media from Hard
Disk Drive.

to an insufficient clean using CFC’s or similar solvents
causing stiction problems in the drive.

The second example from the disk drive
industry is a depth profile of a hard disk media itself
and is shown in Figure 5. This displays three clear
regions in the media’s structure. Cr* from the magnetic
layer near the surface (possibly Co/Cr), Ni* from an
underlying NiP layer used as a smooth coating of the
Al substrate scen as the third layer.

Figures 6 and 7 show examples from the
wafer fabrication industry. The first being a mass
spectrum from a sub-micron particle that was causing a
preferential polysilicon growth during deposition by
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Figure 6 : Spectrum from sub-micron particle on
polysilicon layer.

Figure 7 : SIMS map of FIB cross-section of 10um
aluminium oxide particle in polyimide layer.

acting as a sced or nucleation site. It was found that
this Mg particle was one of several species (including
Al and Fe) generated by the asher whilst ashing the
photoresist from the previous step. Figure 7 shows a
SIMS map of an FIB cross-section of a large Al;O;
particle embedded in the polyimide protective
overcoat. Since the particle was seen to be totally
embedded in the polyimide it was deemed not to be a
problem by the manufacturer.

Finally Figures 8 and 9 show examples of the
systems application in the IC assembly industry. Figure
8 displays two depth profiles from bond pads on two
different IC's. The top profile is from a device that had
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Figure 8 : Depth profiles from Al pad with bondability
problem (top) and from device with no
bondability problem (bottom).
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Figure 9 : Depth profiles to measure the copper oxide
thickness on the backside of the die pad from copper
leadframes after wire bonding at three different
temperatures.
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a bondability problem and the bottom one is from a
good device. It can be clearly seen that the device with
poor bondability has an aluminium fluoride layer on
the surface of the pad. This layer could not be detected
using SEM/EDX. A lot of studies have already been
performed that demonstrate that the formation of
aluminium fluoride after passivation window opening
by HF of fluorinated plasma results in poor
bondability. The final example in Figure 9 shows part
of an experiment to characterise the copper oxide
thickness on the backside of the die pad on copper
leadframes after thermosonic gold wire-bonding at
three different temperatures : 300°C, 280°C and 240°C.
The increase in heater block temperature clearly shows
an increase in the oxide thickness.

6. SUMMARY

It has been demonstrated very briefly that the
FIB/SIMS instrument has many capabilities within
microelectronics and that to allow better data
interpretation and more effectively planned
experimentation some fundamental data about the
system is required. Some of this data has been
presented. The instrument has been confirmed to have
high sputter rates which have now been measured and
presented for a large variety of materials, Similarly the
useful yields of these materials have been calculated
and presented together with some brief results on
probability of charged states of a sample of species,
probability of some species being detected as either a
positive or negative ion and a sample example of the
matrix effect and how that can affect analysis,
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"Express" failure analysis of electronic components

C P Strudwick

ERA Technology Ltd
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Leatherhead

Surrey KT22 7SA
England

Abstract

"Express” failure analysis concentrates on the
important question for users of whether a failed
component was badly made or whether it was
misused. The methods of achieving a rapid
analysis are described with a statistical summary
on .iundreds of devices.

1 CUSTOMER REQUIREMENTS

The failure analysis of components was once
thought of as being too expensive, long-winded
and inconclusive to be valuable for users of
electronic components, but a procedure has been
developed and optimised over several years at
ERA Technology Ltd which removes these
objections.

When failures occur in electronic systems, the
user needs to find out several important features
as quickly as possible. Once the fault has been
located down to component level, further
analysis is required to identify the caus= of failure
to ensure appropriate corrective action without
wasting time on inconclusive and unnecessary
investigations.
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The user has a different attitude to failures from
a component manufacturer. The user wants to
know:

*  Whether the component was well made

= Ifnot, whether the fault is an isolated case
or batch related

¢« Whether the component has been
correctly assembled into the product

*  Whether the circuit design keeps the
component within its rated use

* Whether the component has been
electrically overloaded

« Ifso, was it over-current, over-voltage, or
tumed on too rapidly

¢ Whether the environment was 100 severe,
such as too high a temperatmre or
humidity, or excessive thermal shock.

The cost of the c~mponents may be trivial but the
results of these questions can involve
considerable expense. For example redesign or
replacement of parts under guarantee all over the
world may be required. The answers need to be
found rapidly to ensure that the systems continue
to operate safely and reliably. Corrections must
be made before reputations are adversely
affected.
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2 METHODS USED

An Express Service has been running for several
years at ERA Techr.ology to answer these needs
within two days of receipt of the devices and
relevant data.

The procedure consists of the following steps:

« Examine the outside of the package for
damage

» Make electrical measurements to confirm
or locate defect region

« Remove lid of hermetic package or open
plastic case

~ Inspect interal parts to 1000 times
magnification

= Locate visible defects and photograph
them

» Identify mechanism from evidence as far
as possible

« Suggest remedial action or further
analysis if required

* Supply report with photographs

3 SUMMARY OF ANALYSES

A large number of devices examined under this
scheme have been semiconductors, but the range
of items has included printed circuit boards,
quartz crystals, electro-mechanical components
and opto-electronic devices. The distribution is
shown in Fig.1, where "discretes” includes
diodes, transistors and passive components. The
range represents the type of components that
actually fail in use and not necessarily those of
the latest technology.
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Distribution by type
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Fig.1. Distribution of components analysed
under the Express Service.

An analysis of the distribudon of the causes of
failure is shown in Fig.2. Defects in manufacture
and electrical over-load account for the largest
proportions of the failures. The assembly faults
were related to the insertion into printed circuit
boards or to solder joints.

Categories of Failure

Uncertain
19%

Assembly

No Fault Found
9%

Manufacture |
24%

* Overload

39%

Fig.2. The proportion of components within
each failure category.

The cause of failure was identified in the majority
of cases within ti: two day period, but some
compo-. ‘nts required additional further analysis.
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4 EXAMPLES

From the hundreds of components analysed four
examples have been sclected from recent work
where the failure mechanism can be briefly
described by a single photograph. Several
photographs might be used in reports. Normally
optical photographs are used but the selection
here includes some from the SEM. The examples
cover manufacturing faults, assembly faults and
misuse.

Fig.4. Fault during assembly of a thyristor
into a system.
The SEM image shows the device at an
angle after the plastic immediately
above the die has been removed to
reveal cracks in the silicon at D and E.
These had been caused by the user
breaking off the heatsink tab at F on the
outside of the package to fit the
component into a small space. The
broken tab is partly obscured by a
conformal coating.

Fig.3. Component manufacturing fault in a
crystal oscillator.
The SEM image shows the end of the
crystal at A where it is attached to the
mounting frame by silver loaded epoxy
resin. Excessive adhesive had been
applied, which had dripped through to
the mounting frame below at B. After
curing, the excess had then cracked at
C, resulting in unusual damping
properties and an incorrect operating
frequency.

Fig.5. Fault due to misuse in a 1200 Amp
"hockey puk" SCR.
The SEM image shows the wire bond to
the gate contact at the side of the 25 mm
diameter die. The wire was removed
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while opening the package. The fauitis
a hole in the die at G filled with an
eruption of silicon caused by the anode
current rising too rapidly. As the gate
is turned on, the area available for
conduction spreads across the die at
about 100 pm/ps. Here the rate of rise
of the anode current (dI/dt) was toc
large, so the current was concentrated
close to the gate contact, causing
excessive temperature rise and failure.
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Fig.6. Fault due to overload in an integrated
circuit.
The optical image shows part of an IC
with severe damage in the region next
to a bond pad at H. The track leading
away from the pad has fused at I and
another track at J. Short circuits have
formed above the die at K and another
beneath the oxide at L. Similar faults
had occurred on other devices at the
same external pin number.

§ CONCLUSIONS

The Express Service has successfully answered
the main questions required by users in a short
time scale on the range of components that
actually fail in service.

The well established procedure, coupled with
decades of experience, provides the answers
required by the user without levels of detailed
technical analysis of component manufacturing
faults, which may not be immediately necessary.
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A METHOD FOR THE CALCULATION OF THE SOFT-ERROR RATE OF SUB-um DYNAMIC
LOGIC CMOS CIRCUITS
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JebensstraBe 1, 10623 Berlin, Germany

ABSTRACT

As a prerequisite for predicting the soft-error rate (SER)
of CMOS circuits with dynamic registers a method to cal-
culate the SER is presented which takes into account
charge collection by drift and diffusion. It has been found
that besides collection due to drift, the noise charge col-
lected by diffusion has to be considered to accurately pre-
dict the SER of dynamic CMOS circuits. Calculated
results are compared to device simulations and SER mea-
surements.

1. INTRODUCTION

In 1978 May and Woods (Ref. 1) identified a-particles as
source of soft errors in DRAM:s. a-particles originate from
radioactive decay of uranium and thorium impurities in
chip and packaging materials. When penetrating silicon,
the a-particles gencrate electron-hole pairs along their
track which then may be collected by pn-junctions viadrift
and diffusion mechanisms, thus leading to current pulses
which can disturb normal operation of the circuit, resulting
in a soft error.

To obtain high throughput rates with small chip area and
low power dissipation dynamic pipeline registers (Fig. 4)
are widely used in CMOS circuits for digital signal proces-
sing. In the pipeline registers information is stored as
charge on floating nodes. Noise charge caused by an
a—particle hit cannot be compensated by a current from a
driving gate as in the case of static CMOS logic. Thus
dynamic registers are especially sensitive to soft errors.
Furthermore, due to minimisation the charge needed to
upset a logic CMOS circuit has decreased, so that soft
errors may become a problem in submicron logic circuits.
For these reasons it is necessary to examine the soft-error
rate of CMOS logic with dynamic registers.

This paper describes a procedure for calculating the SER
of such CMOS circuits. Results of this calculation are
compared todevice simulations and accelerated SER mea-
surements. In a similar way this procedure may be applied
to other logic CMOS circuits with floating nodes, ¢. g.
dynamic CMOS logic.

2. CALCULATION OF THE SER

Inordertocalculate the SER the charge needed to upset the
circuit — the so called critical charge — has to be eva-
luated and the frequency of a-particle incidents causing

collection of an amount of charge exceeding the critical
charge has to be determined. The critical charge may eas-
ily be obtained by analog circuit simulations.

The frequency of a-particles causing charge transfers
greater than the critical charge can be calculated using a
modified version of the program “ALF”’ (Ref. 2). In this
program the a-particle source is modelled by a thin layer
of radiating material (Fig. 1). This is a good approximation
to the uranium and thorium contaminated aluminum wires
on the chip.

The program uses a monte-carlo method for predicting the
SER: a source location in the source layer and a location
on the silicon surface are randomly chosen, defining the
position of an a-particle track in space. The charge col-
lected due to this a- particle incident and the probability of
its occurrence are calculated. After simulating a sufficient
number of a-particie hits in this manner, the program will
add up the probabilities of all hits which led to a charge
transfer exceeding the critical charge. An estimate of the
SER of the circuit can then be calculated.

a-source layer

absorbing surface
for diffusion model

z
y
Fig. 1 Part of the simulated geometry 14 X

Due to the large number of a—particle incidents to be eva-
luated the collected charge has to be computed in short
CPU-time. Therefore, analytical formulae are to be used
rather than numerical calculations. These formulae are
henceforward referred to as “n.odel”, as opposed to
numerical device “simulations”.

In calculating the collected charge for a given a-particle
track both charge collection mechanisms — drift and dif-
fusion — have to be considered. In sub-um circuits with
rather high doping concentration the collection length for
funnelling will be small, so that a relatively large amount
of charge will be collected by diffusion rather than by drift
(Table 2). Hence, a diffusion model has been added to
“ALF".
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Note that the time constant of charge collection by diffu-
sion is much larger — in the order of 10 ns t0 100 ns —
than th= time constant of the drift mechanism — in the
order of ps to 1 ns — so that the diffusion current is much
smaller than the drift current. Therefore, the charge col-
lected by diffusion must be considered for floating nodes
in dynamic circuits. In static circuits the diffusion current
is easily compensated by a current from the driving gate,
so that in this case the charge collected by diffusion does
not result in a significant voltage change at the disturbed
node.

2.1 Models...g charge collection by drift

When a pn-junction is directly hit by an a-particle, the
high density of electrons and holes along the a-particle
track leads to a deformation of the space charge region.
The electric field extends into the substrate, thus enhanc-
ing the collection of minority carriers (“funnelling
effect”). According to Hu (Ref. 4) this effect may be
described using an effective collection length

= o] = Vs Ba
le = (l +,u,,) bscr cos()(l +l‘p) M

for n*p-junctions, where Iscg denotes the length of that
part of the a-particle track traversing the undisturbed
space charge region (Fig. 2). All charge generated along
the track down to ic .s collected at the junction. For
p*n-junctions u,and u, have to be reversed. The imple-
mentation of this funnelling model has been adopted from
the original “ALF -program (Ref. 2).

o—particle track

WSCR

———
space charge
region
p—substrate
Fig. 2 Diffusion model
2.2 Modelling b Jlection by diffusi

Since the time constant for the funnelling effect is much
smaller than the .ime constant for diffusion, both effects
may be modelled separately as if they occurred sequen-
tially. After the funnelling has ceased, part of the remain-
ing electron-hole pairs diffuse to the space charge region
where they are collected. This is governed by the diffusion
equation which Kirkpatrick (Ref. 3) has solved analyti-
cally for a point source below a silicon surface with infi-
nite recombination rate (absorbing surface). The charge

collected from the point-source Oy at (xg; ¥y; Zo) by a small
area dA Jocated at (x;y ;z = 0) is given by (Ref. 3)

oxy) = Qoo sdA. ()
m (-0 + 0 =30 + 2
The total charge collected by a rectangular area with cor-
ners (x,;y,), (x;;y,) is obtained by integrating ¢(x, y):
1N
Olxy, 31, %, y2) = g(i.y)dydx = 3)

1w

= 2003 = 009 = 1513 + fE D)

where

(x = xp)(y = ¥o) ]
(— 20 /(x — xp)* + (v — yo)* + 2

flx,y) = arctan

Eq. 3 is then integrated numerically over the length of the
a-particle track by the modified “ALF’—program to give
the total charge collected by diffusion.

Eq. 2 was derived for an infinitely thin space charge region
surrounded by a silicon surface with infinite recombina-
tion velocity (absorbing surface, Ref. 3). In reality the sili-
con surface below the field oxide has a recombination
velocity near zero, i.e. the regions surrounding the collect-
ing node may include absorbing (other pn-junctions) as
well as non-absorbing surfaces (field regions). This may
be accounted for by multiplying eq. 3 by an empirically
determined correction factor. The largest possible value
for this factor has been found by comparison with device
simulations as a maximum of 2.5 (Table 1 and Ref. 5) for
a collecting node totaily surrounded by field oxide. Thus
the correction factor depends on the distribution of absorb-
ing and non-absorbing regions in the vicinity of the pn-
junction and varies from ! to 2.5. To match simulation
results with experiments the correction factor was set to 1
in this work.

To apply eq. 3 to a space charge region with finite thick-
ness the absorbing surface was moved to the depth of the
space charge region (Fig. I and Ref. 6).

Furthermore, to account {or well structures where clec-
tron-hole pairs diffuse to the pr—junction as well as to the
well-junction, the maximum depth for charge collection
may be entered as a parameter into the program. This could
better be achieved by introducing a second absorbing sur-
face at the location of the well junction, leading to an infi-
nite sum of terms such as eq. 3 (Ref. 6). Due to the increase
in program run time such a model has not been used in this
work.

3. VERIFICATION OF THE MODEL

The models for drift and diffusion developed in sections
2.1 and 2.2 respectively were verified by transient device
simulations.




The applicability of the method developed to calculate the
SER was then confirmed by accelerated SER measure-
ments.

3.1 Device simulations

The models developed above for charge collection by dif-
fusion and drift have been compared to the results of 2D
transient device simulations in cylinder coordinates as
well as to 3D transient device simulations (Table 1, 2).
In order to separate the charge due to drift from that due to
diffusion, an exponential time dependance of the drift cur-
rent has been assumed. A piecewise defined function con-
sisting of an exp—term and a constant was fitted to the cur-
rent vs. time relationship and integrated to obtain the
charge collected by drift. The fit was done by approximat-
ing a straight line to a logarithmic plot of the current
(Fig. 6).

centre hit | centre hit at
normalto | anangle of
the surface incidence
6 =60°
surface condition abs. | non— | abs. | non—-
abs. abs.
drift charge 33 1 37 {1 63 | 6.1
Quripe  fC
3D iffusion 63 | 136 | 30 | 128
device
simu- cha'rgc
lation Qdiff/ C
total charge/ | 9.6 {173 | 93 | 189
fC
drift charge 29 29 58 58
Qdrift 1 fC
diffusion 6.7 6.7 55 55
model  charge
Qdiff ! fC
total charge/ | 9.6 — | 113 ]| —
fC
Quotient 09) ] 20 [6)] 23
qu‘ﬂ:ximulau’onl
leﬁjmodel

Table 1: 3D transient device simulation and model
results of charge collected for absorbing and non—ab-
sorbing surface conditions; node size 2um X 2um,
a-particle energy 5 MeV, applied voltage 0V, substrate
doping 5 1016 cm=3.

In the case of an absorbing surface, total charges
obtained by the models and by device simulation match
well, whereas their components (drift charge and diffu-
sion charge) don't match. The reason may be that the
method used to separate drift and diffusion charge in the
simulation results yields imperfect results (fig.6 ).
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3.2 Measurements 1

The soft error rates of several dynamic shift registers fabri-
cated in a 0,6 um n-well CMOS technology have been
measured at various supply voltages (Fig. 3, 4). Each shift
register has 250 stages. In each stage information is stored
as charge on the input capacitance of an inverter. a-particle
hits in the drain/source areas of the pass transistor(s) con-
nected to the floating node may charge/discharge this node
causing destruction of stored information.

M3
Ml

M2
L

(2. - (2),, =% !

Fig. 3  Shift-register stage with pass-transistor

[
Mi M4

M3
M2

P

(2).. = (2),, = (@).. =36

Fig. 4 Shift-register stage with transmission-gate

For accelerated SER measurements an a-particle sou
consisting of a steel disc coated with a thin layer of 2/A.
approx. 7mm in diameter and having an activity of
69 kBq was placed approx. 1.2 mm above the chip
(Fig. 5). Aseries of alternating 1's and 0's was then written
into the shift register while the output was examined to
detect and count the errors caused by a-particles.

packaged chip
without lid

hold with a-par-
ticle source

to digital IC-tester

Fig. 5 Measurement setup
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The results of the accelerated SER measurements were
compared to results calculated with the modified version
of “ALF". In the case of the test circuits involving trans-
mission gates with pMOSFETS, the maximum depth of
charge collection in the calculation was limited since the
pMOSFETs were located in an n-well. The maximum
collection depth was chosen to fit the calculated results to
the measurements, as charge is collected both by the node
hit and by the well junction and predicting the ratio
between these two effects is difficult. The agreement of the
calculated resuits with measurements is fairty good as can
be seen in figures 8 and 9.

4. CONCLUSION

A method for predicting the SER of logic CMOS circuits
with dynamic registers has been presented and verified. It
has been shown that inclusion of charge collected by diffu-
sion is essential to accurately predict soft-error rates of
such circuits.

The method presented may also be applied to every CMOS
logic where information is stored as charge on floating
nodes, e. g. dynamic CMOS logic. Based on this work,
prediction of soft-error rates for dynamic CMOS circuits
built with future sub-pm technologies is possible.
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Fig.8 Comparison measurement — model, shift registers with pass transistors (width varied, cf. fig. 3)

error rate [1/]
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Fig. 9 Comparison measurement — model, shift registers with transmission gates (width of PpMOSFET varied, cf.
fig. 4). The model without diffusion charge yields a SER of 0.
The large difference of the SER of this figure fo fig. 8 may be attributed to a large difference in the critical
charges of the circuits in fig. 3 and fig. 4)

technology 2um 0,61um 0,3pm 0,12um
node voltage / V 50 33 2.5 15
node diameter / wm 65 22 11 05
substrate doping / cm~3 51015 8 1016 31017 110"
drift charge / 1C 203 238 25 14
2Ddevice " giffusion charge / fC 182 67 41 195
total charge / C 385 15 66 335
drift charge / f1C 217 45 22 10
model diffusion charge / IC 243 8.0 44 19
total charge / fC 460 126 66 29

Table 2: Comparison model — device simulation: Simulation was done using a 2D transient device simulation in cylin-
der coordinates simulating a vertical a-particle hit with 5 MeV energy. An absorbing surface boundary condition was

assumed.
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Abstract

Using this new module of Berkeley Reliability
Tools (BERT) (Ref.1), user can predict the er-
ror rate due to single event upset (SEU) in large
circuits. The error rate model described here
uses a well established methodology, but for the
first time a different choice is made on picking
up the sensitive nodes, enabling a quick predic-
tion even for very large circuits.

1 Introduction

As electronic components have grown smaller
in size and power and have increased in com-
plexity, their enhanced sensitivity to the radia-
tion environment has become a major source
of concern. Circuits can be randomly bom-
barded by ionizing particles of very high energy
(cosmic rays and/or a-particles), the so-called
single events. Pulses of ionizing radiation are
known to be effective in corrupting the informa-
tion ICs store. The mechanism is a single event
upset and it occurs when an energetic particle
passing through a microelectronic cell gener-
ates and deposits enough minority carriers so
that the cell changes state. The probability of

*Paclo Pavan is mow with the Dipartimento di

Scienze dell'Ingegneria, Universitdi di Modena, Via
Campi 213/B, 41100 Modena, Italy.
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this occurring depends upon the particle eavi-
ronment, the possible path-length in the cell
and the critical charge necessary to cause the
change of state. IC designers can use radiation-
hardened process technologies and radiation-
hard circuit design techniques, but an impor-
tant role can be played by predictive modeling
to optimize the design for single-event tolerance
and prediction of failure level; finally ground
base testing should be used to verify radiation
tolerance.

The circuit-level modeling of single event ef-
fects is an area of on-going research. The
vulnerability analysis of important subsystems,
such as analog subcircuits, CCD imagers, non-
volatile RAMs, and sensors, is becoming more
and more important. This module is part of the
BErkeley Reliability Tools - BERT, an IC reli-
ability simulator. This new module can predict
the SEU error rate for complex digital circuits.
The user needs to provide the circuit and the
device model parameters (as for circuit simula-
tion), and to choose the environment in which
the circuit is going to operate. Moreover, if
data from on-earth characterization are avail-
able, they can be used to have a more accurate
prediction of the failure rate according to the
model proposed in (Ref.2).
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2 Overview of the Simulator

Previous work did not specifically address large
VLSI circuits (Ref.2). This module addresses
this need. The probability of a SEU event oc-
curring depends upon the charged particle en-
vironment, the possible path lengtl. in the cell
and the zritical charge necessary to cause the
change of state. Error rate calculations are
made according to well established methodolo-
gies developed mainly for CMOS SRAM cells.
They are based on an exact path-length dis-
tribution function (Refs.3,4), a Linear Energy
Transfer (LET) spectrum of the cosmic ray en-
vironment (Ref.5), and a parallelepiped-shaped
sensitive volume. The sensitive volume is eval-
uated from the process parameters and funnel-
ing contributions, as calculated in (Ref.6), from
the process parameters and from the geome-
tries in a SPICE-deck-like input.

Before the error rate for a particular node
can be calculated, the minimum charge distur-
bance at that node required to cause an error
must be deterrmined. The amount of charge
present at the node is determined by the to-
tal capacitance of the node and the voltage at
the time of a single event interaction. Node ca-
pacitance is determined by interconnect capac-
itance, gate capacitance, junction capacitance,
and stray capacitance due to overlap-regions,
etc. The voltage is the noise margin of the cir-
cuit AVpy. Critical charge, Qc,is thus defined
as Qc = CnN - AVNpy. AVna can be either
determined from other simulations, or set at
Via/2. The module allows the user to choose
whether Q¢ is to be calculated according to
one of these options, or assigned by user, pre-
sumably from other kinds of simulations.

If the dimensions of the parallelepiped sensi-
tive volume are !, w, and h, the error rate can
be calculated as:

ER:A,,]S""

s, &(s)f(s)ds (1)

where 4, = 1/2 (lw + wh + hl) is the av-
erage projected area of the parallelepiped,
Smaz = VIZ + w? + AZ is the maximum path-

s b3 - 0

length through the sensitive region, and Sp,i, =
Q./(A8Q/AS)maz is the minimum path-length
for which a particle can deposit the re-
quired minimum charge Q.. (AQ/AS),... =
0.28 pC/pum is the maximum stopping power
for any particle in space environment, and &(s)
is the flux of particles which can deposit a
charge greater or equal the critical charge Q..
Finally, f(s) is the distribution of pathlengths
through a parallelepiped. This formulation is
the basis for the calculation of an error rate
for different kind of circuits. The approach
is coupled with a technique modified from the
prediction of degradation by timing simulator
(Ref.7), which enables to choose which are the
transistors, and thus the junctions, susceptible
to cosmic-ray-induced errors in digital circuits.
We assume that only SEU at nodes that can
be pulled up or down to the rail voltage values
(strong nodes) have any effect on the rest of
the circuit.

As an example, we can consider the pull-
down section of a NAND circuit, Figure 1.
Node O, the output node, is a strong node,
node A is a weak one. If N1 is OFF any dis-

Vad

Figure 1: Nand Gate
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turbance at A will not affect the output O. So,
too, is the case if N2 is ON. If N1 is ON and
N2is OFF, the charge disturbance at A, AQ,4,
is shifted to O in the worst case option. In the
more accurate option, AQo is the smaller of
AQACo/(Co+Ca)and (Vaa—Vi)CaCo/(Cat
Co). The third and default option is that,
because the internal capacitance at node A is
smaller than the output capacitance at node
0, the glitch produced at the output, limited
to (Vaa — V)Ca/{(Ca + Co) will not be large
enough to propagate to any other gate in the
circuit.

The BERT preprocessor determines the sig-
nal strengths at each node. Summing the SEU
rate for each strong node will give the rate for
the circuit.

3 Simulation Examples

The first set of simulations was carried out
on CMOS SRAMs to validate the procedure.
Table 1 shows the geometry parameters taken
from literature (Ref.8) for devices HM6508 and
CDP1821, together with process parameters
and an estimate of the critical charge Qc-
For devices HM6508, the substrate doping is
1.3 X 10*® cm=3, and the p-well doping is 1.4 x
10'%em—3. For a bias of Vg = 5V, the deple-
tion widths for the n- and p-channel transistors
determine the value of H reported in Table 1.
The hardened versions HS6508 and HS6508RH
are assumed to have the same sensitive region
geometries for the unhardened HM6508. The
critical charge Q¢ was estimated in 0.26 pC
for the unhardened version, in 0.82 pC for the
hardened ones. Devices CDP1821 are Silicon-
on-Sapphire (SOS) devices. Ionization charges
can be collected only from the epitaxial silicon
region between the source and the drain. In
this case, the sensitive region is limited to the
dimensions of the region under the gate of a
sensitive transistor. The epitaxial thickness is
estimated as 0.5 um £ 10% (see values of H in
Table 1). In this case, the critical charge is
estimated as 1.1 pC. Results are in good agree-

HM6508 CDP1821
MOS L W Hij L{W| H
N1 28411040721 5]15]0.5
N2 2847110471072 5] 5]05
P1 222711921210) 5[/25]0.5
P2 2221172121010 ] 5705
Al 284 [ 1041072 5164105
A2 284104 /072 5]64]05

Table 1: MOS geometric parameter as from
(Ref.8); L, W, H are in um.

Error Rate J] This work Ref. [8)
HM6508 22-107% [2.107°+ 7.107%
HS6508 32-10~® [2-10~7 = 5-10-°
HS6508RH

CDP1821 [ 25-107% [2-107% + 7-10°8

Table 2: Error Rate results for SRAMs in
Errors/bit-day, compared with those reported
in (Ref.8).

ment with those in (Ref.8) (Table 2).

Simulations were also performed on larger
circuits, whose benckmark and netlist format
are taken from ISCAS’85 (Ref.9) for combina-
torial networks, and from ISCAS’89 (Ref.10)
for digital sequential circuits. Each simulated
circuit is characterized in Table 3. Simulation
of digital sequential circuits was carried out
either taking into account the contribution of
each strong node, or considering only the nodes
belonging to the D-type flip-flop. SEU error
rates are reported in Table 3. The error rate
of the same large circuits was simulated also for
different values of Vg, varying from 5 to 3 V.
As shown in Figure 2, the error rate increases as
Vigq decreases, as can be expected, since lower
Va4 implies lower critical charge, thus a higher
sensitivity to perturbations, leading to a higher
error rate.

4 Conclusions

A new module has been added to BERT. It can
determine the error rates for as a result of SEU
in very large digital circuits. By using a timing



PO S SRR,

[N

!

| L

Circuit C432 | C1355 | 5208 | 5838 |
Name

Circuit Priority | ECAT | DFM | DFM
Function || Decoder

Total 160 546 96 390
Gates

Input 36 41 11 35

Lines

Output 7 32 2 2

Lines

Number - - 8 32

of D-FF

Error 39 15.4 4.2 179
Rate

D-FF - - 0.9 3.7

E-Rate

Table 3: ISCAS Benchmark Circuit Charac-
teristics (Refs.9,10), and SEU Error Rates in
10~3Errors/day.

, ' ——40
N o —e— 5838
> —e—C1355 135
h=] m
= 8r ] 3
§ i 3°;;E|
L4 - -
° -l
: ‘25 3
g of :
& J20 ¥
e -
8 g
o °f g

L ——C432 {152

4} ——S5208 1
a 4 5
Vg (V)

Figure 2: SEU error rate of the ISCAS bench-
mark circuits for different Vyy values

simulator and a new choice of sensitive nodes, a
fast simulation of very large circuits is enabled,
thus providing a useful tool for circuit design-
ers, who can use BERT repetitively during the
design to understand how specific choices can
affect reliability.
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SUMMARY

A methodology assessed for wafer level reliability is described. An accelerated lifetest performed on specific test
structures designed on purpose allowed us to correlate reliability with elementary process yields.

Standard  High  Reliability  assurance
procedures currently rely on component qualification
and, more generally, on end-of-line testing. They can
be very cost effective and add significant delays. An
alternate methodoiogy would be to monitor the
quality during part manufacturing. This approach led
us to design and manufacture a test chip which
includes test structures to monitor elementary yields
and defect densitics. After electrical tests and
analyses on two wafer lots, 160 devices were
packaged and submitted to an accelerated lifetest.
Afterwards, we studied the reliability of various
features of the process and investigated possible
comrelations between wafer level yields and
reliability.

1. TEST CHIP DESIGN

The work reported here required a mature,
qualified manufacturing process and was hence
performed in partnership with a space qualified Rad
Hard CMOS ASIC manufacturer. The firt step was
the test chip design, based on a structural
decomposition of the process (Refs. 1, 2): each
structure had to emphasize the impact of an
elementary defect related to a process step and
minimize all others. This was done within the design
rules of the technology to keep a maximal
commonality with "functional” circuits.

The final test chip included 34 substructures
(Ref. 3) devoted to investigate the critical features of
the technology.

2. WAFER LEVEL ELECTRICAL TESTS

In a second phase, two wafer batches were
manufactured and electrically tested using a Keithley
tester. Parameters were stored into a VAX computer
and analysed using BBN's commercial RSI
statistical analysis software. Tables including test
structure parameters and die x/y location on the
wafer were defined. This x/y traceability was kept
throughout ali the phases of the project.

Most of the time, parametric data were found
to be log-normally distributed: reject criteria were
hence defined from cumulative distribution function
plots. Yields and defect densities were obtained for
the various structures. From these wafer level
analyses, two different yield behaviours were found,
depending on the die location on the wafer. Defects
from the inner area of the wafer appeared to be
randomly distributed, following a Poisson yield
model, while those from peripheral regions tended to
cluster, revealing more systematic defects
occurrence. An additional parameter was therefore
defined in order to identify the geographical origin
of the dice, leading for each test structure to two
values of yield and defect  density
(center/peripheral).

3. LIFETEST CONDITIONS
After these first analyses, 160 devices

extracted from the second batch of wafers were
packaged and submitted to an accelerated lifetest.
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These dice were randomly seiected from ten
wafers preliminary extracted from the batch. Dice
from center (75%) and peripheral areas (25%) of the
wafer were selected and tracked in order to cover as
wide a distributio:. of defect densities as passible.

These dice were split into different test
boards in order to apply various stress conditions to
each test structure. The lifetest was then performed
on all chips and test structures simultaneousty. The
stress conditions included two temperatures (125°C
and 150°C) and different bias voltages depending or
the test structures. This lifetest was meant to be
easily implemented in a production environment:

¢ thin oxides were submitted to electrical fields of
4 and 6 MV/cm

¢ on metal serpentines, conutacts and vias chains,
two voltages (8V and J6V) were appliea in
order to induce current densities from a few 10°
AJem? to 107 A/cm?

¢ intermetallic oxides were stressed with an
electrical field around } MV/cm.

All the devices were tested at given instants (100h,
200h, 400h, 840h, 1600h, 210Gh).

4. LIFETEST RESULTS

For each test structure and each stress
duration, we extracted the defect rates associated
with the stress conditions. These resuits were then
correlated with those obtained after wafer level tests.
We have found useful to define a youth defect rate

(at 100h) and a wear defect rate D, (Dy, = Dy -
Dj at t = 1600h or 2100h) for each stress condition.
In the present work, we will focus on the metal and
thin oxide test structures which presented the higher
defect rates.

4.1, Metal Structures

Metal serpentines showed an evolutive defect
rate during the lifetest which suggisted voltage and
temperature related effects. Those were different
according to the underlying topology of the
serpentines. Three topologies were under test:

¢ metal serpentine over epitaxial silicon (epi) lines
(serpentine 1 - see fig. 12-)

¢ metal serpentine over parallele epi lines
(serpentine 2 - see fig. 1b-)

¢ metal serpentine over an epi grid (serpentine 3
- see fig. 1¢c -)

Each serpentine was interdigited in two metal combs

to investigate shorts but none appeared during the
lifetest.

Fig. I: Layout of metal serpentines.

Defects on serpentines 2 and 3 appeared
dependent on both temperature and voltage while
those on serpentine 1 were mainly voltage dependent
(see fig. 2).
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Fig. 2: Metal defect rate evolution for different
test conditions.

Under the same stress conditions, the first
serpentine had the higher defect rate. We hence
concluded that, in the first serpentine, the effective
applied current density was higher than the
theoretical value because of metal thinnings: they
were attributed electromigration mechanism leading
to opens. SEM photographs were performed in order
to support that point as showed in photo 1. Opens
were more often localized above polysilicon steps as
expected because of step coverage.




Photo 1: Sem view of an opened metal serpentine.

We then compared the youth defect rate with
the wear defect rate as shown in fig. 3. This graph
shows a clear correlation between both of them
leading us to an important conclusion: the more
youth defect are observed, the less reliable structures
are.
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Fig. 3: Defect rate evolution between 100h and
2100h for metal structures.

4 2. Thin Oxi

With regard to the thin gate oxide, three
structures were studied: the first one was dedicated
to investigate the area feature while the others were
devoted to edge effect investigations (Ref. 3).

All of them showed a clear size
dependence: the bigger test structure, the higher
defect rate.

Edge-dedicated structures were found to
behave in slightly different ways though they both
could investigate edge effects. Those devoted to
study oxide overetching showed a lower defect rate
than the one dedicated to reveal oxide thinnings
along epitaxial islands. The latter rather behave as
the area structures which had the higher defect rate.
This confirms the correct design of the test
structures, showing that edge effect-induced oxide
failures here originated more from thinnings above
silicon island than from oxide overetching.

Our analysis consisted first in performing
correlations between lifetest results and wafer level
test data.

We compared Dy with Dw for each stress
condition and we observed that, mainly for the
biggest size, the more youth defects, the less reliable
the structures.
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Then, we extracted youth defect rates for each
wafer and we compared them with the corresponding
defect rates obtained after wafer level tests. We
found a correlation between these parameters which
indicated that we tend to have more youth defects
when we detected more defects on wafers.

In the same way, we compared these youth
wafer defect rates with the wafer breakdown voltage
measured on Process Control Modules (PCM). This
led us to point out a correlation showing that the
lower the breakdown voltage, the higher the defect
rate (see fig. 4). This correlation was even enhanced
by normalizing the PCM breakdown voltage by the
stress voltage: we hence observed the direct link with
wafer level characteristics without including stress
condition effects.

Walkr Vouth Defect Rate (%)
IR R EEEEREEREN]

» n - a “ - a“

€

Water Braskdowm Vokige ot PUM (V)

Fig. 4: Youth defect rate ys breakdown voltage on
PCM.

All these correlations were then performed
again by separating the dice geographically
(center/peripheral). We found similar links as
previously but these links were even stronger for the
chips coming from the irner region while they
appeared weaker for the devices from the peripheral
region. This can be understood as the latter appeared
more prone to systematic defects (poor Poisson
dependencies at wafer level). They were therefore
proportionnally less affected by the "reliability”
failure mechanism that caused inner chips to fail.

Finally, we investigated the evolutive chip
distributions according to the various stress
conditions, using cumulative distribution function
plots. The latter exhibited distributions which were
divided into three parts, the first representing the
good devices and the others characterizing the
failures (see fig. 5). We hence found two types of
defects revealing two simultaneous failure
mechanisms.
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Fig. 5: Cumulative distribution function plot for
oxide leakage current.

We therefore precised our failure criteria in
or ler to separate these mechanisms and we studied
them according to the stress conditions.

The first mechanism, corresponding to the
scattered distribution, was called "small oxide
leakages" as the leakage cumrent was low and
belonged to a large range of values. The second one
rather corresponded to instantaneous oxide
breakdowns. It appeared mainly voltage-dependent
while oxide leakages were more or less temperature-
dependent. In fact, oxide leakage behaviour showed
linked temperature and voltage dependencies (see
fig. 6):

Oxide Leakages

=& 20V/128°C
—0 20V/150°C
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Fig. 6: Oxide failure mechanisms evolution with time
and stress conditions.

¢ under a low stress field, the defect rate was
greatly enhanced by a temperature increase

¢ under a higher stress field, the temperature
effect vanished and the defect rate remained
low. Sometimes, we could even observe a

decrease of the defect rate with a temperature
increase: this last phenomenom must be linked
with the second failure mechanism which
occured simultaneously. Under the higher stress
field, breakdowns were more prosie to occur
than oxide leakages, which was slightly
enhanced by a temperature increase.

First assumptions were made according 1o the
origin of these failures.

Breakdowns occurrence was attributed to
latent defects in the oxide layers since they appeared
under rather low stress conditions.

Oxide leakage behaviour was compared to the
one observed by Olivo et al. (Ref. 4) and it appeared
to be rather similar. The mechanism proposed by
Olivo et al. relies on the presence of weak spots in
thermal oxides; high field stress destroys the oxide
integrity at these spots, leading to a current
enhancement. Although our oxide was thicker than
the one described in (4), we can assume that the
leakages we observed came from oxide
imperfections which influence was enhanced by the
stress. This mechanism predominated in the area
structures and was weaker in the edge structures: this
can support the fact that oxide leakages are more
linked with oxide integrity (weak spots due to
particle contamination for example) than with oxide
thinnings which are predominant in edge structures.
More analyses are required to accurately identify this
mechanism.

5. CONCLUSION

We have proposed a wafer level reliability
prediction methodology, based on the analysis of
specific test structures. A test chip was designed,
manufactured and electrically tested before
submitting it to an accelerated lifetest. Close
correlations were found on metal structures between
the youth defect rate and the structure reliability. We
also observed the underlying topology influence on
failure occurrence.

Resuits on thin oxide structures atlowed us to
validate the design of the structures and to point out
the link between reliability and elementary yields.
We also observed two simultaneous failure
mechanisms, one characterized by oxide leakages,
the other by oxide breakdowns. More analyses are
needed to accurately describe and model these
mechanisms.

A last phase will be to manufacture test
structures and functional circuits on the same chip.
We will hence validate the results presented here and
assess the suitability of such a methodology for a
High Reliability procurement strategy.
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Abstract

The microstructure of Al(4%Cu) films deposited
on Ta,Al resisior films used for thermal ink jet
printheads was studied using atomic force microscopy
(AFM), energy dispersive X-ray (EDX) spectroscopy and
trcasmission  electron  microscopy (TEM).
Characterisation of the films revealed that the A(4%Cu)
Jfilms contain Al-Ta and Al-Cu-Ta phases and
precipitates possibly related to Guinier Preston zones
and @ particles.

1. INTRODUCTION

Thermal ink jet printheads (Refs. 1, 2) utilise
fast pulse heating of thin film heaters to locally form a
bubble in the ink over the heater surface. The printhead
resistor structure is normally fabricated on a silicon
substrate using standard IC technique. A barrier film of
silicon dioxide is first deposited. The resistor film is
tantalum aluminum and is magnetron sputtering
deposited. Aluminum doped with a small percentage of
copper is deposited next by magnetron sputtering to
form the conductor film.

Efficient performance of the thermal ink jet
printer requires that the heater excitation lasts for
microseconds and raises the heater surface to several
hundred degrees Celsius at frequencies of a few
kiloHertz. During the operation and life of the printhead,
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the conductor and resistor experience severe electrical,
mechanical, thermal and chemical stresses which are
detrimental to the performance and life of the devices.
For example, electromigration may occur under the
electrical stress and affects the reliability of the Al
electrode vonsiderably. Hence, it is important to
characterise the metallurgical properties of the Al(4%Cu)
films.

We have investigated the microstructure of
Al(4%Cu) thin films deposited on Ta,Al. A 100nm
Ta,Al resistor film was sputtered onto a 1.6pm SiO,
barrier film. The conductor film was formed by
sputtering a 500nm Al doped with 4% of Cu on the
resistor layer. The entire structure was fabricated on an
unpatterned p+ Si substrate. The structure and
composition of the Al(Cu) films were analysed by
scanning electron microscopy (SEM), atomic force
microscopy, transmission electron microscopy and
energy dispersive x-ray spectroscopy.

Two sets of Al(4%Cu) films, hereafter referred
to as Samples #1 and #2 respectively, fabricated
separately by two identical systems with slight difference
in the operating conditions were studied. The Al films in
Sample #1 were magnetron sputtered by a system which
was run continuously overnight whereas Sample #2 was
fabricated by a system during a qualifying test. In this
paper, Sample #1 is used as a reference for comparative
study, and only the microstructure in Sample #2 will be
analysed in detail.
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2. RESULTS

2.1 SEM/EDX and AFM

The high resolution scanning electron
micrograph shown in Fig. 1 indicates that the surface of
the Al conductor films consist of three distinct regions:

1) A fairly smooth and uniform region which appeared
as dark contrast. This background region showed strong
Al signals, with a small amount of Cu, in the SEM/EDX
spectrum;

2) Small spots appeared as bright contrasts of about
20nm and

3) "Grains" of approximately 200nm - 400nm.
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It can be clearly observed that Sample #2
contains a2 much higher amount of small bright spots
than Sample #1.

When the surface structures seen in regions 2)
and 3) in Fig. 1 were analysed by atomic force
microscopy, they were shown to consist of hillocks of
different sizes protruding from the Al surface. Fig. 2
shows a typical AFM image of the hillocks, the height
of which varied from a few nanometres to a few tens of
nanometres.

Fig. Y High resolution SE micrographs of a region of the
Al(Cu) films. The SEM/EDX results of the background
(i.e. darker contrast) showed the presence of Al and Si
only. Due to the spatial limitation of the EDX in SEM,
no useful elemental information could be obtained from
the small bright spots and "grains". (a) Sample #1, (b)
Sample #2.
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Fig. 2 AFM images of the Al(Cu) films showing hillocks
protruding from the film surface. (a) Sample #I, (b)
Sample #2. Note that the scan range in (a) is 2 times
larger than that of (b).




Both the SEM and AFM images correlate very
well. The “grains" seen in SEM are actually "big"
hillocks with height varying from 20nm - 60nm.
Whereas the small bright spots correspond to '"small”
hillocks of height less than 10nm.

The SEM and AFM results reveal that the
AKCu) film surface in Sample #2 is uniformly occupied
by small hillocks, with a few larger ones randomly
scattered. On the other hand, only big hillocks are
generally visible in Sample #1.

2.2 TEM/EDX

In the TEM analysis, only Sample #2 will be
discussed in detail. Figs. 3 and 4 show a transmission
electron microscope bright field image of a region of the
Al(Cu) thin films in Sample #2 and the associated
TEM/EDX results. The planar samples were prepared by
polishing the samples from the back side mechanically
and ion milling them to a thickness of approximately
0.1pm. Basically, the films contain three types of
microstructure:

1) A large number of the regions (marked 1 in Fig. 3)
appeared as dark contrast of about 150nm - 400nm in
diameter, showing Al, Cu and Ta in the EDX results

Fig. 3 TEM bright field image of a planar
region of the Al(Cu) film in Samy le #2.
Magnification = 100,000x. Regior:s

indicated by markers 1 and 2 are about
150nm - 400nm and 10nm - 50n n respectively.
These regions show Al, Cu and ? 1 signals.
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(Fig. 4(a)) collected by the TEM. These precipitates
have the highest amount of Cu signals as compared to
other areas. They maintained as dark contrast even at
other sample tilt angles;

2) A second group of the regions (marked 2 in Fig. 3)
appeared as dark circular precipitates of about 10nm -
50nm in diameter. Although the contrast was found to
be a function of the sample tilt angle, they did not
disappear from the image completely. Again Al, Cu and
Ta were detected (Figs. 4(b) and 4(c)). However the
relative composition of Cu and Ta could vary even
though they appeared to have the same contrast and
geometrical properties in the TEM image; and

3) The third group (marked D in Fig. 3) comprised Al
grains of about 500nm in diameter, showing very strong
Al signals and insignificant small amounts of Ta and Cu
(Fig. 4(d)). Similar to the small dark regions seen in 2),
the contrast of the Al grains varied with the sample tilt
angles. But at certain tilt angle, the grain boundaries
might disappear completely, forming a large Al crystal.
Fig. 4(e) shows the background signals for comparison.

To ascertain that the Ta signals collected from
the planar sample were not due to the effect of the Ta in
the underlying Ta,Al layer, TEM analysis on the cross
section of the Al(Cu)Ta,Al structure was performed.
Fig. 5 shows a TEM image of the cross-section of the
resistor structure. Results similar to those in Fig. 3 were
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Fig. 4 The EDX spectra of the different regions seen in
Fig. 3. Spectra (a), (b} and (c) were collected from the
locations marked A, B and C in Fig. 3 respectively.
Spectra (d) and (e) correspond 1o location D in Fig. 3
and the background respectively. The main Al peak in
all the spectra are not shown. All the X-ray peaks have
been scaled proportionately to the most intense peak in
Spectrum (a).
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obtained. Besides the Al-Cu-Ta phase found in the
planar sample, an extra Al-Ta phase (Fig. 6(a)), which
always appeared as dark contrast for different sample tilt
angles, was observed in the Al(Cu) films. Precipitates
showing Al-Cu-Ta phase, similar to those indicated by
1 and 2 in Fig. 3, were observed not oaly in the "bulk"
of the thin film (arrows 2 and 3 in Fig. 5 and Figs. 6(b)
and 6(c)) but also at places very near to the top surface
(arrow 4 in Fig. 5 and Fig. 6(d)). All the microanalysis
results have good reproducibility even at other regions.

3. DISCUSSION

Based on the TEM analysis, the precipitates
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of size of 10nm - 50nm are suspected to be related to
the formation of Guinier Preston (GP) zones before the
equilibrium 6 phase appears (Refs. 3,4,5). For example,
GP(1) zones less than 100nm normally occur at 160°C
aging temperature whereas GP(Il) zones with size less
than SOnm appear between 100°C - 200°C. Those
particles of size of 150nm - 400nm are likely formed
during the 8 phase and are commonly found along the
a-Al grain boundary as shown in Fig. 3. The
preliminary Kikuchi line investigation and electron
diffraction study of these 8 precipitates from which Al,
Cu and Ta were detected show that their structure is
very different from the fcc structure of the a-Al.

Certainly, the presence of the precipitates
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Fig. 5 (righs-hand side) TEM bright field

image of a cross-section of the ACu) film

in Sample #2. Magnification = 42,500x.

TEM/EDX was performed at those regions indicated
by arrows I 10 6. Arrow 7 marks the location

of the Ta,Al resistor film.

Fig. 6 (below) TEMIEDX spectra of the
cross-section of Sample #2. These results

have to be studied together with Fig. 5. Spectra

(a) 1o (d) were the results of the regions

marked by arrows 1 to 4 in Fig. 5 respectively.
Regions 5 and 6 in Fig. 5 basically show Al signals.
Also, the Al peak in all the spectra are not

shown. All the X-ray peaks have been scaled
proportionately to the most intense peak in
Spectrum (a).
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related 1o the GP zones is due to the difference in the
aging parameters such as the aging time or temperature.
In the peesent study, it also appears that the hillocks
revealed by SEM and AFM are likely to be Al-Cu and
Al-Cu-Ta precipitates formed during different transition
phases. Preliminary indications are that the large and
small hillocks (precipitates) on Samples #1 and #2
surface are somewhat related to the 6 phase and GP
zones respectively.

From these results, it is clear that the Ta has
diffused from the underlying Ta,Al resistor film into the
Al(Cu) films, giving rise to the Al-Cu-Ta and Al-Ta
phases. The distribution of Ta in the Al(Cu) films was
found to be random. However, the reaction between Ta
and Al-Cu and Al is not clear yet. Further work is
necessary to determine the mechanism of forming the
Al-Cu-Ta and Al-Ta precipitates in the Al(Cu) films.

Conclusions

Al(4%Cu) films deposited on T2,Al resistor
layer were studied. Al-Ta and Al-Cu-Ta particles were
observed in the Al films. In addition, hillocks possibly
related to Guinier Preston zones and 8 precipitates were
found on the surface of the films. Since the quality of
the AKCu) film is dependent on the precipitating
“particles", which in tum depends on the aging process,
it is important to study the cause of the existence of the
Al-Cu-Ta and Al-Ta precipitates. Further work in this
area will be carried out. This piece of information will
be very useful in determining the optimum properties of
the alloy.

Acknowledgements

The authors are grateful to Mr. Marcus Chai for
generating the AFM images. KL Pey would also like to
thank Institute of Microelectronics for providing the
opportunity to work with Fudan University on this
project.

Reference

1. Davids D.A., Chan K.H. and Bertom K.L. '"Temporal
and spatial response in thermal transfer printing", Proc.
SID, Vol. 28/4, 1987, pp 465-470.

2, Chang L.S. "Mechanisms of failure of thermal, ink-jet
thin-film devices under stressed conditions”, Proc. SID,
Vol. 30/1, 1989, pp. 57-63.

3. Guy A.G., In Introduction to Materials Science,

e A o e

McGraw-Hill, Singapore, 1972.

4, Brooks CR., In Heat treatmens, structure and
properties of nonferrous alloys, Metals Parks, Ohio,
American Society for Metals, 1982.

S. Lancker M. Van, In Metallurgy of aluminium alloys,
Chapman and Hall Ltd, London, 1967.

e a2t



EVALUATION OF LOW-VOLTAGE Za0Q VARISTORS QUALITY
BY LOW-FREQUENCY NOISE CHARACTERISATION

F. Verdier, S. Gouvemncur, C. Lucat, A. Touboul

IXL (URA 846-CNRS), Universit Bordeaux I
351 Cours de la Libération, 33405 TALENCE CEDEX (FRANCE)

ax : (33) 5637 1545, Tel.:

(33) 56 84 65 40/41

Abstract : ZnO low voltage varistors arc of great interest for the protection of electronics systems against transient
surge overvoltage. In the opposite of classical destructive reliability tests, reliability indicators allow the determination
of device reliability with non destructive stress conditions. Low-frequency noise power, controled by the conduction
mechanisms in Schottky barriers of grain boundaries between ZnO grains, has been related 10 the main device
parameters, i.e. the non-linearity coefficient and the leakage current. Measurements have been performed on sampies of
different technologies, before and after high energy pulse tests in order to correlate excess noise and degradation of the

devices.

1. INTRODUCTION

Varistors are electronics devices which resistance
decreases strongly when increasing the applied voltage.
Such a property presents a great interest 10 protect
electronics systems against surge overvoltages. Varistor
effect is characterised by a fast current density change
from 10-2 1o about 10* A.m-2, In this domain, I(V)
dependence can be described by the empirical equation
(Ref.1):

I=v/O)* m

where a is called the non-linearity coefficient and
is a criterium of efficiency of the device.

Several theories have been developped to explain
conduction mechanisms and model ZnO varistors
behaviour. They point out the fundamental role of a
microstucture constituted of several semiconductor
grains and intergranular insulating boundaries. The
main non-linearity effect is attributed to the boundaries
where threshold voltage is about 3 V. In the
application we are involved, low threshold voltage
values must be achieved (less than 20 V), 5o that thin
ZnO layers are required (20 or 30 um for a mean grain
size of 3 to 4 um). Screen-printing thechnology fits
well this requirement and presents many advantages :

~ The desired threshold voltage is controlled by the
layer thickness.

- Several protection elements can be deposited on a
single substrate, allowing an individual protection of
several /O (like connectors).

- Hybrid components, with various electronics
functions, as well as discrete components can be
implemented.

Usual methods to determine varistors reliability
consist in statistical destructive tests under rated single
puises of high energy (lightening waves, 0.1x6.4 s,
8x20 yis...) defined by their shape and duration (Ref.2)

and representative of risks in operating conditions. An

altemative solution is the use of religbility indicators,

such as C(V) characterization as a function of the

frequency, which should be measured under lower stress
Tt

Elwn'icalpmpermrelawquualnyandlehablhty
of low-voltage varistors have been mvemgawd here on
the basis of excess low-frequency noise measurements.
Related to the conduction mechanisms in Schottky
barriers between ZnO grains, the spectral intensity of
current noise is found to be linked to the principal
parameter of quality of a nonlinear clamping device :
the non-linearity coefficient a.

2. TEST SAMPLES

Most of measurements have been performed on
new technology varistors, built at IXL Laboratory,
consisting in thick ZnO screen-printed layers on an
alumina substrate, with small addition of other metals.
Varistor ink is composed of ZnO powder, organic
binder and a few percents of doping impurities
(CoCO3, Cr03, Biz03, MnCO3, Sb203). A
Platinium common clectrode is first deposited and
annealed at a temperature of 950°C. Varistor ink is then
printed in successive layers, dryed during 15 min at
120°C (Figure 1).

Screen-printed layers Vi (V)
1 3-10
2 10 - 20
3 20-35
Figure 1 : Threshold voltage vs number of
inted ZnO laycrs

Anwchmncalpressme(aﬂummnlormm
with a maximum of 6.2x108 Pa) is included in the
fabrication process to control the clamping voltage by
densifying the screen-printed films without the use of
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inorganic binder. Before the deposition of six Silver
electrodes, samples are put in an oven at 1150°C during
15 min under coantrolled atmosphere. Two final
annealing processes (850°C and 650°C) stabilise the
active materials (Ref.3). Test vehicles are encapsulated
in a 7-pins SIL package as shown in figure 2.
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Figure 2 : 7 pins SIL Test stucture

Commercial ceramic varistors from Harris (bulk),
Draloric (bulk), AVX (multilayer), in the same range of
threshold voltage (18-25 V) have been compared to our
samples (Ref.4) on the basis of their electrical and
noise properties.

3. ELECTRICAL CHARACTERISATION
3.1 (V) chapacteristics

I(V) characteristics of 3 ZnO varistor can generally
be divided in three or four zones according to the range
of voltage applied to the devices (Figure 3).
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Figure 3 : Wide range current I(V) characteristics of a
screen-printed varistor

A peculiar attention must be paid to the region 1
(ohmic region) where the leakage current reflects
microstructure quality (Figure 4), and the region III
where the non-linearity coefficient o modelling the I(V)
dependence [1] describes the efficiency of the protective
element.
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Figure 4 : Leakage current of a screen-printed varistor
compared to a ceramic one, vs iemperature
(V=55V)

3.2 Frequency response

Varistor impedance can be modelled at low
frequencics (below a few 10 kHz) by an equivalent
parallel RC circuit where R and C depend on frequency
(Ref.5). This impedance is measured in our case to
correct the inherent filtering effect when studying
background current noise between 10 Hz and 10 kHz,
by introducing this equivaleat circuit in the cakulation
of noise measurement sct-up frequency response. A
typical result is presented on Figures 5a and 5b.
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Figures 5 : Equivalent circuit parameters fqr_frequmcy
response, vs frequency and bias conditions
Figure 5.a : Equivalent parallel capacitance
Figure $.b : Equivalent paralle] resistance
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A strong dependence on bias condition is observed,
for dynamical resistance R of course, but also for
paralie] capacitance C.

3 3 Conducti hani .
in varistors (Ref.6)

Conduction mechanisms in complex structures like
ZnO variswrs is identificd as a conduction of Schottky
type through the barriers of thin amorphous zone
between the ZnO grains. It can be defined an equivalent
number of junctions in series : in our case of low
voltage drop, the mean number of ZnO grains is about
eight. Considered as 3 junction noise, current noise
spectral intensity has been modelled in the ohmic
region (Ref.7) according to the empirical Hooge
relation :

S KRG 1 U 2
12 AgNg £ f

where Rg et Cg are the equivalent parameters of the
ohmic region in the frequency range, Aeff is the
equivalent conduction section, Ny is the donors number
in doped ZnO, K is a factor including microscopic
electrical parameters.

Under higher currents (10-4, 103 A), i.e. in
region II and at the beginning of region II, excess
current noise spectra exhibit one or more cut-off
frequencies which depend on the bias conditions
(Figure 6).
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Figure 6 : Noise spectra vs bias current
(from 0.4 t0 10 mA, T =~ 300 K)

Noise slope is about 0.5 below the knee, nearly
pure 1/f noise is found for higher frequencies.
Furthermore, quadratic dependence on current is not
verified for current corresponding to the most non-linear
region, around threshold voltage, where Si(f) is rather
proportional to I (Figure 7). A correlation has been
found between the non-linearity coefficient and the
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normalised excess noise level U (evaluated before or
afier the cut-off frequency): the higher the
non-linearity coefficient, the lower the noise level
(Figure 8).
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Figure 7 : Dependence of noise level on bias current
(at f=20Hz and f=1000 Hz)
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Figure 8 : Normalized noise level (K)
for 6 screen-printed varistors at two bias currents
vs non-linearity coefficient

Noise measurements performed on varistors of
other technologies (bulk, multilayers) showed that both
noise level and spectrum shape (number of cut-off
frequencies, siopes...) cannot be compared from one
sample to another. But the relationship between low-
frequency noise level (below 100 Hz) and the non-
linearity coefficient does not significantly vary.

4. VARISTORS DEGRADATION
4.1 Bum-in tests

Screen-printed varistors have been submitted io
standard bum-in pulses, described by their duration,
maximal ratings (voltage/current). The calibrated
0.1 us/6.4 us lightening wave, representative of short
overload risks for clectronics and power systems
(Ref. 8-9) has been applied 5 times to the samples




(5 varistors in a SIL package, sample n°$ is kept for
reference), with a period of one minute between pulses.

A typical response for pulse current and clamped
voltage of the varistor is presented on figure 9.

lightening waveform
4.2 Damage characterisation

Failures or degradation have been characterised.
Damaged samples have to be divided in two groups :
the first onc includes totally failed varistors (n°1, 4, 6)
which present open-circuit. An optical observation
shows a partial destruction of the vpper or lower
clectrode of the device due 10 a high current spot.

The other varistors (n® 2 and 3) do not present letal
failure, but dcgradation of their electrical parameters
(Ref. 10-11) arc measured : increase of the leakage
current (x 103), dccrease of the nonlincarity
cocfTicient a (Figurc 10).

107!
24 afiter testing
10 Vih=176V
a4t o=12.5
g 10
E 104
E
U 10-5
1067 : before testing
| T Vih= 174V
1071 a=168
10, 1 10 100
Voltage (V)

Figure 10 :1(V) characteristics of a varistor
before and after burn-in test (sample n°3)

On the other hand, threshold voltage presents a
rather low variation of less than +1.5%. Electrical

parameters are reported on figure 11 for both unfailed
samples.
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Figure 11 : Com.parison of electrical parameters
before and after testing

4.3 Noise measurements after bum-in (st

Noisc measurements performed on the damaged
samples reflect the degradation of a (Figure 12).

A variation of -25% for a of sample r°3 results in
an increase of a decade and half in noise ; for sampie
n°2, noise increase is about half a decade for a change of
-16% for the non-linearity coefficient
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Figure 12 : Noise spectra before and after test
(samples n°2 and 3, I =3 mA)
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Figure 13 : Normalized noise level (U)
vs non-linearity coefficient

(before and after burn-in test, [ =3 mA)

If we superimpose noise data : normalised noise U
vs non-linearity coefficient a, 10 the previous data
(Figure 8), we notice that the points after test are




located according to the same trend (Figure 13). So, we
<~ suppose that the variation of noise is strongly
corre..’ed 10 the variation of a, i.e. to the
micromechaniims of conduction in the varistor, either
at the electrode contxct (where failures occur for most of
samples), either in the bulk (graias of ZnO).

5. CONCLUSION

The most important characteristics of a ZnO
vanistor is its non-linearity coefficient which can be
measured only in the breakdown region, that means
under rather high currents, However, al."ough such
devices are able to si2sd high energy in surge
conditions, during very chort duration, the small
volume of screen-prin:ed varistors does not allow a
high mean power dissipation. Au indicator of the value
of a (as excess noise) which is significant at very low
current, i.e. without destructive Joule heating, can be
used to characterise devices quality. Excess noise
measurement include indeed both noise sources
behaviour (microstructural effects) and macroscopic
evolution of the component (frequency response of the
varistance, equivalent resistance and capacitance). The
electronics functionality of the ZnO varistor should be
evaluated when taking into account the noise level and
hence the consequences on the reliability.
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SEMICONDUCTOR STRUCTURE CHARACTERIZATION BY FOCUS ELECTRON
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1. INTRODUCTION

Methods of scanning electron
(SEM) and optical (SOM) micros-
copy are very promising for the
nondestructive reconstruction
of three-dimensional internal
structure of objects under in-
vestigation with spatial reso-
lution in micron and submicron
range. Such possibility is of
great importance for semicon-
ductor structure inspection,
for  the characterization of
technology processes and for
failure analysis. The investi-
gations carried out during last
years allow to develop the
background for computer elect-
ron-beam and laser tomography.
Some special methods of “appa-
ratus” tomography in which the
reconstruction of physical pro-
perties distribution or of in-
ternal structure of the object
under study was achieved by me-
ans of specially designed setup
were proposed. In the present
paper the possibility of elect-
ron-beam and optical tomography
have been discussed.

2. SOM TECHNIQUES

The setup for the transmitted,
scattered and polarized scan-
ning infrared microscopy desig-
ned in the Institute of Microe-
lectronics Technology has been
described (Ref.1). The reflec-
ted or scattered radiation is
collected by the elliptic mir-
ror optics. Such confncal mode
of IR tomography allows to ac-
hieve reeolution about 1 micron.
The detection of Rayley and
small-angle ecattering allows
to reconstruct the spatial
distribution of microprecipita-
tes. IR images in the transmis-
sion mode gives an information
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about the nonhomogeneities in
dopant distribution, nonhomoge-
neous distribution of thermal
properties and metallization
topology.

3. SEM TECHNIQUES

3.1. Electron-beam tomography
in the backscattering electron
mode

Electron-beam tomography in the
backscattering electron (BSE)
mode is very promising for the
inspection of multilayer struc-
tures (Ref. 2). It has been
shown that the measurements of
(BSE) coefficient dependence on
electron beam energy or of BSE
energy spectrum allow to obtain
thicknesses in the range from
0.1 to some microns. Compact
high-resolving energy filtrati-
on of BSE and separate the sig-

‘nals formed in subsurface la-

yvers at different depth with
submicron resolution.

3.2. EBIC with depletion region
width modulation

This new in-situ differential
technique allows (Ref. 3) :

- to map diffusion length and
depletion region width two-di-
mensional distributions simul-
taneously,

-~ to reconstruct the diffusion
length profile with spatial re-
solution in depth better then
0.1 micron,

- to reconstruct the dopant
distribution with depth resolu-
tion compared with that of the
C-V method and lateral resolu-
tion about 1 micron,

- to measure diffusion length
profile in thin layers with
thickness smaller than diffusi-
on length.




3.3. CL with enerey and inpten-
8itv modulation

This modulation cathodolumines-
cence technique has submicron
depth resolution and allows
(Ref. 4) :

- to separate the spectra from
any layer of two- or three-layer
structure,

- to measure the layer thick-~
nesses in such structures,

- to reconstruct the radiative
recombination center depth
distribution.

3.4. |ndnged ﬁ]]nfﬂ(“ﬂ‘ EME

This technique bases on con-
tactless measurements (Ref. 5)
of the electric potential indu-
ced by the focused electon beam
and allows to reveal the inho-
mogeneities in doping level,
recombination rate and so on
without contact or other speci-
al sample preparation.

4. MULTI-FUNCTIONAL SCAN-
NING PROBE

Scanning probe with dimensions
in the micrometer vrange with
metallic needle or some micro-
sensor, e.g. thermocouple, has
been designed (Ref. 6). This
probe allows to map the sprea-
ding resistance, topographic
and potential relief, to study
the distribution of temperature
fields, doping level, lifetime,
dielectric constant, sgsurface
charge and so on. The results
demonstrating the possibilities
of the technigues for the semi-
conductor structure characteri-
zation an failure analysis are
presented.
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ABSTRACT

To support ASIC validation, debug and failure analysis,
a characterization structure called MICROMOS was
developed to be integrated on ASIC at the design
stage. MICROMOS with use of SPICE modelling
parameter extraction allows to extract SPICE
parameter values at the die level by probing electrical
characteristics of characterization patterns. These
SPICE parameter values being correlated to the
process control of the run and to the die position on the
waler, comparison with the SPICE parameter
specification of the manufacturer, on different circuits
and different runs, allows to perform process
parametric conformity analysis of the circuits
evaluating position and spread of the process versus
functional and parametric margins of the circuit.

MICROMOS and SPICE parameter extraction
procedures has been developed and validated on a test
vehicle with a 1.2 um process. They are alrcady used in
MATRA DEFENSE's ASIC designs to built-in analysis.
In the same way, the French national space agency
CNES uses MICROMOS in ASIC for research and
development activities and plans to extend use of
MICROMOS in operational circuits.

Future works will complete this approach by
developing electrical failure simulation of the ASIC or a
part of ASIC (the faulty localised structure), with use of
extracted SPICE parameter values.

1 This work was supported by the French National Space
Agency CNES under contract 846/CNES/92/1778/00.
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INTRODUCTION

Without considering intrinsic failure mechanisms,
CMOS ASIC performance and "a fortiori® CMOS ASIC
failure are dependent on design specification
conformity, fab defect density and process
specification conformity. For an ASIC designer and
user, well controlled techniques exist like automatic
testing, electron beam testing and physical analysis to
validate design specification conformity and fab defect
density, but finally no single one can be used to
validate process specification conformity, or to
diagnose failure when no hard defect is visible on the
die but where process drift or critical design is the
cause [1].

It can be achieved by allowing SPICE parameters
extraction on each circuit, from prototype to circuit
utilisation, then by performing conformity analysis of
the “real SPICE data base" with the SPICE parameters
specification of the manufacturer to diagnose process
parametric conformity defect,

To reach this goal, a test structure called MICROMOS
and a SPICE 2G.6 level 3 parameters extraction-
optimisation procedure was developed, based on
UTMOST [l transistor modelling software. The
mission of MICROMOS is to be integrated in
MATRA'S CMOS ASIC designs to be the memory of
the wafer process, read at any time of the circuit life, for
failure analysis, for process validation at the prototype
level and for process quality indicator at the production
level through SPICE parameter specification
conformity analysis.

SPICE PARAMETER SPECIFICATION
CONFORMITY

SPICE parameter specification of a manufacturer
defines the typical and worst case values for SPICE




parameters which are representative of the process
variation limits [2]. These typical and worst case values
are related to typical and worst case timing
characteristics of transistors in terms of switching time.
In fact, a SPICE parameters specification is made of
four databases representative of the limits of the
process variation, in term of transistor switching
performance (tab 1).

NMOS PMOS SPECIFICATION
FAST FAST FF
FAST SLOwW FS
SLOW FAST SF
SLOW SLOW SS

Tab.1 : SPICE parameter specification

To extract PMOS and NMOS SPICE parameters values
on a circuit, is to be able to measure process position
between the process variation limits (fig. 1) and so to
evaluate process specification conformity on a circuit.

SF FF

ss Fs

Fig.1 : Process Position. MM (Measured-Measured)

MICROMOS DESCRIPTION

The study has identified an optimum of 22 SPICE
parameters in a specification to provide accurate DC
and transient analysis with SPICE electrical simulation
{3). A characterization structure, MICROMOS, has
been specified to measure the value of these
parameters using MOS transistor modelling
parameters extraction. MICROMOS was designed with
a minimum area in order to be integrated in any
CMOS ASIC design, and to be probed at the die level.
It is divided in two parts to provide extraction of PMOS
parameters and NMOS parameters, these two parts
MICROMOSN, and MICROMOSP having the same
geometry but different substrate polarity. Here, a
MICROMOS (N) description is presented for a 1.2 pm
process (fig. 2).
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Fig.2 : MICROMOS (N) lay-out

MICROMOS(N) is made of five patterns which allow to
extract the 22 SPICE parameters :

- CAPAMOS is a MOS thin oxide capacitance pattern
wich allows to extract TOX (and other parameters like
flat band voltage vfb, flat band capacitance cfb,...) with

C(V) measurements. Its dimension is (200 x 100) pm2,

- CAPA is a two junctions pattern. One junction bottom
capacitance which allows to extract CJ, MJ, PB, FC with

C(V) measurements. Its dimension is (200 x 120) gm?2.
And one junction sidewall capacitance which allows to
extract CJSW, M]JSW with C(V) measurements. Its

dimension is (1500 x 1.2) pm?.

- OVER is a MOS thin oxide capacitance pattern wich
allows to extract CGBO (with C(V) measurements. Its

dimension is (160 x 1.2) um2,

- TRANSLAP is a MOS transistor pattern which allows
to extract CGSO, CGDO with C(V) measurements. Its

dimensionis W=90pm, L =12 pm.
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« TRANS is a MOS transistor matrix pattern with six
transistors which have different geometries. They allow
to extract VIO, NSUB, UO, Rs, Rd, LD, THETA, WD,
DELTA, ETA, VMAX, NFS with (V) measurements
depending on the different geometries (tab. 2).

50750 50/20 50712
3750 3720 312

Tab.2 : transistor dimensions in pm (W/L)

One advantage to design the six transistors in a matrix
is to reduce the pad quantity from 18 pads for
elementary transistors to 8 pads.

The patterns of MICROMOS are connected to probing
pads with small dimensions (50 x 50) pm? to minimize
occupied surface. All the patterns make a
MICROMOS total area of 0.385 mm?2 fora 1.2 pm
process. It is negligible, considering MATRA
DEFENSE's ASIC which are essentially pad limited
with an average area of about 1 cm2. Moreover, the test
structure pads can be reduced to (15 x 15) pm? without
problems for probing.

SPICE PARAMETER EXTRACTION -
OPTIMIZATION PROCEDURES

To extract SPICE parameters from MICROMOS
implanted in a circuit, extraction-optimization
procedures were develloped on the basis of a testing
bench based on UTMOST Il transistor modelling
software (4], a probing station, a C(V) analyser and a
(V) parameter analyser (fig. 3).

> PRINTER
HP 2671
PLOTTER
=1 HP7470A
CV) meter
1 ir tos0n PROBING
WORKSTATION | ] TESTER
+UTMOST I 1(V) analyser device under
software  Lagl=drl  HP4U4S test
Fig.3 : test bench
-1994 -

UV

87

- As e e s

The procedures were developed in order to keep a
physical meaning of the measured parameters while
allowing accurate electrical simulation of the

transistors’ characteristics {5).

The extraction routines of the UTMOST Il software
are based on the decomposition property of the SPICE
2G.6 Level 3 model for particular geometrical and bias
effects (6). Each of these routines needs a specific
pattern and particular bias conditions to measure
appropriate electrical characteristics on which a
simplification of the SPICE Model can be applied. So
using this simplified model, a parameter or a set of
parameters representative of the geometrical or bias
effect can be extracted (fig.4).

~I0S( ua )
8.00 v - — e
vos --0.100
ves stert = 0.000 it
4.00L Vv8S step = 0.300 b
NEUS - 1.79€18
300 YTO --0.978 1
aocol {
1.00 L 1
0.00 L g
L= 50.10
- an.93
~1.00 1 a A
-1.00 0.00 1.00 2.00 3.00 «.00

-¥GS (v ]

Fig.4 : NSUB, VTO parameter extraction

The developed extraction procedure defines the
measurement process using these routines, and for
each routine, it defines the optimal bias conditions to
extract parameters from adequate electrical
characteristics and patterns. The application of the
extraction procedure results is a set of initial values for
the 22 parameters, providing a first accurate simulation
of the transistors’ characteristics.

Optimization procedure development is based on a
SPICE parameters influence analysis for each electrical
characteristic. It was performed with SPICE model
analysis and electrical simulations in order to define for
each characteristic and each geometry, the
parameters’ influence and so, the best set of
parameters to optimize. The result is a parameters’
optimization procedure, using optimization software of
UTMOST il [4], which allows to minimize errors
between measured characteristics of the different
geometries of transistors, and the simulated
characteristics (fig.5).
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Fig. 5 : Optimisation result on 50/1.2 transistor

Finally, extraction-optimization procedures applied on
MICROMOS, allow to access SPICE parameter values
representative of the process position (tab. 3) for the
circuit under test.

TOX (m) 273E-08 KAPPA 3318
RS,RD () 394 ETA 01026 T

VTO (v) 0.9594 CI(F/md | 9.90E-05
NSUB (™ | 186+16 P8 (v) 0.886
UO@m?/vs) | 19751 Mj 031
THETA (v'}) 0.0999 FC 05

LD (m) 127607 CISW (F/m) | 6.70E-10

XJ (m) 3.50E-08 MJsW 0434

WD (m) 15E-07 CGSO (F/m) | 2.00E-09

DELTA 08683 CGDOF/m)| 1.95E-09
VMAX (m/s) | 256E + 05 CGBO(F/m) | 4.10E-07
NP5 (an®) | 48E+11

Tab.3: PMOS SPICE parameter values (1.2 um
process)
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This real SPICE database provides accurate electrical
simulation for the different geometries with an average
root mean square error between measured and
simulated characteristics of about 6 % (fig.6).
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APPLICATION ON THE ASIC LIFE
CYCLE

To give the most confidence in MICROMOS
integration and the ASIC manufacturing, discussion
with the manufacturer has to begin at the earliest stage
of the ASIC project to present the mission of
MICROMOS and to define the best way for the two
parties to benefit from the results.

MICROMOS is designed in accordance with the
manufacturer design rules, and it is validated before
integration in the ASIC design by performing design
rules checks (DRC). As MICROMOS is not an active
cell, it is completely independent of the ASIC
functionality and structure. So integration of
MICROMOS at the ASIC design stage will be
performed before the last verifications (DRC, ERC) of
the ASIC design, considering that a free area has been
provided for.

After ASIC manufacturing, MICROMOS and SPICE
parameter extraction procedures are used as a tool for
prototype performance assessment using process
specification conformity validation, for incoming
quality control in the production phase using process
quality indicators, and for failure analysis to identify
process specification conformity defects as a possible
cause for failure of the circuit.

Prototype performance assessment is achieved

through ASIC design margins validation. This

validation is performed with two complementary tasks :

- performance margin characterization at circuit level
and margin validation versus the simulated
functional and parametric characteristics (data
sheet)

- process specification conformity validation.

These two tasks must give confidence in ASIC
performance capability, considering the process will
stay under control.

For a manufacturing process identified as critical in
terms of maturity, incoming quality control is achieved
during ASIC production phase monitoring on samples
some SPICE parameters representative of the process,
they are the process quality indicators (TOX, VTO,...). It
gives confidence in process variability and it allows to
identify process drift before ASIC performance
characteristics get out of the data sheet.

Failure analysis can be performed over all the ASIC life
cycle to identify a process specification conformity
defect when it is the cause of a functional or parametric
failure of a circuit. The nature of the parameter, or set
of parameters, out of specification gives major
information to identify process steps where potential
drift occured.

-1994 -

Future work will complete this approach developing
electrical failure simulation of ASIC or a part of ASIC
(the faulty localised structure), with use of extracted
SPICE parameter values. Another field investigated is
to use process specification conformity to support

library's cells validation {7].

CONCLUSION

A characterization structure called MICROMOS has
been developed for ASIC performance assessment and
failure analysis using SPICE modelling parameter
extraction to provide measurement of the “real SPICE
parameters database” of a circuit. It is achieve with
integration of MICROMOS at the ASIC design stage,
then by the application of extraction-optimization
procedures on the manufactured circuit. The extracted
SPICE parameters database is used to evaluate process
specification conformity as a first input for ASIC design
margin validation, for in-coming process quality
indicators, and for failure analysis.

As a result of this study, CNES is using MICROMOS for
ASIC in research and development activities and plans
to extend its use to operational circuits.

For MATRA DEFENSE, MICROMOS is used to
support validation of the operational ASIC prototype,
and for failure analysis. The first ASIC integrating
MICROMOS was a 25,000 gates in 0.8 um CMOS
technology. The next step is to implement process
quality indicators for the production phase, and to
develop electrical failure simulation concepts.
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THE USE OF DAVINCI FOR THE MEASUREMENT OF THE TRAP ENERGY LEVEL
AND SURFACE STATE DENSITY: A NEW APPROACH FOR QUALITY EVALUATION
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Abstract: A method is described that provides a good quality process evaluation of a bipolar transisior by the
measurement of its trap energy level in the base and its surface state density. It is performed by focusing oa the

experimental Gummel plots and curren: gain of a bipolar transistor

10 computed data from the physical device

simulator DAVINCI. A test vehicle has been designed with the SUBILO N technological process from PHILIPS with
LOCOS isolation technique. A BICMOS technological process from THOMSON with a P* wall isolation technique

has also been tested.

1. INTRODUCTION

The measurement of the trap energy level and
of the surface state density is necessary 1o evaluate the
technological process quality when fabricating bipolar
transistors. In a classical way, the trap encrgy level may
be characterised by the following method: low frequency
gencration-recombination excess noise spectroscopy,
mutual conductance gM -frequency dispersion
spectroscopy, low frequency oscillations and
conductance-decp level transient spectroscopy (C-DLTS)
[ref.1}. Trap energy levels (Etrap) appear when
impurities are introduced into the base of the device.
Surface state densities (Nst) are generated during the
oxydation steps. Assuming the fact that the SRH
recombination process modeled by formula (1) is a
performant way (o illustrate the influence of these
parameters (Etrap, Nst), then we can propose a new
method for their evaluation which combines the use of a
three dimensional physical simulator such as DAVINCI,
with the use of a classicz] measurement equipment. The
main problem is to choose the experiments which
highlight these parameters effects. Then, fitting
experimental and simulated curves by the use of standard
optimisation techniques will jead to correct values of the
SRH model parameters. In order to reach this aim, a
study of the SRH model parameters contribution to the
Gummel plots and current gain is necessary.

2. CONTRIBUTION OF THE SRH MODEL
PARAMETERS TO THE GUMMEL PLOTS

The SRH recombination prezess is described by
the well known formula reported by the authors{ref.2].

2
np-n;
Ugpi= - o))

RH™ ( Ei-Et ( E+Ei
kT KT
T n¥ne P PHLC
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where n (/p) is the electron (/ hole) camier density, n; is
the intrinsic density, E1 is the trap energy level, Ei is
the intrinsic energy level, tn and tp arc the minority
carriers lifetimes for electrons and holes. Inside the
volume these lifetimes depend csscatially on the doping
profile as reported by the authors[ref.3):

TAURO TAUpPO
W NGxy2) @ = Nix.y.2) &)
“RSrRER M NsREp

where TAUnG is the SRH carrier lifetime for electron,
TAUpO is the SRH carrier lifetime for hole, N(x,y.2) is
the local total impurity concentration, NSRHn is the
SRH concentration parameter for clectron and NSRHp is
the SRH concentration parameter for hole. Close to the
surface a reduction of the lifetimes occurs due to
additional recombination phenomena which are
represented by the surface recombination velocities SN
and SP[ref.4). All the difficulty is to distinguish the
respective effects of the different parameters and to
determine the appropriate experimenis.

The influence of all the parameters is illustrated
with a bipolar transistor issued from the SUBILON
technological process from PHILIPS, from which
doping profiles and dimensions are known.
Expessmental results will be given also with a
component realised with the BICMOS technological
process from THOMSON. All the curves in the figures
(Gummel plots or current gains) are given versus the
base potential which is referred to the emitter potential
in the forward active region and the collector potential in
the inverse active region.

3. THEORETICAL RESULTS

Figure 1 presents the influence of Et on the
current gain of the Bipolar transistor. When operating in




the forward-active region (figure 1a) . no significant
effects appear cxcept for values of Et far from the
intrinsic energy level (Et-Ei=-0.45¢V). This is duc t0
the fact that the recombination center is less efficient
when its energy level is far from the middie of the
bandgap. This induces a higher current gain because of a
lower recombination current in the base. But, when
operating in the inverse active region (figure 1b), the
curves diverge in the low applied vollages arca
(Vbe<0.7V), even for low values of Et-Ei. This is due
10 the fact that Et acts principally on the recombination
current located in the depletion region of the forward
biased junction. In the case of a component forward
biased, it is the emitter-base depletion region which
imposss iis contribution, But this one s not important
because of its narrow dimensions due 10 high doping
concentrations in the vicinity of this junction.
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Figure la: Influence of Et-Ei on forward current gain
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T ~— ~— Er-Ei=032eV T
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0 Attt
5 6 7 8 3

“base poiential, v
Figure 1b: Influence of Et-Ei on reverse current gain

Inversely, when the component is reverse
biased, it is the collector-base depletion region which
imposes more clearly its contribution because of its
large dimension due to a low doping concentration near

i o e

the junction. In the two previous cases (figure 1a et 1b),
we have neglecied the influence of the reverse biased
junction because of its low conuibution due (o 2 high
elecrical field implying a low probability of
recombination in these very depleted areafrefs.5,8;.

Figure 2 gives the influence of the surface
recombination phenomena modeled by different valyes
of SN and SP. In the forward active region (figure 2a)
the curves are translated as SN and SP varies. This is
because the surface degradations (SN=SP=I¢Scm/s)
gencerale traps at the interface Si-SiO2 implying a higher
surface base current which decieases the curreat gain. In
the reverse aclive region(figure 2b), the same
phenomenoa is observed [ref.6.8]. But, once again a
large sensitivity can be seen omly for low reverse
voitages applied 1o the component. This influence is
also visible ir the middle of the curve as opposed to the
previous case.
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Figure 2a: Influence of the recombination velocities
on forward current gain
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ANALYSES OF AVALANCHE BREAKDOWN OF »-CHANNEL MOSFETs
USING SPECTROSCOPIC EMISSION MICROSCOPY
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Cenare for ¥C Faslwre Analyss and Refiabiiny
Faculty of Engmecring, Natwonal Usiversy of Singapore
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ABSTRALT

The photon mergy diseributions from | %V 10 2 TeV
of hght emitted Bom aMOSFET: & svelanche

Emation mcroscopy hae buva wesd to detext light
smitted from wresaed MOSFETY (Refh 13343
N weirnl signatwre  of Jight omission fom
nMOSFET: A deen meswrnd = @& @lowge ©
dutmt Rot-cmvier scrvity (Ref 3) and 0 predic
device dugradation (Ref 61 In oo AMOSFET, 8w
dlectric flekd newr e cormey of e $o-%0), mserface
whive the Jrin junction s dieectly ende he gaw
typreaily the Mighest. Corvieyr mterwcton wih the
fiokd cousen them 0 sguisy hinetic energies Largee

The experiovental swet-up is shown i Figure | and hes
tyee mam components. These wre he light
collection oprice, light dispersion optics sad detecior
The light collection optics comsists of o MicroZoom
distace objextives and opticel e Kght-guide As

tonched wuo the Iight gusde & well within the NA of
the light gusde for the hughest Launching efficienc)
The light gusde © wmade of futed slica The light
Jinperuion opiscs ad detector i the Optical Spectrum
Anglyzor from Monolight instruments The Optical
Spectrues Asalyers s made wp of 2 manochromator,
photomoitiply waid asd system controller The
mosochkromator i3 the Ebert-Fastwe type with &
contiomowly rotating grating 1t has an aperture ratwo
(W) of 7, s somunal focal length of 75mm end 2
grotmg with & blae wavriength of S00nem  The
phctomuiiplsy wne his 3 duilt @ high tension power
spply mnd o pre-amplifier  The photomuitiplier tube
w B RE ude-on Hhpe from Hamamstsu The
fHyem costroller  costrols e moaochromator
wnpling mterval &t sdwo nterfaces the system to the
compuher

Calibration of the system i necessary & esch aptical
component has 5 wavelength dependent tranmnisson
charscteristic and the photomuliplier has o spectral
repomsisity The set-wp was calibrated by using the
e W captere 8 Watrem R of a tungston
kg of kmown spextrsl comtomt  Af N The
corection facsor CIN = M /N Ry N con then be
cakowhated Simce O tungten lamp i
andecent  ligt sowce which produces 3
contineows spectrem Fom 400nm o beyond 1 100nen
® J900K. 8w gruting based momochromator wifl
produce sond-onder spectra. Second order blocking
fikes we secmmery for caliteation which was
performed over two rmges of wavelengths: 420nm to
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620nm and with the second-order blocking filter from
620nm o $60nm. The lower wavelength limit is due
10 the eptics which cannot trensmit in the ultra-violet
and the upper wavelength limit is due to the spectral
responsivity of the photomultiplicr tube. As there are
two sets of correction factors resulting from the
calibration, weighted spectral measurement was done
sver the first range without the second-order blocking
filter andt the second range with the secoad-order
biocking (filter The two sty of spectral
measurernents were then merged ot 620nm.

e device under test is placed under the microscope
andt Diasess uiing the HP 41448 Paremeter Asalyzer
The device under test, microscope, light-guwde and
photomultiplier unit wers enclosed in 3 light prool
Black box o pervent ambient hgiw from affecting the
pectrum.

s
.-

he Jevices used i this study were polynlcon-gate
n-channel doudle diffised drun (DDD) MOSFETS
vt sructures fabricated using | Sum technology on
6 0-90 {Xxm cpitanial layer on p-type subntrate. The
mask gato lengths were | Oum, ! dum and 2 Oum and

with was S0um  The source-drain

= 0)5um, gae oxide thickness ~ 2 -d

~Si-gate thicknesa ~ O.4um. The devices on the
test structure have 3 common wource md gase
Typical threshold voltages rumge fom 063V w
076V m ¥, ~ WV mnd /, = 0 IpA/um of device
width.

The thres devices were bimed into the mapback
tegion M consta drain current of 10mA, 20mA and
JomA. ¥, was varied from 1V in staps of 1V umtil
the emirsion wis 100 faint to be detected.  The sowrce

ﬂl-nz M— m of ¢ SOpav! pm
AMOSFET in avalanche breshdown with [=20mA,
Y =3V ond @ menswred ¥V, of 8 5V

and substrate were grounded. The 1-V characteristic,
threshold voltage #,. and snapback characteristic were
messured and recorded using the Parameter Analyzer
before and after the experiment. The emission
spectrum for each bias point was captured and the
corresponding ¥, ¥, [, and source cumrent /, were
recorded.  Figure 2 shows the emission image
superimposed  on  the reflected image of a
SOpm/1 6um device in avalanche breakdown at /, =
20mA and ¥, = 3V. The measured ¥, at this bias
point is approasmately 8.5V,

23 Conmstion for Absorption in Polysilicon

Optscal Spectrum Analyzer has to be corrected for
abnorption.  The emitted light from the channel of the
aMOSFET passes through the gate oxide, polysilicon
gate, BPSG passivation and Si N, passivation. Si0,.
BPSG and Si,N, have lurge band-gap energies
relastive to the photon encrgies measured and thus
there 13 very littie absorption of light in these films.
The polysilicon band-gap energy of 1 12eV is less
than the photon energy range of 1 4cV 10 2.7¢V and
absorption has 1o be comrected for in the emission
intensty spectrumn.  The corrected intensity /(N for
sbsocption through the gate i3 given by

Ly - K )
e:a(-u'.)

where //N is the measured intensity at a particular
wavelength A a it the absorption coefTicient (Ref.
8) and ¢, is the thickness of the polysiticon gate.

24 Photon Epergy Distribution

The wavelength of the emitted light is converted to
its equivalent photon energy E using Planck’s
equation

E- .';5 @

where A is Planck constant,

¢ is the speed of light and

A is the wavelength.
Since 2 grating monochromator measures the light
intensity per unit wavelength, /,/»), the following
conversion was carried out to oMain photons per unit
energy /(7) (Ref. 4)

r L4
Lo - 34_(1) (&)

where v is the frequency.



3. PHYSICAL MECHANISM FOR MOSFET
BREAKDOWN

The explanation of the physical mechanism of
avalanche breakdown in nMOSFETs follows that of
Hsu ef ol (Ref. 9). When an n-channel MOSFET is
opersted in the saturation region, the electric field
near the drain junction can be large enough to cause
impact ionization (1) as shown in Figure 3. The
generated electrons are swept into the drain, while the
holes move into the substrate.  As the holes drift in
the substrate towards the source (2), an ohmic drop
develops that tends to forward bias  the
source/substrate junction. This junction then injects
electrons into the bese region of the parasitic lateral
n-p-n transistor (3). Most of these injected electrons
are then collected by the drain through the depletion
region under the channel and at the drain/substrate
junction (4). Those clectrons collected through the
drain region increase the negstive-charge density in
the channel nesr the drain region, and 23 2
consequence also increases the electric field This
higher electric field raises the avalanche
multiplicstion factor above its value without electron
injection. Therefore, & lower drain-to-source bias is
sufficient to sustain the same drain current level.
This accounts for the observed negative resistance
after breskdown.

The pesk electric field £,. determined from an
snatytical model (Ref. 9) to predict the drain curvent-
voltage characteristic up to the current-controlled
negative resistance region, is given by

E, - Jm(v‘-v.‘{v‘-v‘_.}%o_:],ﬁ_ )

where F, is the drain voitage, V., is the saturation
voltage and E,, is the electric field at which electron
velocity saturation occurs. The parameter 4 is given
by

8. 1
A= |-
\Je, X 1X,+001(V,-V )X, -X)]

where X, is the junction depth, X, is the oxide
thickness, ¢, is the oxide permittivity and e is the
silicon permittivity. The factor 0.01 has units of V.
X, is given by

x - | 2Vaut2p ©
[l N,

where ¢ is the electronic charge and N, is the
substrate doping. ¢, is the equilibrium electrostatic
potential given by

.- 51..{1’:] ™
q n,

where £, is the Boltzmann constant, 7 is the lattice
tempersture and n, is the intrinsic camier
concentration of silicon. In breakdown, the source
injects electrons, represented by /, of which a fraction
(tya ) is collected by the drain high-field region,
csusing additional negative mobile charge AQ, to be
added to this region. AQ, is given by
_ eyl ®
Wy

a

AQ,

where 4 is the injection efficiency of the
source/substrate junction, a, is the base transport
factor, £ is the fraction of the collected electrons that
go through the drain high-field region, ¥ is the gate
width and v, is the electron saturstion velocity. C,,
is the oxide capscitance per unit area given by

C . S ®

While the calculations by Hsu et of (Ref. 9) shows a
smooth change in the 1V characteristics, their actual
experimental device characteristics show
discontinuities in drain voltages especiaily for longer



4. RESULTS

A typical semi-log plot of the photon energy
shown in Figure 4. Periodic modulation of
period 0.3¢V to 0.4¢V duc to interference effects in
the polysilicon thin film as reported in
(Refs. 10,11) was observed.  In spite of this
modulation, for the photon energy range of 1.5¢V to
2.5¢V, the photon energy distribution decreases fairly
linearty and analysis using & temperature model for
the electron energy distribution (Ref. 12) is
possible. The carrier temperature 7, can be extracted
from the slope of the photon energy distribution
semi-log plot. The range of carrier temperatures
obtained as shown in Figure 5 are higher than that for
saturated nMOSFETs (Ref. 13) but the trend for
changes in bias is similar. The intensity was found to
be proportional to the nth power of the substrate
current where n ~ 0.88 as shown in Figure 6.

Over an extended energy range of 1.5¢V to 2.7¢V, it
was observed that at some bias the photon energy
distribution was non-Maxwellian and can be better
represented by a Gaussian distribution function (Ref.
10) S{E) = N exp(-AE’) as shown in Figure 4 or a
hybrid of both (Ref. 14) fE) = N’ exp(-A’E-B'E’ ),
where N and N* are normalisation factors, 4, 4’ and
B’ are proportionality constants. The peak electric
field in a nMOSFET under breakdown was calculsted
using equstion (4) and it was observed that he
Gaussian distribution function provided the better fit
when the electric field was grester than 4x10°V/em s
shown in Figure 7. The hybrid distribution function
generally provided the better fit after snapback in the
1-V curve occurs.

S. CONCLUSIONS

Spectral anslysis of light emitted from n-channel
MOSFETs biased into avalanche breskdown was
performed over a photon energy range of 1.5¢V to
2.7¢V using an experimental set-up for spectroscopic
emission microscopy described in this paper. The
photon energy distributions obtained for different
device channel lengths and biases were studied using
fits to Maxwellian, Gsussisn and the hybrid of both
distributions. The photon energy distribation was
generally found to be non-Maxwellian under the high
electric fields of svalanche breskdown and the
Gaussian distribution function was found to give a
better fit. The observations in this work raises the
possibility of using the photon energy distribution to
study the electron emergy distribution within »
aMOSFET .
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Figure 4. A typical semi-log plot of the photon
energy distribution of light emitted from a
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V,=845V. The PED has been fitted with two
distribution functions:
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UNDERSTANDING OF THE HOT-CARRIER DEGRADATION IN SUBMICRON MOSFET'S:
FROM UNIFORM INJECTION TOWARDS THE REAL OPERATING CONDITIONS

G. Groeseneken, R. Bellens, G. Van dea bosch, HLE. Macs
IMEC, Kapeldreef 75, 3001 Leuven, Belgium

Abstract

An overview is given of the present understanding of the
hot carrier degradation problem in submicron
MOSFET's. First, the degradation mechanisms,
observed under for circuit operation somewhat artificial
but well-controlled uniform substrate hot clectron and
substrate hot hole injection conditions are discussed.
Thea the more realistic case of static channel hot carrier
degradation is treated, and some important process
remedcffeasmmmwd.followedbyu\ebehawour
under the - for real operation - most relevant case of
dynamic degradation. Finally, the strategies for
improving hot carrier reliability and the forecast of the
hot carrier reliability problem for sub-0.25 pm
technologies are briefly discussed.

1. INTRODUCTION

One of the main problems encountered when
downscaling device geometries into the decp submicron
range has been the hot carrier induced degradation of
MOSFET's. This problem has been studied intensively
during the past decade, under both static and dynamic
stress conditions. In this period, it has evolved from a
more or less academic research topic to one of the most
stringent constraints guaranteeing the lifetime of
submicron devices.

Under the influence of the high lateral ficlds in short
channel MOSFET's, electrons and holes in the channel
and pinch off regions can gain sufficient energy to
susmount the energy barriers or tunnel into the oxide.
This leads to the generation of traps, both at the
interface and in the oxide, and to electron and hole
trapping in the oxide, which will cause changes in
transconductance, threshold voltage and drive cusrent of
the MOSFET.

In this paper, an overview of our present understanding
of the hot carrier degradation problem is given. The
mechanisms that are at the base of the hot carrier
degradation are hot hole and hot electron injection. Both
injection mechanisms lead to different degradation
phenomena. In order to understand the degradation
mechanisms under real operating conditions, it is
mandatory to first understand the degradation for each
typeofinjecwduﬂumuely.ldulmwundy

these phenomena are the uniform substrate hot hole and
hot electron injection techniques. In these techniques,
the MOSFET"s are stressed under artificial conditions,
but the field and fluence conditions can be accurately
controlfed. These techniques were used to study the

degradation of devices at both room temperature and at
77K in order to get better insight in the interface
degradation mechanisms under both hot hole and hot
electron injection. This is the subject of the first part of
the paper.

In the second part of the paper, the degradation of
MOSFET's under the more realistic conditions of
clmnelhotwmmpcuomsmvnewed.'l‘hedxﬂm
degradation mechanisms under static stress conditions
are summarized, lifetime determination methods are
briefly described and some important process related
factors and effects will be highlighsed.

Going to even more realistic conditions, the degradation
under dynamic stress conditions is described,
cemphasizing the influence of the measurement setup,
the comparison with static stress and the importance of
post-stress and detrapping effects.

Finally, in the third part of the paper, some strategies
that are under investigation for improving the hot carrier
reliability for deep submicron transistors will be briefly
discussed. These strategics are concentrated on the use of
improved diclectrics on the one hand, and on aliernative
drain engineering techniques on the other.

2. DEGRADATION OF MOSFETS UNDER
UNIFORM HOT CARRIER INJECTION

In this section, an overview is given of the effects of
clectron and hole injection - trapping, oxide and
interface trap generation — as obtained from uniform
substrate hot-carrier injection experiments. The
efficiency of these processes, as well as their
dependencies on oxide and silicon field, temperature and
oxide thickness will be discussed. Some indicative
values have been summarized in Table 1.

2.1 Eff ok P

Electroas injected into the gate oxide have a certain,
though small probability (on average about 10-7) of
becoming trapped in electron traps present in the oxide
bulk. Low-field electron trapping has been found to be
independent of the silicon field (i.e. the energy at
injection) except in oxides too thin for the injected hot
electrons to be thermalized. The trapping is, however,
sengitive to the injected current density (Refs. 1, 2). The
saturated value has a maximum at low ficld and is
determined by the steady-state balance of trapping and
detrapping (Ref. 3).

At 77 K electron trapping is one to two orders of
magnitude more cffective due to additiona! trapping in
encrgetically shaliow traps that cannot be permanently
filled at room temperature due 1o a very high thermal
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Table 1 - Efficiency and oxide field dependence of
degradation processes related to hot-electron and hot-hole
injection. The numbers indicate trapping, oxide trap and
interface trap generation efficiency, whick is defined as
the number of trapped charges or generated traps per
injected carrier.

emission rate. Ficld detrapping from shallow traps is
smglypmmotedalhigheroxide field (Ref. 3).
Electron trapping is less important in thinner oxides,
since both the total number of traps decreases as well as
their effect on the MOSFET 1-V characteristics.

At higher oxide ficlds electron trapping no longer
saturates at high fluence while the trapping rate
increases with oxide ficld. This is ascribed to the
creation (and filling) of additional electron traps by
injevted electrons that acquired a high energy in the
oxide field. The existence of so-called *threshold” fields
of enhanced electron trap generation at 1.5 MV/cm (the
onset of electron heating in the oxide field) (Ref. 1) or 4
MV/cm (the introduction of holes into the oxide)
(Ref. 4) have been reported, while other studies only
observed a gradual increase in trapping without any clear
threshold (Ref. 2). It has been remarked that the exact
manner in which the trapping data are examined could
lead to different conclusions, however (Ref. 5). The
minimum enesgy to create a trap has been reported to be
2.3 eV (Ref. 1). The existence of a (ficld or energy)
threshold and the field activation of electron trapping are
important issues in the downscaling of devices and in
accelerated lifetime tests (Refs. 1, 6).

As the trap occupancy decreases with Eox, 8 consistent
picture of trap generation phenomena can only be
obiained afier the ion of an additional - short -
“trap-filling” step after the actual high-field injection to
;ﬁguvelyoccwynﬂﬂwpo@lygamm(keﬁ.
Electron trap generation is temperature activated: at
77K this process is reduced (Ref, 8), and according %0
others even nearly inhibited (Ref. 3). The importance of
taking into account the trap occupency in revealing the
occurrence of trap generation at 77 K has been
demonstrated (Ref. 9).

‘The most important features of electron-induced interface
trap generation are summarized in Fig. 1. This plot

Fig. 1 - Total mte:face trap generation after injection of
6.25x10!8 cm2 electrons as a function of oxide field, at
295 and 77 K. Curves A and B are after injection at
77 K and after warmup to 295 K, respectively. (Ref. 9)

compares the interface trap generation ADj; (at a fixed
fluence) at two injection temperatures 295 K and 77 K,
as a function of oxide field (Ref. 9). At 295 K, the
interface trap generation rate is seen to exhibit an
approximately exponential field dependence over a wide
oxide field range. This strong field dependence suggests
& correlation with electron heating in the oxide field
(Ref. 1). This is further supported by the observation
that interface trap generation is independent of the
injection conditions in the silicon (Ref. 2).

At 77 K, curve A is the direct generation during
injection, while curve B is the total generation after
injection and subsequent warmup to 295 K (at zero
bias). As for the case of room temperature, both curve A
and B show a strong field enhancement. Hot-electron
induced interface trap generation is clearly a strongly
temperature-activated process: going from 295 K to 77
K, the generation efficiency drops by more than two
orders of magnitude. Curve B shows that during
injection at 77 K also some latent damage is formed.
However, the fact that curve B still lies well below the
295-¥ injection curve proves that at low temperature the
main interface trap producing mechanism is truly
suppressed and not just temporarily inhibited. The small
remaining generation is believed to be due to other, less
important processes (Ref. 9).

The approximately exponential ficld dependence of Dy,
generation observed in Fig. 1 —when plotied on a log

generation,
work (Ref. 2). Earlier studies, however, have reported
threshold fields equal to those observed for clectron trap
generation (Refs. 1, 4), as discussed above, The fact that
interface traps are formed at any oxide field is not
inconsistent, however, with the existence of a threshold

energy of trap generation.
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Fig. 2 - Initial interface trap generation efficiency per
trapped hole versus oxide field, at 295 and 77 K.
(Ref. 12)

2.2 Effects of hole injection

The trapping of holes injected into the gate oxide occurs
with several orders of magnitude higher efficiency than
that of electrons: the trapping efficiency reaches values
as high as 10-20% (Refs. 10, 11, 12). Hole trapping is
quite insensitive to the oxide ficld conditions. With
increasing oxide field magnitude, a slowly decreasing
trapping efficiency is observed, that has been attributed
1 a hole capture cross section that is linearly decreasing
with [Eqx! (Ref. 10). No dependence on silicon field nor
injected current density has been observed, an
observation that is consistent with the assumed fast
thermalization of injected holes in the oxide (Ref. 10,
12).

At 77 K hole trapping is enhanced, the efficiency
increasing to values up to 70% (Refs. 12, 13). Analysis
of the trapping kinetics at 295 and 77 K has
demonstrated that the enhanced trapping at 77 K is not
due to additional trapping in shallow hole traps, but
rather to a larger effective capture cross section at the
latter temperature (Ref. 12).

At large injected hole density a clear saturation leve! of
the trapping is observed, that is independent of the oxide
field during injection (Ref. 5), suggesting the absence of
additional hole trap generation as a result of hole
injection, in contrast to the case of trap gencration by
clectron injection.

Hole traps are mainly Jocated near the Si-S$iO2 interface
(Refs. 11, 14) so that their effect on the current-voltage
characteristics of the transistor depends approximately
linearly on oxide thickness. Furthermore, an esseatially
trapped-hole free layer exists at either interface due to
detrapping of trapped holes by tunneling processes. As a
result, gate oxides of thickness smaller than two times
this charge-free layer no longer show significant
permanent hole trapping. The critical thickness for
which hole trapping disappears has been reported to be 4
nm (Ref. 14) or even as much as 7 nm (Ref. 11). This
effect is of particular importance for the further
downscaling of devices.

In coatrast with the trap gencration, the interface trap
gmrauonumchmreeﬁambyhokwecaanm
by electron injection. Tygwnl are
in the range of 10-3-10 (Rds. 10, 12, 15). Asulho
the case for hole trapping, the generation process
obouvedtobeindepmdemohilwonﬁeld(l!ef 12) A
second feature common o hole trapping is the weak
oxide ficld dependence of this interface trap generation
process: the Dy, generation efficiency slowly decreases
with [Eqx! (Ref. 12, 15, 16), again in contrast to the
exponential oxide field dependence of interface trap
generation by electron injection,
Mﬂdeinufwempgmuionefﬁcimyiulso
higher than at 295 K, clearly in strong contrast to
electron-induced Dit-generation, as discussed previously,
and also to radiation-induced interface trap generation
Ref. 12).

The features of hole trapping and hole-induced interface
trap generation are strikingly similar, suggesting a
causal relation between these two processes. Fig. 2
plots the interface trap generation efficiency per irapped
hole at 295 and 77 K, revealing that this quantity (and
therefore the generation process) is nearly temperature-
independent (Ref. 12). Ia Fig. 2, about 1% of the
trapped holes give rise 1o interface traps, but also higher
values have been reported (Refs, 6, 15). Further evidence
for a direct correlation between hole trapping and
interface trap gencration is provided by the oxide
thickness dependence of the generation process. A linear
relation between ANg: and AD;, has been reported
independent of oxide thickness, while D;; generation
increases with oxide thickness for small 1, but rapidly
saturates for larger tyx, consistent with the spatial
distribution of trapped holes in the oxide (Ref. 15)
Apar from the direct generation of interface traps during
hole injection discussed above, also delayed interface
trap formation occurs after termination of injection
(Refs. 12, 16). This important delayed component is
beficved to be a temperature activated process similar to
that observed in irradiated devices (Ref. 12).

3. DEGRADATION OF MOSFETS UNDER
REAL OPERATING CONDITIONS

3.1 Static degradation

Once the different types of damage that are created under
influence of both electron and hole injection are
determined, and the dependencies of their generation
efficiencies on electrical fields are known, one can tackle
the more realistic case of the channel hot carrier
degradation under static conditions. First of all it is
important to understand the differeat degradation
mechanisms that are playing a role under various stress
conditions and for different transistor types. Next, a
methodforthehfemnedemmmonandexmolm
towards normal operating conditions has to be
established. Finally, a number of processing related
factors that can influence the degradation and the hat
carrier lifetime will be discussed,
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3.1.1 Degradation mechanisms

The hot carrier degradation mechanisms under static
conditions have been extensively studied during the last
decade, and there exists more or less a consensus on 8
consistent picture of the degradation mechanisms for
both n-type and p-type MOSFETs. A full description
falls beyond the scope of this paper, but caa be found in
(Refs. 6, 17, 18). Here we will only summarize the sign
of the current change and the type of damage that is
generaed for three types of MOSFET's (coaventional n-
MOS, LDD n-MOS and conventional p-MOS), and for
three different gate voltage ranges: low (V =V,
mednm(Vg-Vdﬂ)mdhlﬂl(V‘-Vd) This is shown in
Table 2. The damage that is determining for the cusrent
change is indicated in italic.

Vg- n-MOS oMOS p-MOS
range LDD
low V‘ xd ' ,d f M '
’ . ,

. h-trapping
D -Creation | Dyj-creation ,(aunon

il W ¥ |ur

e-trapping 0
Dy creation | Ditcreation | Dit creation

Vet e g ¥
s etrapping | e-trapping | Dy creation

Table 2 - Degradation mechanisms for three types of
MOSFET s and for three stress gate voliage ranges.

For conventional n-MOS devices, the maximum
degradation occurs in the medium voltage range, and is
caused by mobility degradation due to interface trap
gencration. Memmfwen’apsuegemwdbydw
simultaneous injection of holes and electrons for these
conditions, but it was shown in the previous section
that the holes are more effective by about four orders of
magnitude in genecrating interface traps. Al low gate
voltages, the curreat is increasing due to the cfficient
trapping of holes, leading to a channel shortening effect.
For these conditions, interface traps are created as well,
but their influence on the curmrent is masked by the
trapped holes. Their influence might become visible,
however, afier neutralization of these holes.

The main difference with LDD n-MOS devices is that
for this type of MOSFET the maximum current
degradation is dominated by a series resistance increase
of the n"-region, due to electron trapping in the spacer
above this region.

The change of the drain current in p-MOSFET's is
analoguous to the hole trapping case in n-MOSFET's,
Electron injection and trapping increases the (absolute
value of the) drain current by channel shortening, and
masks any effect of the generated interface traps, Only,
this electron trapping occurs for almost all stress gate
voltages, because the electrons are becoming hotter than

s Al a7

holes in the same clectrical ficld and because the energy
barrier for injection of clectroas is smaller thas for
holes, which leads to efficient electron injection over the
complete gate voltage range.

3.1.2 Lifetime deicomination

:.ike for all reliability failurc mechanisms, it is
important 10 be able to predict the lifetime of a
component or device under operating conditions. Such
lifetime methods are always based on experiments, in
which the failure mechanism is accelerated, cither by
xempenmubyhnghvoluwahghcmu.
During the experiment, & degradation parameier, relcvant

for the damage, is monitored, and the lifetime is defined
as the time to reach a certain shift in this degradation
monitor.

For the hot carrier degradation mechanism, several
accelerated lifetime determination methods have been
proposed in the past. They are, however, all based on
acceleration of the degradation by increased (drain)
voltages, since hot carrier degradation is one of the few
mechanisms that is not accelerated by an increase of the
temperature (Ref. 19).

Most accelerated lifetime determination methods are
based on the lucky electron model. The damage of the
device, in terms of generated interface traps AN, can be
rcla:edtomeelwuicalﬁeldEmnundmin(Rcf.zo):

0y=C |4 e Y|
ANy =C) [wtexp( TheEmm (U]
where W is the width of Lhe device, ¢y ¢ is the energy
an electron must possess in order to creale an interface
trap and A, is the hot ciectron mean free path. A
measure for the electrical field Eyy, is the multiplication

factor M=Ip/14, given by:

Isub A\

M =C ——L"

B " W B
where ¢; is the impact ionization energy. By defiring
the lifetime as the time T to reach a fixed amount of
damage, and by combining (1) and (2), the lifetime can
be wrilten as:

Site

%-QG’,"})’ %Mt g

If one plots the lifetime as a function of the
multiplication factor on a double logarithmic scale,
according 0 (3) one obtains a straight line with slope
m, where m is an indication of the energy of the
electrons that are causing the damage.

In a simplified form of (1) the lifetime is related to the
drain voliage, and thus the power supply voltage as

e o

Plouting the logarithm of the lifetime t as a function of
1/Vq yields again a straight line (Ref. 21). The latter
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This is illustrased on Fig. 11 where the Lifetime carve
(ful} line) is extrapolated besed oo static stress
experisnonts and compercd 10 reasits of dysemic stress

where the drain volage V¢ = 7.75 V was constant and

Aigp (pA)

Vg V)

Fig. 12 -Cwrve A : Alcp afier sastic siress Vg w775 V,
Cwrve B : 8l op after ststic stress and subsequent post-
strezs period of 9950 3, Curve C : Alcp after dynomic
sresz ot F = 25 kM3, width = 200 ns, ty = tf = 10 ns
R¢. 231
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100 ns, number of pulses = 5.10°, F = S MH2. Siatic
degradation: Vg = -25 V. V4 = -10V, stress time =
300 3.

stress effoct will occur daring the time Vg = 0. In order
10 take into account the post-stress effect, curve C was
compared 10 the resukt of a static stress followed by a
subsoquent post-stress period, corresponding 10 the post-
stress period of the dynamic stregs. It is clear from Fig.
12 that curves B and C are identical for all gate voliage
coaditions.

A last effect that has 10 be taken ineo account - and thet
is of particwlar importasce for p-channel transistors - is
the detrapping of wapped charge. Fig. 13 shows Alg/lg
vmummummmv,-ov-u
V'-Vd It is clear that for increasing waiting
{detrapping) time the degradation decreases. This cag be

CARRIER RELIABILITY

i

the highly doped junction. During operation,
trapping can occur in this (poor quality) spacer oxide,
which is detrimental for device lifetime, as discussed in
3.1.1. Because the gate has only limited control over the

layer special spacer structures. In the
umd:v’hurmbmu“?n
achicved by a phosphoras impiantation wnder a tilt sngle
of around 45° snd by rotating the wafer stepwise. The
LATID structares are simpler 10 realize, provided the
suited fon implanter is available. A drawback of all the
advanced devices is the increased gate overiap
m;mm:emlmmmw
can be expected for 0.25:um devices operating st
3.3\! (ef. 37). The degradation behaviour of these
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In the case of NpO-sitrided oxides, on the other hand,
the nitridution is essentially kydrogen-free, and both the
imerface trap gencration and electron trap deasity are
reduced, leadiag 1o in the lifotime with
smore than one decade 40). The exact degradation

mechsnisms, bole and electron trapping and trap
geacration efficiencies,
however, and more resesrch in this field is therefore stilf

4.3 What beyond 0.25um gencostions 2

In the gencrations beyond 025um (0.25um - 0.07um)
ot carrier degradation can be expecied to bocome a less

suppressing short-channel effects. If and only if indeed 8
scaling scheme is pursued for the supply voltage going
from 3.3-2.5V for the 0.25um generation down 10 the
1.5-1.0V range for the 0.1-0.07um generstions, the
corresponding reduction of the lateral field peak will
indeed significantly alleviate the hot carrier problem.
However, it is important to0 point to existing
misconcepts regarding hot carrier generation and
injection. It is quite often assumed that reduction of the
drain voltage below 3.3-2.7V will automatically
eliminate the problem of carrier injection becsuse

barrier value (dowa 0 1.75V). Moreover gate cutrents
which were deduced from threshold voltage shifis in
0.3m flcating gate devices have been reporeed for drain
biases a3 low as 1.4V (Ref. 44). There are different
possible explanations for the existence of hot electron
currents st these low voltages (Ref. 42) (on which we
will however not further elaborate in this paper). The

model statos that the electron gas is in

probability

under low drain bias (Ref. 6). The Jow voltage substrate
snd gae currents are due 0 eloctrons existing in the
high emergy region of the energy distribution. The
relationship botweea gate curroat (Ig) and substrase
current (1,,) meagured in those deep-submicron devices
at low voliages was found 0 remain the same as the one
derived for the micron device generations (Ref. 42y

LRy

in which ¢p is the effective barrier height and ¢ is the
critical energy for impact ionization,
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important
illustrased, and the strasegies for the improvement of the
hot carrier lifetime have been briefly discussed.

With respect to the futare, it must be concluded that
mn.m.ewmarmmmu
the comresponding reduction of the generation and
injection of bot carriers in 0.lum devices, this
relisbility issue still requires to be considered with care.

6, ACKNOWLEDGEMENTS
So-s: the results discussed were obtsined partially

with mmofMleﬂ.Anwp.v&hl
project with the IWT (Flemish Instititute for Science

injection”,
Semiconductors (WFOS).F 263 1991
3.T. Nishida and S. E. Thompson, “Oxide ficld and

temperature dependences of gate oxide degradation by
substrate hot electron injection”, Proc. Intern.
Reliability Physics Symposium (IRPS) , p. 310, 1991

4.M. M. Heyns, D, Krishna Rso and R. F, De
Keersmaecker, "Oxide field dependence of Si-Si02
interface state generation and charge trapping during
electron injection”, Proc. hmdating Films on
Semiconductors (INFOS) , p. 321, 1989

S.M. M. Heyns and A, v. Schwerin, " trapping
and degradation of thin dielectric layers®, Proc.
Imhdng” Films on Semiconductors (INFOS), p. 73,
1991

6.P. Heremans, R. Bellens, G. Groeseneken, A, v.
Schwerin, W. Weber, M. Brox and H. E. Maes, “The
mechanisms of hot carrier degradation”, Hot carrier
mnmwmmuosamaamm.Vu
Nostrand Reinhold, New York, Chapter 1, 1992

7.Y. Nissan-Cohen, J. Shappir and D. Frohmsn-
Bentchkowsky, "Trap generation and occupation
dynsmic: in $iO2 under charge injection stress®,
J. Appl. Phys., vol. 60, p. 2024, 1986

8.D. J. DiMaria, “Tempenature dependence of trap
umgi;baﬂiemdioxide".l..{ppl. Phkys., vol. 68, p.
s il

9.G. Van den bosch, G. Grocseneken and H, E. Maes,

"Direct and post-injection oxide and interface trap
generation resuliing from low-cmperature electron

injeaion J. Appl. Phys., vol. 74, p. 5582, 1993

10. A. v. Schwerin, M. M. Heyns and W. Weber,
*Investigation on the oxide field dependence of hole
trapping snd imerface state generation in SiO7 layers
using homogeneous nonsvalanche injection of holes®,
J. Appl. Phys., vol. 61, p. 7595, 1990

11. L. Lipkin, A. Reisman snd C. K. Williams, "Hole
trapping pbenomcas in the gate insulator of As-
fabricated insulated gase field effect transistors™, J. Appl.
Phys., vol. 68, p.4620 1990

113




12. G. Van den boach, G, Groesencken, H. E. Maes, R.

in metal-oxide-semiconductor -effect
295 and 77 K*, J. Appl. Phys., vol. 75, p. 2073, 1994
13. G. Van den bosch, G. Groesencken, P. Heremans,

different temperatares”, Proc. ESSDERC, p.4T1, 1992

14Q D. M. Khosru, N. YM:.A.Mmym.K.
“Spatial distribution of
quedhdumdleondeofmeulmm
field-effect transistors afier gniform hot-hole injection®,

Jap. J. Appl. Phys., vol. 30, p. 3652, 1991

15.Q. D. M. Khosry, N. Yasuda, K. Taniguchi and C.
Hamaguchi, “Oxide thickness dependence of interface

trap gencration in a metal-oxide-semiconductor structure
during substrate hot-bole injection”, Appl. Phys. Lett.,
vol. 63, p. 2537, 1993

16. A. v. Schwerin and M. M. Homogeneous
hole injection into gate oxide layers of MOSFETs:
injection efficiency, hole trapping and Si/SiO2 interface
siate generation”, Proc. Insulating Films on
Semiconductors (INFOS), p. 283, 1991

17. P. Heremans, R. Bellens, G. Grocsencken, H.E.
Maes, “"Coasistent model for the hot carrier degradation
in n-channel and MOSFET'S", IEEE Trans.
EL Dev., vol. 35, p. 2194, 1988

18.R. Woltjer, A. Hamada, E. Takeda, “Time
dependence of p-MOSFET Hot carrier

measured and interpreted consistently over ten orders of
n;n:mle.lEEETrm. EL Dev., vol. 40, p. 392,
1993

19. P. Heremans, G. Van den bosch, R. Beliens, G.
Groesencken, HE. Macs, "Temperature dependence of
channel hot carrier degradation in n-channel
M&fm:'. IEEE Trans. El. Dev., vol. 37, p. 980,
1

20.C. Hu, S.C. Tam, F.C. Hsu, PK. Ko, KW.
Teaill, "Hot electron induced MOSFET degradation -
model, monitor and ", IEEE Trans. El.
Dev., vol. 32, p. 375, 1985

21.E. Takeda, N. Suzuki, "An empirical model for
device degradation due (0 hot carrier injection”, JEEE El.
Dev. Leu., vol. 4, p. 111, 1983

22, P. Heremans, J. Witters, G. Groeseneken, H.E.
Macs, “Analysis of the charge pumping technique and

its application for the evaluation of MOSFET
;l;gadnion . IEEE Trans. El. Dev., vol. 36, p. 1318,

23, R. Bellens, E. de Sciwijver, G. Van den bosch, G.
Groesencken, P. Heremans, HE. Maes, “On the hot
cauier induced post-stress interface trap generation in n-
channel MOS transistors™, JEEE Trans. El. Dev., vol.
41, p. 413, 1954,

MPMHIMHMK.MY
Toyoshims, K. Macguchi, "Analysis of bot carrier
induced degradation mode on p-MOSFET's", JEEE
Trans. El. Dev., vol.37p14871990

25, C. Monsérié, R. Bellens, G. Groesencken, HLE.

Maes, "Comparative study of hot carrier degradation in

"‘mdn'* poly p-MOSFET's of a 0.5um CMOS
, Proceedings ESSDERC, p. 829, 1993

26.N. ursd\iuandG Smolinsky, "Hot carrier aging
of the MOS transistor in the presence of spin-on-giass
nwmm” dielectric”, JEEE EL Dev. Lett., vol. 12, p.
140, 1991

27.V. Jain, D, Pramanik, SR. Nariani, C. Hu,
“Internal passivuion for mpp:euion of device

instabilities induced by ", Proc. Intern.
Reliability Physics Sympo.rium (IRPS), p. 11, 1992

28. G. Van den bosch, L. Deferm, L. Forester, T.
Collins, "Improved bot carrier reliability in a 0.5um
TLM CMOS process by back-end process
optimization®, Proceedings ESSDERC, 1994

29. W, Weber, M, Brox, R. Bellens, P. Heremans, G.
Groeseneken A. v. Schwerin, H.E. Maes, "Hot carrier
during dynamic stress”, Hot carrier design
considerations in MOS devices and circuits, Van
Nostrand Reinhold, New York, Chapter 4, 1992

30. R. Bellens, P. Heremans, G. Groesencken, HEE.
Maes, W. Weber, "The influence of the measurement
setup on enhanced AC hot carrier degradation of
MOSFET's", IEEE Trans. El. Dev., vol. 37, p. 310,
1990

31. E. Takeda, R. 1zawa, K. Umeda, R. Nagai, "AC hot
carrier effects in scaled MOS devices®, Proc. Intern.
Reliability Physics Symposium (IRPS), p. 118, 1991

32. K. Mistry, B.Doyle "l'hemleofelecmtnp
creation in enhanced hot-carrier degradation during AC
stress”, JEEE El. Dev. Lets, vol. 11, p. 267, 1990

33. W. Weber, 'Dynamc stress experiments for
understanding hot-camries degradation ", I[EEE
Trans. El. Dev., vol. 35, p. 1476, 1988

34. M. Kakumu, M. Kinugawa, K. Hashimoto and J.
Matsunsgs, "Power supply voltage for future CMOS
VLSI in half and sub micrometer™, JEDM Tech. Dig.,
p- 399, 1986

35.T. Huang, W.W. Ya0, R.A. Martin, A.G. Lewis,
M. Koyanagi and 1.Y. Clwen, "A novel submicron LDD
transistor with inverse-T gate strocture”, JEDM Tech.
Dig. , p. 142, 1986

36.R. Izawa, T. Kure and E. Takeda, "Impact of gate-
drain overlapped device (GOLD) for deep submicron
VLSI", IEEE Trans. El, Dev., vol. 35, p. 2088, 1988

37. T. Hori, J. Hirase, Y. Odake and T. Yasui, "Decp-
submicrometer Large-Angle-Tilt Implanted Drain
(LATID) Technology", JEEE Trans. El. Dev., vol. 39,
p. 2312, 1992

114

——



PUSERGEIE | WUt

38. C.G. Sodini, K. S. Krisch, "Silicon Oxynitride
gate diclectrics for scaled CMOS®, IEDM Tech. Dig.,
p. 617, 1992

39.T. Hon.'deedwouideCMOSndmoloufot

improved hot carrier relisbility®, Proc. Insulating Films
or Semiconductors (INFOS), Microelectronic
Engineering, vol. 22, p. 245, 1993

40. A. Ditali, V. Mathews, P. Fazan, "Hot casrier
induced degradation of gate diclectrics grown in nitrous
oxide under accelerated aging”, JEEE El. Dev. Leit., vol.
13, p. 538, 1992

41. H.S. Momose, T. Morimoto, Y. Ozawa, K.
Yamabe, H. Iwai, "Electrical characteristics of rapid
thermal nitrided oxide gate n- and p-MOSFET's with
less than 1 atom% nitrogen concentration”, JEEE Trans.
El. Dev., vol. 41, p. 546, 19954

42.]. Chung, M-C. Jeag, J.E. Moon, P.K. Ko and C.
Hu, “Low-voltage hot-electron curreats and degradation
in deep-submicrometer MOSFETs", Proc. Int. Rel.
Phys. Symp. (IRPS), p. 92, 1989

43. L. Manchanda, R.H. Storz, R.H. Yan, K.F, Lee
and E.H. Westerwick, "Clear observation of sub-band

gap impact jonziation at room temperature and below in
omm Si MOSFET:", JEDM Tech. Dig., p. 994, 1992

44 E. Ssngiorgi, B. Ricco and P. Olivo, "Hot
electrons and holes in MOSFETs biased below the Si-
$iO; interfacial barrier®, JEEE EL Dev. Lett., EDL--6,
p. 513, 1985

45, S. Cristoloveanu, “Physical Mechanisms of Hot-
Carrier-Induced degradation in deep-submicron
MOSFETs", Proc. ESSDERC, p. 797, 1993

46. M. Koysnagi, "Technology and Device design
constraints for Low Voltage L ow Power sub-0.1jum
CMOS Devices", Proc. ESSDERC, p. 935, 1993

47. T. Mizuno, A. Toriumi, M. Iwase, M. Takahashi,
H. Niiyama, M. Fukumoto and M. Yoshimi, JEDM
Tech. Dig. , p. 695, 1992

115




I B W ¥ e

116




O U,
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ABSTRACT

Constant voltage stresses were applied to MOS
capacitor structures and the resulting tunnelling
current profiles were recorded. It was found that
hole trapping occurred only during the first few
seconds of the stress, while the electron trapping
occurred throughout the stress period. A quantitative
model for charge trapping during the build-up stage
is presented and is shown to agree well with the
experimental current profiles.

1.INTRODUCTION

Gate dielectric breakdown is a major cause of
MOS circuit failure, especially in very large scale
circuits. It has been widely accepted that oxide
breakdown is triggered when the accumulation of
trapped holes in the oxide reaches a critical value.
A proper understanding of charge trapping is
therefore vital if an accurate breakdown model is to
be developed.

The build-up stage of the dielectric breakdown
starts when electrons enter the oxide conduction
band by means of the Fowler-Nordheim tunnelling
mechanism. The tunnelling current is exponentially
dependent upon the cathode electric field, which is
affected by the trapped charges. The investigation
reported here focuses on the tunnelling current
profile, from which the charge trapping model is
proposed.

The phenomenon of the charge trapping in
thermally grown SiO, has been a subject of many
investigations. Liang and Hu (Ref.1) presented a
mathematical model of electron trapping and trap
generation in silicon dioxide. Chen et al. (Ref.2)
reported that holes were trapped after they were
generated by high-energy electrons, while Jenq
(Ref.3) suggested hole trapping was the result of
direct tunnelling between the anode and the trap
sites.

New experimental data is presented in this paper
and 2 mathematical model of charge trapping in
Si0; is proposed.

2. EXPERIMENTAL RESULTS

Experimental studies were limited 10 a single 4"
<100> p-type Si wafer, containing 215x268um
MOS capacitor structures. The oxide thickness of
the capacitors had a mean value of 41.42nm and a
standard deviation of 0.161am.

Constant voltage stress was generated by a
Hewlett Packard HP4145B parametric analyzer and
applied to the devices-under-test (DUT) between the
gate and substrate terminals. Throughout the
experiments, the gates were stressed negatively with
respect to substrate and the oxide current was
monitored by the analyzer as a function of time.

During the first set of experiments, relatively
fow stress voltages (-39V,-39.5V and 40V) were
applied to the devices. The resulting tunnelling
currents (Fig.1) increase from their initial values to
a maximum, before decaying with time.

Subsequent experiments, performed using
higher stress voltages (-42V and -43V), showed
tunnelling currents which appeared to decay from
the very beginning (Fig.2).

»

o

Log (Tunnelling Current) {uA]

0.5 == ~4(V stress
e =39.5V stress|
— ~39V stress
Q
0 1 2 3 4 5
Time [Sec]
Figure 1: Tunnelling current profiles for

stresses -39V, -39.5V and -40V.
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Figure 2: The oxide tunnelling current

profiles for stress 42V and -43V.

The tunnelling current profiles may be
characterised by two parameters: (i) the maximum
current and (ii) the time at which this current is
reached. The variation of these parameters with
stress voltage is shown in Figs.3 and 4.

m

(2)

) o Experimental doto

(@),
38 39 40 41 42 43

Stress Voltoge [V]

tog (Time-to—maximum Current) [sec)

Figure 3: The time of maximum tunnelling
current as a function of stress
voltage.
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Maximum current vs. stress field.

The logarithm of the maximum tunnelling
current varies lincarly with 1/E at lower fields (in
accordance with standard tunnelling theory (Ref.4)),
and saturates at higher fields (Fig.4).

3. MATHEMATICAL MODELLING

The oxide current is determined by the Fowler-
Nordheim equation (Ref.4):

) J

Jo = AE2 e =0 W

where J(1) is the tunnelling current density, E_, is
the cathode field and A and B are constants. The
profile of tunnelling current in Fig.] can be
understood from a consideration of the charge
trapping mechanism and its effect upon E_(t).

3.1 Negative charge trapping

The non-saturating tunnelling current decay
observed in Figs.1 and 2 suggests a continuous
generation of electron trap sites. From first order
rate equation, the trapped electron density Q, can
be determined using the model of Liang and Hu
(Ref.1)

Qa=aNf1-e ¥, INZOY
gy o
[+

g

where ¢ and o, are the respective capture cross-
sections of pre-existing traps and newly generated
traps, and, N, is the pre-existing trap density and g
is the trap generation rate.

3.2 Positive charge trapping

The increase of oxide current in Fig.1 can be
explained as a conmsequence of positive charge
trapping. Since the current increase is very rapid, it
is believed to be formed by direct hole tunnelling
between the anode and the trap sites near ihe SiO,/Si
interface (Ref.3). The increment of trapped charge
in time interval dt is given by
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dQ.) = J,, (1)t ®

where ), is the hole tunnelling current. The latter
may reasonably be assumed to have a F-N type
dependence upon anode field E,, and to be
proportional to the density of available hole traps in
the anode (Ref.5), i.e.

b Q‘
Jo,=Ce =1 -2y @
hole qu

where N, is the total density of hole traps and C
and D are constants dependent upon structure of the
anode/oxide/trap system. The factor in parenthesis
causes the trapping to slow as the available number
of states decreases, and to tend to 0 as Q,* - qN,,.

The oxide field profile changes when charges
are trapped within the dielectric. If we assume sheet
charges located at their respective centroids, then
the electric field at cathode will be given by:

€ (5)

in which Q,* and Q. are the magnitudes of the
trapped hole and electron densities, x, and x, are the
respective centroids of Q,* and Q, and T, is the
oxide thickness. The voltage across the bulk Si
resistance (=250Q) is much smaller than the stress
voltage increment (>0.5V) and was therefore
ignored in the model.

The effect of trapped holes on the anode field
can be expressed as:

Voo  Qu% , Q% (®

E =

=

Simultaneous numerical solution of equations (1-

6) allows the tunnelling currert to be calculated.
Parameters were given values consistent with earlier
publications, with the exception of N,,, which was
adjusted in order to obtain an optimal correlation
with the experimental data. The results are shown in
Fig.5 and Fig.6.

05

~moe —AQV stress
- =395V stress
—— —39V sireas

Log (tunnelling current) (uA)
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Figure §: Modelling results of tunnelling
current profiles for lower voltage
stresses.

comm 43V stress
——— -4V stress

Log (tunnelling current) (uA)

o 1 2 3 4
Time (sec)
Figure 6: Modelling results of tunnelling
current profiles for higher voltage
stresses.

The results in Fig.2 and Fig.3 can aiso be
explained by this model. Firstly, since the density of
available traps is fixed, the time required to fill
them decreases linearly with increasing current and
hence exponeatially with increasing voltage (Eqn.4).
Secondly, the rapid hole-trap filling at high fields
(~10ms for -42V stress) lies beyond the time-
interval of the parametric analyzer (which was set to
100ms throughout these experiments). Hence the
maximum recorded current lies within the decay-
portion of the current profile, where the electron
trapping compensates the trapped hole charge. The
apparent maximum current therefore increases less
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rapidly with increasing field, as shown in Fig.3.

4. CONCLUSION

Dielectric breakdown in MOS devices appears
10 be triggered by the accumulation of holes in oxide
trap states. The build up of these trapped holes may
be monitored by studying the current through the
oxide. Fig.1 clearly show the effects of charge
trapping.

This paper presents a simple physical model to
describe such effects. In the model, the initial
current rise is dominated by the tunnelling of holes
from the silicon valence band directly into trap
states located near the Si/SiO, interface. This
mechanism soon appears to saturate, after which the
slower electron trapping begins to dominate, causing
the observed tunnelling current decay.

Despite the fact that hole tunneiling into such
traps is poorly understood, and the relative
simplicity of the model, a reasonable agreement is
found between calculated and measured currents.
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dation is [astest ot the [y,.,) conditicn. A
contradiction thus exists which suggests that,
while confidence in reliabibity predictions at
Fumas) i3 high (1], the model was ot well veri-
fied ot low V. Since this is the region of min.
ummm predicted lifetime, an understanding of
rmdel sccuracy b Jow V,, ks important. (It is
reported that the degradation mechanisms at
gais voltages near threshold are significantly
different 10 those 8t [yy, (7))

5 EVOLUTION
OF V,, AND I, DUR-
ING CONSTANT-RATIO
STRESSING

Hesults are now presentied to demonstrate the
suilability of the constant-ratic method when
working with the Berkeley model.

Vo and [, are recorded during stressing to
check that these variables do not vary exces-
sively during constant.ratio stressing. Fig. 2
shows the evolation of V,,, Iy and {A during s
siress ot Vo, =1.4V while the ratio is main-
tained &f an approxizoately constant value.
Except for o faw minor excursions, the value
of P remaims within & /. 0.1% band.

i 3 shows piots of ¥, sad I, as func.
tiows of time during & stress st the [y,
condition. The current ralio is contrulled to
» siuniler degree a2 ot V21 4V.

The changes in I, snd V,, observed dur.
ing the constant.ratic stresses are tabulsted in
Table 1. The variations in [y during compars
ble comstamt.vultage (i.e. constant-Vy,) tests
are also incladed in the table for camparison.

The table shuws that the I, variation is
at least as unall during constant-ratio a3 dur.
ing constant. voltage stressing. The impact of
drain current variation on lifetime is thus a
less significant factor in constant.ratio stress-
ing. wndetlining ity suitability as & hot. carrier
reliability test method.

The variations in V,, and [, duting stress-
ing 8t Dy oge) are significantly less than those

VeV

6.54
VdsO+4%

mid
00977 +-~01%
00974
00971

o

30 60
Time / 1000 second

90

Figure 2: V,, Iq and {-: during constant-ratio
stress at V=14V,

Voo Voo | Lo | L
Condition | C.R. | C.R. | C.V.
Vtion) 40% | 27% | 3.7%
lﬁ(n«c! 0.8% | 0.6% | 0.6%

Table 1: Variation of 1y, and I, during hot-
carrier stresses at constant.ratio (C.R.) and
constant-voitage (C.V.) conditions.
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Figure 3: V,, and I; during constant-ratio
stress at Jy,nqy)-

at Vy4o,,)- This emphasises the desirability
of performing stresses at the Iymer) condi-
tion during a hot-carrier characterisation of
the Berkeley m and C parameters. (Although
V,, does not appear explicitly in eqn. 1, the
smaller the V, change the more confidence
there is that the nature of the degradation
mechanisms does not change.)

The Iy variation during the constant-ratio
test is very similar to that observed during
a constant-voltage test with the same initial
voltage conditions. In fact, constant-ratio
and constant-voltage stresses at Iy(,n.q) are
very similar (i.e. less than 1% difference)
in all relevant respects, including device life-
time. Constant-voltage stressing at Jymar)
can thus be used as an acceptable substitute
for constant-ratio stressing as required.

6 STRESS LIFETIMES AT
LOW V,,

Hot-carrier constant-ratio stresses were per-
formed at several V,, points. The initial Vg,
for each stress was that for which the Berke.
ley lifetime contour was derived. Measured

Lifctime/SeF
9 ° Meane&l
1e - Predicte

Vi
1e8 }°
¥

le7 |-
1¢6 |.
leb

led :

1e3 [V

—~ Ib{max) point

0.5 L5 3.5 4.5

2.5
Vgs/V

Figure 4: Measured device lifetimes superim-
posed on relevant Berkeley lifetime plot

device lifetime versus gate voltage is plotted
in Fig. 4, superimposed on the Berkeley life-
time contour.

In the set of measured points, the min-
imum measured lifetime occurs at the same
Vs as the Berkeley minimum lifetime predic-

tion. N

7 COMPARISON OF
BERKELEY PREDIC-
TIONS AND LIFETIME
MEASUREMENTS

The measured lifetimes show that the Berke-
ley equation does not model the V,, depen-
dence of lifetime well. Agreement at Jym,z)
is good, since the values of m and C in the
Berkeley model were extracted at this condi-
tion. However, the minimum lifetime predic-
tion is more than an order of magnitude too
short.

The measured lifetimes lie along a smooth
curve and tend towards the Berkeley predic-
tion as V, tends to the threshold voitage of
the device and as V;, tends to the Iy ym,,) con-
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dition.

The pessimism of the model minimum
lifetime prediction has been verified at less
accelerated conditions on a separate set of
W/L=25pm/1.5usm n-MOSFET’s. A Berke-
ley lifetime contour at a certain ¥y, for these
devices predicted that minimum device life-
time at V,,=1.3V would be 14% times as
long as that at I,(maz). In fact, a test of
some forty days duration showed that the ac-
tual mean lifetime of a number of devices
stressed with V,=1.3V was 87% of that of
the mean Jy(;maz) lifetime. This strongly sup-
ports the assertion that low V,, lifetimes are
pessimistic.

8 ANALYSIS OF RESULTS

The results show that, at accelerated stress
conditions, a Berkeley model lifetime predic-
tion at low gate voltage can be over an order of
magnitude shorter than the actual measured
lifetime at the same condition.

The prediction which appears, from the
results, to be that most affected by the model
inaccuracy is the minimum predicted lifetime
at a given Vy,. This has implications for the
use of the model in the field of industrial relia-
bility standards. Attempts to bring minimum
lifetime predictions above a desired value may
lead to expensive over-engineering and/or the
rejection of viable processes.

Conversely, if the widely-held assumption
that the maximum reliability hazard exists at
the Jy(mqe) condition is made when using the
Berkeley model, processes with substandard
hot-carrier refiability may, incorrectly, be con-
sidered acceptable.

The suitability of the Berkeley model for
use in transient circuit reliability simulation
is also suspect, given its inaccuracy.

The inaccuracy of the model at low gate
voltage precludes the possibility of low-V,,
stressing during hot-carrier reliability charac-
terisations. Such a stressing condition may
have appeared desirable since the minimum

device lifetimes occur here. However, the re-
sults presented in this paper strongly sug-
gest that all characterisation stresses should
be performed at the fi{mge) condition when
using the Berkeley model.

Since the Berkeley model fails to model
well the V;, dependence of lifetime, a superior
model could be expected to account for device
gate voltage. Such models have recently ap-
peated in the literature [6].

9 CONCLUSIONS

A method of hot-carrier stressing which main-
tains a constant ratio of substrate to drain
currents has been successfully demonstrated.
This allows test results to be used in an ex-
traction of the Berkeley hot-carrier model pa-
rameters with minimum error.

Lifetime predictions made with the Berke-
ley model are seen to be pessimistic, typically
by about an order of magnitude, at and about
the gate voltage which gives the minimum life-
time prediction for a given Vy,.

In hot-carrier characterisations using the
Berkeley model, hot-carrier stressing should
be performed at the maximum substrate cur-
rent condition.

Minimum device hot-carrier lifetime does
not occur at the maximum substrate current
condition, as has been reported [1). This con-
firms more recent observations (6].
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ABSTRACT

Using a specifically developed measurement setup and
& test structure typical for analog applications, high
precision measurements of the stress-induced offset
voltage degradation of differential pairs are presented.
Extrapolation to operating conditions yields valuable
information for analog design in the sub-micron CMOS
regime.

1. INTRODUCTION

As process development proceeds into the sub-micron
regime the assurance of a reliable digital operation is
no longer sufficient to guarantee stability of analog
applications [1-4]. Investigations arc demanded that
account for the specific analog environment, such as
use of specific analog circuit layouts, characterization
of typical analog device and circuit parameters and
application of typical analog operating points in the low
gate voltage saturation regime for characterization and
stress. In this work the degradation of the important
offset voltage of p- and n-channel differential input
stages is investigated which requires the detection of
tiny changes in the matching of two transistors in the
sub-mV regime.

2. EXPERIMENTAL SETUP

The test structure consists of two transistors designed
for optimum matching as commonly used in analog
applications (Fig. 1) which are implemented into the
measurement setup as shown in the dashed rectangle in
Fig. 2. Exactly as in real circuits the common soarce
node of the differential pair is coupled ® a crent
source Ii;,,. The gate of T; is connected 10 a fixed
voltage, Vg, while the gate voltage of Ty, Vg, is
varied around Vg, by using a precision summing
amplifier and adding a tunesble voltage V. e For
Vimessure VAried over a wide range culy a small
difference voltage V3r-Vgy results as the amplifier
inpat gain for Vo .0 is low (Accl). Scanning
Vineasae f0m a2 negative © a positive valoe, an
equilibetum situation occurs eventually, with 1y = I,.
Then Vg-Vg; is equal 1o the input offset voltage

which can be calculated easily from the known value of
Vineasure:
A sufficiently high sensitivity to detect the equilibrium
case is obtained by a procedure as described in the
following: a current source Iy = 0.5 - I, is connected
in parallel 0 voltage source Vp,. At equilibrium
condition, current I through Vpy changes polarity, i.e.
measurement of I3 in the region of interest can be
performed with high resolution.

The same procedure as described for T, is repeated for
Ty by changing the two coupled switches. This
compensates for matching tolerances of the current
sources I, and L. A typical plot of current I3 vs.
input voitage difference is plotted in Fig. 3 where the
cross-over of the two curves yields the offset voltage.
This setup allows direct measurement of the offset
voltage to a precision of 10 pV widhout requiring
adjustments of the extemal sources. With the same
setup any dc electrical stress and the direct and
complete characterization of all electrical transistor
parameters is possible by programming current source
Tpies 28 & voltage source for the source node of Ty and
T. In fact we determine linear and output current
characteristics, the transconductance g, and the
differential output resistance rpg both in saturation,
and the threshold voltage both in the linear and the
saturation regime.

3. RESULTS

Measured data of 2 pm p-MOSFETs from a 0.8 pm-
5V-CMOS process are depicted in Figs. 4 - 6. Stresses
are applied © one transistor of the pair ouly, thus
including the worst case that ooccurs eg. in
comparators. In Fig. 4a the hot-carrier indoced offset
voltage shows changes of several mV after stress times
of some 104 5, while the average initial offset voltage
for virgin pairs is below 2 mV in these samples.
Characterization of single transistor parameters shows
negligible changes of the threshold voltage while the
drain current shows a pronounced degradation effect
(Fig. 4b). Note, that the operating points for drain
current characterization oorrespond 0 the  bias
conditions during offset voltage measurement.
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Fig. 2: Measurement setup. The test structure in Fig.
emphasized by dashed lines.

The offset voltage degradation in Fig. 4a and the drain
current  degradation in Fig, 4b show a strong
correlation. This correlation holds for different
characterization points. As an example in Fig. 5 a
higher [Iy;,,| and a comespondingly higher Vgl are
compared. We obtain reduced offset voltage but nearly
constant current degradations.

Further experimental p-MOS-data are shown in Fig. 6
where the stress drain voltage dependence is presented.
Down 10 [V gres! = 7 V data are available. The
procedure for extrapolation 0 operating conditions is
depicted in Fig. 7, where slope and intercept on the
time axis define the degradation behavior (cf. Fig. 6)
{5). This leads to very high lifetimes at operating
conditions in this specific process but other processes
may exhibit more pronounced degradation effects.

In Figs. 8 and 9 data of 2 ym n-channel devices from a
1 pm-5V-CMOS process arc presented. A typical bole
stress condition is chosen in Fig. 8 while Fig. 9
peesents data for a condition with maximum interface
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Fig. 1: Test structure
of a differential pair
designed Jor
aptimum matching as
commonly used in
analog applications.
Each transistor is
divided into two
parts, which are
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lis Fig. 3: Typical plot of current I3 vs. voltage

difference Vy-Vg; 10 determine the offset
voltage. 1y is measured for both possible switch
configurations as shown in Fig. 2. The cross-
over yields the offset voltage.

state generation. As in the case of p-MOS a correlation
between offset voltage and drain current degradation in
the corresponding operating points is found. Very little
degradation of those parameters is found for the data in
Fig. 9 leading to increased scatter on the logarithmic
scale used.

Note, that the commonly used linear mode drain
current (triangles, dashed lines) shows no correlation
with the offset voltage: In the case of maximum linear
mode drain curreat degradation (Fig. 9), only a weak
offset voltage change is obtained, whereas in the case of
relatively strong offset voltage degradation (Fig. 8) a
small linear mode drain current degradation results (cf.
3D.

In general we observe smaller offset voltage changes
and greater extrapolated lifetimes as compared to the p-
channel case. In fact, a detailed study shows that p-
channel device degradation is stronger in saturation
than in linear mode, while in n-channel devices the
inverse behaviour occurs [2,3]. Whereas usually
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n-channel degradation is dominant, this fact can lead to
a prevailing degradation of those circuit parameters
that depend on p-MOS operation in the saturation
region. An important one of these is indeed the p-MOS
differential stage offset voltage.

4. CONCLUSIONS

In this contribution it has been proven that for analog
applications a completely different approach is
demanded than for the digital world. We realized an
experimental environment relevant for differential
stages by stressing an input pair of transistors with a
typical analog layout. In an effort to characterize a
parameter of relevance for analog applications the
offset voltage was measured to high precision by a
carefully chosen data acquisition method. A strong
correlation was found between the stress-induced offses
voltage and the drain current change in the

130

corresponding operating points in p- and a-MOSFETSs.
However the linear mode parameter used in standard
reliability tests showed uncorrelated behavior which is
thus demoastrated to be inappropriate here.
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ABSTRACT
This study shows that 1/f noise
measurements are a more sensitive diagnostic
tool than dc measurements to detect hot-
electron degradation in submicron n-channel
MOSFETs.

1. INTRODUCTION

We report the hot-carrier degradation
of n-channel MOSFETs using the dc
characteristics and 1/f noise measurements.
The damage caused by hot-carrier injection
becomes visible as a reduction of the
transconductance and/or a shift in the
threshold voltage, in a decrease of the drain
current and in a change of the 1/f noise. It
seriously limits the reliability and lifetime of a
MOSFET. All our results are obtained on
wafer level. The n-MOSFETSs used here are
enhancement mode types with LDD junctions,
made in a 0.5 pm technology by IMEC,
Belgium. The gate area has an optical mask
width W=100 pum and a length L varying
from 0.45 pum to 10 pm. The gate oxide
thickness is 11.3 nm. The dope concentration
is 1.6*10'" cm™ in the low-doped region and
1.4*10% cm™ in the high-doped drain and the
source regions. The devices were stressed
under the condition V5=2.0 V and
Vps=3.0 V, during one hour.

2. HOT-CARRIER EFFECTS ON DC

A group of devices with the same
channel width but with different lengths was
investigated. Each device has its independent
gate, source, and drain terminal. The drain
current Ips as a function of the gate source
voltage V5 was measured in the ohmic region
at Vpe=50 mV, before and after electrical
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stress. Since hot-carriers induce damage that is
mainly located on the drain side, an
interchange of drain and source (the so-called
reverse mode (Refs. 1-3) changes the device
characteristics. Hence, all characteristics of a
post-stressed device are measured in the
normal mode and in the reverse mode. To
ensure that the difference between these two
modes is due to stress, we always select a
virgin device with identical Ips vs Vg and I
vs Vs characteristics in the reverse mode and
in the normal mode.

Fig. 1 shows I vs V5 obtained from
a device with a channel length L=1 um. Fig.2
illustrates the ratio Iy /Ing vs Vg in the
subthreshold region, where I;g, is the drain
current after stress and I,g the one before
stress. Under the present stress condition for
a 1 um device and a 10 um device, we have
found a negative shift in the threshold voltage
V;. This implies that positive charges are
trapped in the gate oxide (Refs. 4, 5). These
excess positive charges may come from the
holes, which are generated due to avalanche
multiplication and are trapped during stress.
The subthreshold gradient shows a change (see
Fig. 2).

The drain current I, can be written as
a function of the internal drain-source voltage
V,, for V,, < Vg' - IsR,s (Ref. 6)

. 1,2

I =
bs 1+BR,V,

where
- e @
I1+0V;+8V,)

with 8 and 6, the mobility reduction
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Fig. 1: The measured I,; vs V5 before (solid
line) and after stress (dashed line). The normal
mode and the reverse mode coincide.
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Fig. 2: The ratio Iy,/lg vs Vg in the
subthreshold region: ® for the normal mode
and © for the reverse mode.

coefficients due to gate voltage and velocity
saturation, respectively. The internal drain-
source voltage V,, is related to the external
drain-source voltage Vpg by

Vi =Vps - Ips(Rs + Ryy) &)

with R and Ry, the series resistances on the
source and drain, respectively.

In eqn. (1), the effective gate voltage
V' is kept at the same value before and after
stress. The series resistance R s on the source

e e B O RG L SEa

side can be assumed to be independent of
stress. So, the drain current I,s will change
with 8 and/or V,,. The ratio Ipg/Ipg is then
expected to be independent of V4 and Vi
provided that Rs+R;, does not change after
stress. As shown in Fig. 3, the observed ratio
increases with Vpg, where the drain current
Ips. is for the normal mode and Iy, for the
reverse mode. This implies a decrease in the
internal drain-source voltage V,, due to stress.
Therefore, in accordance with eqn. (3), there
is an increase in Rp,. Owing to the positive
charges trapped in the gate oxide above the
low-doped drain region, the electrons in the
channel are more closely attracted to the
interface than before stress. This has two
consequences: the current path is more
constricted and the local mobility becomes
smaller due to surface scattering. This could
be an explanation for the increase in the series
resistance Ry on the drain side, associated
with a negative shift in the threshold voltage.

2

Ips (mA)

Vos(V)
Fig. 3: Is (left) and the ratio of the stressed
Is to the virgin I,s vs V,z (right, ® normal
mode and ®™ reverse mode) obtained at
V, =0.60V.

For comparison, the hot-carrier stress
effects are also investigated for a MOSFET
with a channel length L=10um. A negative
shift in the threshold voltage and an increase
in Ry, are observed too. However, unlike the
short-channel device, the threshold voltage
decrease in the reverse mode (0.12 V) is
larger than that in the normal mode (0.03 V),
and there is little change in the low field

- B e

Wi
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mobility poe. This indicates that the hot-carrier
damage is localised more on the drain side
than for a short-channel device.

3.DEGRADATION INCREASES 1/fNOISE

The difference in 1/f noise before and
after stress is more outspoken than dc
characteristics as shown in Figs. 4 and 5 for
L=1 um and 10 pm, respectively.

For the same bias conditions, the
reduction in the drain current varies from the
normal mode to the reverse mode with channel
length. It leads to increase or decrease the 1/f
noise in a post-stressed device. However,
when the 1/f noise is normalised for frequency
f, current I,s, and charge carrier number N,
expressed by the o parameter for the ohmic
region (Ref. 7)

_5’_ =& @)
s N

or the relative noise fS,/I,s’ for saturation, a
systematic increase in o (see Fig. 6) or in
fS,/Ixs* (see Table 1) is observed after stress.
The channel current always flows nearer to the
interface on the source side than on the drain
side. When the damaged part is on the source
side, we expect a higher 1/f noise. So, a
degraded device is often noisier in the reverse
mode than in the normal mode. The
degradation degree is determined by the
current density and the electric field. These
two quantities differ for devices with different
geometry under the same bias conditions.
Hence, the damaged part decreases with
increasing channel length.

4, CONCLUSIONS

The processes involved in bias-stress
are complicated and can be summarised as
follows:

(i) depznding on the stress conditions, positive
and negative shifts in threshold voltage are
possible; we found negative shifts in both long
and short devices,

(ii) owing to the nonuniform distribution of
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Fig. 4: The 1/f noise in the drain current vs
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Fig. 5: The 1/f noise in the drain current vs
Vos/Ve (a/a virgin state, after stress: o/ for
the normal mode, ®/5 for the reverse mode).

the trapped oxide charges in the gate oxide
layer, the threshold voltage can have a
nonuniform value along the channel,

(iii) the mobility reduction coefficient 0
reduces for short channel and remains for long




L An e =

Table 1. Change of £S/],¢* in saturation in a MOSFET (L=10 um) due to stress.

| __bias condition normalized quantity £S/los
Vo' (V) | Vs virgin state | stressed, normal mode ] stressed, reverse
0.30 0.90 1.4%10" 3.0*10" 6.1*10"
0.60 1.80 5.6*10"2 1.2*10" 2.4*10"
1.50 3.00 1.7*10*2 2.7*10" 3.3*10"
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Fig. 6: The noise parameter o vs V" (a virgin
siate, ® after stress for the normal mode and »
for the reverse mode).

channel. There is an increase in series
resistance Ry, on the drain side,

(iv) the position of the depth of the conducting
channel on the drain side can shift with aging,
so that a noisier or less noisy part of the
semiconductor can be probed,

(v) in the ohmic region, the low field mobility
1o only decreases 4%, the 1/f noise parameter
« increases by about 100%. This makes a 1/f
noise analysis a more sensitive tool than a
mobility or a transconductance measurement.
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metailisation.

Hol carrier degradation was performed on
wide nMOS transistors with the minimum
designed channel length. In general the
corresponding effective slectrical channel
fength (caiculated from the maximum
transconductance in the linsar operating
region of @ long and wide device, and the
device under last) was the tlypical one
guaraniesd by the process. On some tech-
nologies, resuits were also oblained on de-
vices having the minimum electrical chan-
nel length as given by the process, by
measuring on a deliberately shorder de-
signed transistor (generally 0.1 um less
than the minimum sliowed poly widh
{channe! length) foliowing the layout rules).
Hot carrier results wers aiways collecied
from fuily processed, passivatad wafers, by
sressing the devices i close 1o the max-
e substrate current. Dunng stress gm,
max (maxmum gm defined 88 the max-
imurn slope of the IDS-VGS curve of the
linesr opersting region of the transistor at
VD820 1V) was monitored as 8 funclion of
tme. Lfelime extrapolations for 10% gm
degradaton to both the nomingl and the
maximum  supply vollage were obtaired
using the methods pubhished in (1).

An overview of the results for the different
technoiogies is presented in table | Typical
chasacteristics of the nvestigated tech-
rologres. such g8 the noming! festure size,
the specified rominal currert Orive capa-
bilities and the nominal gate oxide thick-
ness vaives are shown as well This pro-
vides #n idea abowt the performance of the
investigated technologies. it aiso indicates
whether the elecirnical effective chennel
length of the transistors. on which the de-
gradation was identied and for which the
lifgtirmes were extrgpoiated. can be con-
sidered typicel or worst case (minirmum) for
For the 5§ V wchnoiogies, the results are
shown in figures 1, 2 and 3 where the life-
tmes obtsined ot the typical effective
length, extrapoisted to the nominel supply

voltage, are plotted as a function of the
nominal effective fength for the different
technologies (fig1), the specified gate
oxide thickness values (fig2) and the
spacified current drive capabilities values
IDSS (fig3).

DISCUSSION

The influence of the effective channel
lengths for the same technology can be a
factor of 2 (technology number 14) to 12
(technology number 7), whereas the influ-
ence of 10 % on the supply voltage can
give a difference in lifetime between a fac-
tor of 3 (technology number 1) to more than
100 (technology numbers 2,3). These
factors may seem rather exaggerated, but
they are based on data provided by the
suppliers, which could not always be veri-
fied by our own measurements.

Since most results ware obtained on tran-
sitors with the nominal effective length we
will restrict the rest of the discussion to this
data. For comparative reasons the results
sxtrapolated to the nominal supply voitage
{5V for the 1.0 to the 0.6um technologies
and 3.3V for the 0.5um technologies) will
ba used.

From the curves of figures 1 to 3 some
general trends can be observed. The first
observation is that the lifetimes decrease
with decrsasing effective channel length.
However, technologies 1 and 3, having an
effective nMOS transistor length of 0.5 and
0.45pm respectively have better dc life-
times than many of the longer transistors in
the 0.6 to 0.7um renge. In reference 10 the
differert  0.7pm transistors (technology
numbers 7.9,11,12) a difference in life-
times from 2 years (technology number 9)
o 50 yesrs (technology number 11) was
also noted.

The influence of the oxide thickness, as ob-
served from this study, is not so clear, but
genersily it can be expected that this tran-
sistors with thinner gete oxides will have a
shorter lifetime compared to transistors
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having thicker gate oxides. This is some-
how contradictory to previous studies (2)
and (3), but it needs to be stressed that in
these studies only the gate oxide thickness
was changed, leaving the transistor struc-
ture the same. This, of course, was not the
case in our study. Moreover the large scat-
ter observed in our data indicates that the
overall correlation Is not good and that
technologies with small and large gate
oxide thickness values can show both good
{technology numbers 3,10) and bad life-
times (technology number 8).

The correlation between the hot carrier life-
time and the current drive capability of the
nMOS transistors for the technologies un-
der consideration, is very weak. A small
trend showing increasing lifetimes for tech-
nologies with smaller drive currents can be
observed. Again techology 3 is a clear ex-
ception to this.

We may thus conclude that for comparable
technologies from the point of view of
performance, an enormous difference in
lifetimes is observed, ranging from a few
days to more than 100 years.

Another important finding from this study is
that almost identical technologies ¢an have
completely different results when they are
run in a different wafer fab. This is the case
for technologies 7, 8 and 9, which almost
have the same process flow, but are pro-
cessed at different locations.

These phenomena lead us to conclude that
clearly the influence of the processing is
much more important than generally
thought of and that there can be a strong
dependency on the process equipment
itself.

This study shows that the processing steps
which turned out to be extremely important,
are those that could have an influence on
the trapping behaviour and interface state
generation of the gate oxides. In this re-
spect we can name all steps associated
with the metallisaticn, interleve! dielectric
deposition, contact and via etching, an-
nealing and passivation. This has already
been reported in previous papers. For in-
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stance in (4) the influence of the pas-
sivation is discussed, showing that a plas-
ma silicon oxide under the plasma nitride
blocks the hydrogen from the nitride to
penetrate in the gate oxide, fimiting the ex-
cessive degradation due to the nitride pas-
sivation: References (5) and (6) discuss
the enhanced hot carrier degradation due
to the presence of plasma TEOS intermetal
films and a possible improvement due to
the addition of an ECR (Electron Cyclotron
Resonance) - §i0O2 film. In all cases mois-
ture or hydrogen-related components were
indicated to be the responsible factors for
the enhanced degradation during the back-
end wafer fab processing. This was again
confirmed by (7) where the authors simu-
lated the back-end process induced mois-
ture penetration by performing & steam
stress on wafers with cne metal layer. A
solution to this problem can be the employ-
ment of a silicon-rich intermetal oxide films
(9) having higher dangling bond density
than stoichiometric oxides,

In (8) the influence of plasma processing
steps, possibly introducing radiation dam-
age is discussed, with the possibility for
improvement by annealing the damage out
at a higher sinter temperature.

As a matter of fact, all of these factors have
been considered to be relevant when ana-
lysing the technologies. Seme technologies
improved from a few days dc lifetime to
more then 300 yezrs after improving their
interlevel metal oxides. On some technel-
ogies the impact of the plasma etching of
the second meta! layer has been found to
be very strong. On other process technol-
ogies the anneai step of the barrier metal
seemed to be important for having a good
dc hot carrier behaviour. :

The influence of the LDD structure used by
most technologies (some technologies em-
ployed LATID (Large Tilt Angle Implanted
Drain) but unfortunately these did not show
a very good lifetime) turned out to be less
significant than the influence of the pro-
cessing steps previously mentioned.
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CONCLUSION

Contrary to what is tended to be stated
nowadays a good de hot carrier behaviour
(more than 10 years extrapolated lifetime
for 10 % gm degradation at the nominal
cireuit supply voltage) can be obtained by
taking into account the enormous influence
that the wafer processing can have on the
trapping properties of the gate oxides and
interface states and subsequently the life-
time associated with hot carrier degrada-
tion. A careful study of the influence of the
equipment during metallisation, as well as
the optimisation of some key processing
steps just before, during and after met-
allisation can result in a dramatic improve-
ment of the hot carrier lifetime, even by
several orders of magnitude.
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5 V processes
Tech- | Feature Leff tox | IDSS (pA/jpm) Voltage lifetime
nology | size ] of stressed transistor | typ VDD, typ, d = days
number typ | min Leff,typ Vdd.typ | Vdd,max] y = years
wm) | m) {nm) specified (Vi (V)
1 0.8 0.5 X 15 8.5 30y
1 0.6 0.5 X 18 5 80 y
2 08 § 0.55 X 18.5 5 200d
2 0.8 | 0.55 X 16.5 5.5 1d
3 0.6 | 046 X 13 420 5 600y
3 0.6 ] 0.45 X 13 420 5.5 By
4 1 0.8 X 20 300 & 45y
4 1 0.8 X 20 300 §.5 ly
5 0.8 0.6 X 15 420 5 1y
5 0.8 0.6 X 15 - 420 5.5 304d
6 1 0.7% X 19 300 5.5 180d
6 1 0.78 X 19 300 $ By
7 0.7 0.7 X 172.5 350 6.5 10y
7 0.7 0.6 X 175 350 5.8 1y
7 0.7 0.7 X 17.6 350 5 25y
7 0.7 0.6 X 17.86 350 ] 2y
8 0.7 0.6 X 17.5 400 5 50 d
9 0.7 0.7 X 17.5 340 5 2y
10 0.7 § 078 X 20 350 5 300y
10 0.7 { 0.78 X 20 350 5.5 10y
1" 0.7 0.5 X 17 365 5.5 1y
1 0.7 0.7 X 17 365 5.5 4y
1 0.7 0.5 X 17 366 5 15y
11 0.7 0.7 X 17 365 § 80y
12 0.7 0.7 X 17 350 S 4y
13 1 0.91 X 20 300 ] 60y
13 1 0.91 X 20 300 5.5 45y
14 06 { 055 X 13.5 450 5 45y
14 06 | 0.55 X 13.5 450 5.5 160 d
14 06 | 045 X 13.5 450 5 25y
14 0.6 | 0.45 X 13.6 450 5.5 80d
18 0.8 | 0.55 X 178 370 [ X 1y
16 0.8 0.7 X 17.5 370 8.5 Sy
3.3 V processes
16 0.5 0.5 X 12 330 3.3 10y
17 0.5 0.4 X 9 380 3.6 17y
17 0.5 0.4 X 9 380 3.3 400 y

Table I: Ovarview of the extrapolated fifetimes obtained on the different tachnologies,
3 a function of the effective langth of the stressad transistors and the voltage to which

the lifetimes are extrapolated. Information shout the technologies is given by their nominal

feature size, oxuide thickness valus and current drive capabllity of the nMOS transistor.
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Fig. 1: DC hot carrier lifetimes, extrapolated to $ V, obtained on the NMOS
transistor with typical effective length. The results show the dependence of
lifetim2 on the effective channel length,
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Fig. 2: OC hot carrier lifetimes, extrapolated to 5 V, obtained on the NMOS
{ransistor with typical eflective length. The resufts show the dependence of
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DEFECT MONITORING AND LAYOUT RELATED YIELD AND RELIABILITY
PREDICTION FOR VLSI INTERCONNECTS

A. Dreizner, H. Kick, K. Lukat, J. Pablitzsch
Fraunbofer Institute of Microelectronic Circuits and Systems-IMS2-Dresden

ABSTRACT

Based on in-process defect monitor data and
Iayout related Monte Carlo cakulations we
predict the yield of IC metal layers and the

that missing metal defects reduce
the IC reliability. The influence of such defects
on eclectromigration’ fallure distributions s
investigated by experiments on submicron test
structures.

1. INTRODUCTION

For VLSI circuits low ppm early failures are
required.

Both yield and seliability are determined by
process induced defects dominated by
metallization defects (Ref.1). Tbe relationship
between yield and reliability and the influence of
the defect density has been discussed in (Ref.2).
For the layout specific prediction of yield it is
necessary firstly to know the defect density and the
defect size distribution of the process and secondly
1o simulate the influence of randomly distributed
defects on the efectrical function of IC"s.

Yield modeling and prediction bas been well
documented in the literature (Refs. 3,4).

The tools described in this paper contain mask
sets for defect monitor chips, programs for
automatic chip testing, software for extraction of
defect distribution parameters and software for
Moate Carlo calculations in order t0 estimate the
defect size depending failure probability of ICs.

For state of the art VLSI metallization processes
all carly failures duc to clectromigration are
expected to be defect related. These defects are
due to missing metal which reduces the line width
and causes increasing local current density.

This paper shows bow the probability of missing
metal defects can be predicted for IC layouts by
embedding Monte Carlo simulations in the
CADENCE design system.

In this context the influence of the defect induced
reduction of line width on eclectromigration
induced failures bas to be kmown. Previous
experimental work involving such defects has
been carried out by Kemp at al. (Ref.5) who
measured 3 ym wide stripes.
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In chapter 4 test structures for electromigration
tests of VLSI typical submicron lines with
designed defects of SO and 80% arc described.
Farst results of electromigration measurements will
be available in June 1994.

2. DEFECT SIZE DISTRIBUTION

The test chip comprises 24 metal comb-meander-
comb sub-chips for design rules with lines and
spaces of 1.0/0.6um, 1.4/1.0um and 1.8/1.4um
with an area of 7.35 mm? cach and we have
fabricated test wafers using the test chip (Ref.6).
Using an automatic parametric test system HP
4062UX the resistivity of the metal lines is
measured. In this way opens and shorts are
detected. Because of the different geometries it is
possible to classify the shorts and opens in 6 and 3
different size defect classes respectively.
Furthermore the measurement allows the
determination of the chip coordinates of defects
for defect analysis.

The number of defect sub-chips of class i failing
by shorts as measured by the test system is given
by

Ni=aD f Agini(X)S(x)dx m

i

where n is the total number of tested modules, x
the defect size, S(x) the defect size distribution, D
the defect density, w; the space between the metal
lines and Ay ; (x), the critical area. The sub-chip
will fail, if the defect is centered in the critical
area.

To determine S(x) and D we usc the
approximation (Ref.4)

m-1x, @)

S(xkg(;;ﬁm—' (¢4]

where xg is the fixed cutoff defect size. We
calculate the parameters m and D by fitting the
experimental data by (1) and (2).
Fig. 1. shows the product of defect density and
defect size distribution depeading on defect size
for different lots of test wafers.
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3. PROBABILITY OF FAULT AND OF
MISSING METAL DEFECTS

To determine the yicld of good chips for a known
defect distribution of the fabrication process it is
necessary to analyse the layout of the chip.
Analytical approaches to calculate the critical area
from the layout data are proposed in (Ref.7).

In this paper we describe a new method which is
based on statistical Monte Carlo analysis.

Fig2 Typical generated defects in a processor
layout a) open, b)short, ¢) missing metal

To calculate the probability K(x) which describes
that a defect of size x will result in fault of the
chip some thousands of metal layer defects are
randomly generated in the chip area. The defects

are assumed W0 have a square shape. For each
generated defect it is checked whether the defect
results in a fault or not. The ratio of defects
resuiting in a fault is K(x).

We use this method for shorts and opeas and for
the first ime for missing metal defects.

In case of missing metal defect the amount of
residual line width is estimated. If this width is
more than Sw we assume that no fault occurs.
Opeas are not counted as metal missing defects.
Fig. 2 shows a pant of a processor layout designed
in our institute with generated short, open and
missing metal defect. The smallest lines and
spaces are 2um the chip arca is nearly 1cm?.

Fig. 3 shows the resultant K(x) curves for shorts,
opens and missing metal defects. In our model
calculations we assumed Sw =1um.

0.5

0.4~}

0.3
x
X
0.2+
0.1+
0.0
Fig.3 Pn layout related fanlt probability
for shorts, opens and missing metal
defects

K(x) for missing metal begins to increase for
x=lm when K(x) for opens and shorts is still
zero,

The yield Y is related to the layout effective

defect deasily D4 and the chip area A:
Y=exp(-D,4A) 3)
with
-
Dy=D fS(x)K(x)dx @
0
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Table 1 contains for the processor and several
defect types the predicted data for Y and D

It can be seen that a low result in yield for opens
(bad lot) comelates with a catastrophic high
density of layout effective missing metal defects.
This fact ist caused by the more than proportional
increase of S(x) in the x-range between 1 and 2um
and the non-zero contribution of K(x) for missing
metal defects in this range.

For high defect densities there is a considerable
probability that more than one electrical effective
defect hits the chip. That's why in the case of the
bad lots in contrast 10 equation (3) the binominal
model was used to calculate the yield of defect
free chips.

About 15% of the bad lot chips are affected with
more than 10 electrical effective missing metal
defects.

Table 1:
D, Y
defect type
fem?} | o)
shorts 03 78
opens, nommal lot 0.1 94
opens, bad lot 2.2 20
missing metal, normal lot 0.3 78
missing metal, bad lot 9.0 0.04

Based on data like shown in table 1 it is possible to
discuss allowable yield boundaries in respect to
ppm early failure goals.

4. MISSING METAL DEFECTS AND
ELECTROMIGRATION BEHAVIOUR

Depending on the defect data of the fabrication
process and IC integration level a definable
number of metal missing "reliability defects” is
expected.

It is to investigate which amount of relative line
width reduction can cause electromigration
induced early failures.

Lloyd (Ref.8) measured the failure distribution of
12,5pm wide stripes, Menon (Ref.S) of 3um stripes
of materials with different grain sizes. The results
were different and depend on maierial, grain
structure, line geometry and the amount of w.

We designed test structures with VLSI typical
lines in the range from 0.6 to 3.0 ym with 50 and
80% metal missing defects. Fig. 4 shows a typical
example of a designed defect with line width of 1
um and 50% missing metal.

In contrast to (Ref.5) also teststripes with more
than one defect were designed. In this way there is
a sufficient probability that defects hit grain
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boundaries or triple points. By comparing failure
distributions for defect-free, one-defect and multi-
defect test strips defect induced electromigration
failure mechanisms can be analysed and we can
prove which amount of line removal alters failure

Figd4  Typical designed defect, line width 1pm
{white scale: 1ym)

1t is reported by Hu (Ref.9) that circuit simulation
allows to flag metal lines that pose reliability
hazards due to high current densitiy.

The connection of such activities with the models
and methods described in this paper would resuit
in a nearly realistic simulation of the
electromigration induced early failure problem.

5. CONCLUSIONS

Model calculations and electromigration measure-
ments on stripes with missing metal reliability
defects showed for IC metal layers a definable
correlation between yield and early failure risk.
The proposed models and algorithms are essential
first steps on the way to circuit simulation with
respect to reliability and early failures of
interconnects.
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WRITE/ERASE DEGRADATION AND DISTURB EFFECTS IN SOURCE-SIDE
INJECTION FLASH EEPROM DEVICES
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IMEC, Kapeldreef 75, B-3001 Leuven, Belgium
* on leave from the University of Western Australia, Nedlands WA 6009, Australia

ABSTRACT

An in-depth analysis of the write/erase degradation of
source-side injection Flash EEPROM devices is
performed, which reveals two mechanisms underlying
this degradation: a decrease of the charge per cycle on
the floating gate, accompanied by the series effect of
oxide and interface charges locally trapped above the
channel. In addition, the main disturb effects are
characterized and shown to be non-critical for reliable
cell operation.

1. INTRODUCTION

Flash EEPROM devices which rely on source-side
injection (SSI) for 5V-only programming have received
a lot of interest during the past few years (Refs. 1-5).
Most of these concepts use a triple-gate structure which
exhibits an inherent immunity to soft-write and
overerase effects (Refs. 1,3, 5).

In this paper, two important reliability aspects arc
investigated on the High Injection MOS (HIMOS)
device, (Refs. 3-6), which is 2 typical example of a SSI
cell. Firstly, the different mechanisms contributing to
the Write/Erase (W/E) degradation are studied by
combining UV-erasure and IV-measurement with a
charge pumping (CP) analysis. It is found that the
degradation is due to the combination of a positive shift
of the threshold voltage (Vy) both in the high and low
Vy-state caused by oxide and interface charge at the split
point, and 2 decrease of the charge injected per cycle
onto the floating gate in both Vy-states. Secondly, the
main disturb effects that can affect the margins for
proper read-out of the cell, have been identified and
characterized. These effects are shown to be well-
controlled and have adequate margin.

2.DEVICE STRUCTURE AND
OPERATION

As a typical example of a SSI device, the recently
reported HIMOS cell has been studied. This device
combines fast 5V-only programming features with a
low developmeat eatry cost through the combination of
a split-gate structure and a coupling capacitor which
increases the channel hot-clectron injection (CHEI)
cfficiency by several orders of magnitude (Ref. 4). Two
perpendicular cross-sections of the HIMOS device are
shown in Fig. 1.

sG 15V gg
sV
Injection point
SG

15V 1V pg

FG

Fig. 1: Two perpendicular cross-sections of the
HIMOS cell with typical programming
voltages.

The memory cell is fabricated in a standard 0.7-um
double polysilicon process. The oxide under the floating
gate (FG) is 8.5 nm thick and the interpoly diclectric
layer is a thermally grown polyoxide with a thickness
of 30 nm. The cell is programmed by enhanced CHEI
at the split point and erased by Fowler-Nordheim (FIN)
tunneling of electrons from the FG towards the drain
junction. The externally applied terminal voliages for
each of the different aperating modes are summarized in
Table 1.

source | drain SG PG
write 0 5 1.§ 12
erase - s 0 -12
read 0 2 3 0

Table 1: Typical operating voltages for the HIMOS
device.

In order to allow a proper investigation of the W/E-
degradation, a device with a farge capacitance between
the FG and the program gate (PG) has been used (cell
area = 50 um2). In this case the displaced charge per
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cycle is much larger than for a smaller cell with the
same V-window and thus the degradation is enhanced.
An arbitrary Vi-window from -3V 10 +3V is chosen.
The threshold voltage is defined at a fixed drain current
of 1 jA, a drain bias (V) of 2V and sclect gate voltage
(Vsg) of 3V. These conditions comrespond 1o the read-
out operation. Once the mechanisms leading to the
W/E-degradation have been identified, a practical case
will be considered using a cell that has been developed
for use in a vinwal ground array (VGA) architecture
(Ref. 6). This configuration results in a cell that
pravides microsecond 5V-only programming in a 0.7-
jm technology for 8 competitive cell area of 16.5 um?2
and a PG voltage of oaly 12V. For this panicular cell,
the implications of repeated W/E-cycling on the
position and magnitude of the Vi-window will be
discussed. This cell has also been chosen for studying
the main disturb mechanisms affecting the HIMOS cell.

3. WRITE/ERASE DEGRADATION
3.1 Endurance behiaviour

The HIMOS cell is written by enhanced CHEL a1 the
split point. This results in chargs trapping and
generation of interface traps (Ref. 4). Erasure is
performed by FN-tunneling at the drain, which also has
been known to result in charge trapping and creation of
interface traps.

The standard procedure for degradation studies is an
endurance measurement in which the high and low
threshold voltages are monitored as a function of the
number of W/E-cycles. However, such a measurement
reflects the combined effect of all possible mechanisms
contributing to the degradation. A typical endurance
characteristic is shown in Fig. 2. As can be seen, the
low threshold voltage (VD) shov.s a large increase with
the number of W/E cycles suggesting a strong

4 " NDERRNG
[ oottt
2} Vin
= |
=0
>
2 Vi
4t L .  d

10° 10! 102 10 10* 10°
# Cycles

Fig. 2z HIMOS endurance characteristic under read-out
conditions: a cell with a large coupling
capacitor was used in order to accelerate the
‘W/E-degradation,
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degradation of the read-out current, whereas the high
threshold voltage (Vih) appears 10 be little affected by
the repeaied W/E-operations. In order to disclose the vue
nature of the degradation, two techniques have beea used
for separating the impact of possible damage within the
cell channel and the impact of changes in FG charge.

2.2 Experimenial procedures

One way of separating the different effects contributing
to the W/E-degradat.on is by eliminating the charge on
the floating gatc. This can be dote by illuminating the
device with ultraviolet (UV) light, prior 10 and at
different stages of cycling, in order to discharge the FG.
This mechanism is self-limiting and the cell always
ends up with the same reference charge on the FG. In
this way, it is possible to reveal only the damage that
may have occurred within the transisior channel.

A second powerful method is the charge pumping (CP)
technique (Ref. 7). In 3 CP-measurement, the magnitude
of the CP-current (Icp) is proportional to the density of
interface traps Djy, and the voliages comesponding to the
transition edges of the CP-current are related o the
threshold voltage and the flatband voltage. A CP-
measurement is very useful, since it is sensitive to areal
non-uniformities in both Vy and Dj; (Ref. 7).

3.3 Analysis

Fig. 3 shows the Iq-Vpg characteristics after UV-crasure
for different W/E-cycles. The bias conditions correspond
to the read-out conditions, which were also used in the
Vi-endurance measurement (Fig. 2). Three observations
can be made from Fig. 3.

1) Cycling induces a very large positive Vg-shift after
UV-crasure. This means that V¢ of the FG channel has
been locally increased by oxide and/or interface charges
above the channel. These charges cause a series effect on
the Vi-measurement. Since programming of the cell
occurs at the split point, whereas erasure occurs at the
drain outside the channel, the Vi-increase can be

expected 10 be at the split point.

2) After cycling, a degradation of the subthreshold slope
1s observed. This subthreshold slope degradation is a
measure of the increase in Dj; and has 0 be accounted
for when choosing Vi, in order to minimize leakage
through written cells after cycling.

3) The Vi-shift at 1uA observed in Fig. 3 is much
smaller than the shift of Vy in Fig. 2, which is
measured at the same current level. This means that,
besides the series effect, the charge per cycle that is
removed from the FG diminishes with cycling.
Likewise, in the written state Vih, in Fig. 2 almost
remains constant, while a large shift occurs afier UV-
erasure. This again indicates a decrease of the charge per
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ia the theeshold voltage of 8 particuler cell. The main
distwrd mechamisms, thal are active in the case of the
HIMOS cell, arc discusssd ia the next sections.
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same mechanism (FN-tunneling from substrate to FG)
and can again be neglected in a large aray.

{3 Drain distt

During programming and read-out, sny written cells
sharing the same bit line as the cell being programmed

are subject to an electric field at the FG-two-drain
overtap. This can result in charge loss due to FN-
wnaeling from the FG wowards the drain. Fig.9
presents data for 8 cell in the high V-state and shows

programmng is defined a3 the product of programming
ume, sumber of cycles, and number of wordlines,
which is typacally in the order of 2000s. This was found
w0 correspond © 8 Vi-shift of 300mV, which is still
reasorably small.

; ;
'o" Y= 8V / 1
3 'o‘ V.‘.ﬂ w22V 1
>
§ 10* 1
- ve
= 1f} :ﬁ‘ ‘
==
015 020 025 030 035
1vg ']

Fig. & Worn case drain dissrd characieristic for &
wricen cofl.

4.4 Select gate disurb

Due (o the small coupling ratio between SG and FG, a
large electric field is established in the oxide between
SG and FG during read-out conditions. This causes a
soft-erasc effect on a written cell via FN-tnneling
through the interievel polyoxide between FG and SG.
Fig. 10 shows the SG disturb characteristic for a high
threshold voltage of 2V. The data predicts that a SG
voltage as high as 4.3V is necessary o induce a V-shift
of only 100mV after 10 years for a high threshold state
of 2V. Therefore, because of the soft-wrile immunity
and the small drain disturbance (Fig. 9), a drain voliage
of 2V can be used during read-out, while the SG voltage
only needs o be 3V in order 10 ensure a read-out current
of 100 pA. A large margin with respect to the drain
and SG disturb effects is thus obtained.

t1oomv I8}
a&

0.14 0.16 0.18 020 022 024 026
1Vgg [1V)

Fig. 10: Worst case select gae disturb characteristics
for a written cell.

5. CONCLUSIONS

In this paper, it has been shown that the classical
endurance characteristic (threshold voltage versus
sumber of cycles) is oot sufficient in order to
characterize the degradation of source-side injection
devices afier wrise/erase-cycling. This is a consequence
of: (1) the charge on the floaling gate not being
proportional 10 the threshoid voltage due 10 the series
effect of the localised degraded region; (2) the read-out
current act being proportional 10 the difference between
the gae read-out voluage and the erased theeshold voltage
due © e presence of 8 series sclect gae. Furthermore,
the leakage current through wricten cells needs 0 be
scoounied for when choosing the high threshold staie,
by providing an edditional margin for subthreshold
degradation after wrisc/ermsecycling. Gate and drain
induced progres distard mechanisms in HIMOS devices
are shown 10 be well controlled and have adequate
margia. A novel distwrd mechanism, sofi-erase owards
the sefect gase, has been found 10 be non-critical for
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ABSTRACT

After shown that the origin of the degradation of PNP
lateral transistors of a I2L test cells is negative trapped
charges in gate oxide induce by plasma etching, we
have developed a modelling of the threshold voltage of
the PMOS transistor associated to the PNP one which
shows that the degradation can only be explained by
taking in to account a location of trapped charges both
close to the drain and to the source. In the present work,
from a modelling of the relation between the current
gain of the lateral PNP bipolar transistor and the
threshold voltage of the associated PMOS, we have
defined a criteria which allows to improve the reliabilty
of the 12L process. Finally, we expose some solutions
for the improving of technological process.

1- INTRODUCTION

To analyse the quality of a process involved in 12L
technology, it is usual to insert in the test cells lateral
bipolar transistors the base of which is overlayed by
thermal and deposited oxides and by the emitier
metallization. This configuration creates a parasitic
PMOSFET, as shown in figure 1, which allows to
characterize the PNP lateral bipolar transistor.

The analysis of the electrical characteristics of some
500 bipolar transistors and their parasitic MOSFET
have shown a correlation between the MOS threshold
voltage (VTH) and the bipolar cutrent gain (HFE). In
previous works (1], the authors explained this variation
by the effect of negative oxide charges trapped at
deposited oxide/thermal oxide interface which induce
inversion mode in the base layer (or MOSFET channel)
and reduce its electrical width. They have also shown
from electrical test during the process and from
literature [2-4) that charges are introduced during the
nitride plasma etching. From these results, they
proposed a modelling of the threshold voltage to explain
the degradation; they showed that only a symetrical
location of oxide trapped charges close to the emitter
and close to the collector allows to explain the
behaviour of the structures [2]. In this case, the
threshold voltage variation is expressed by the
following formula (1):

_ﬂl_‘ss( .\/ _ln(Rz-L)/Rx._\/ In(R1+LYR]
AVip= Cox ! ! In(R2/R1) ! ln(Rz/lH))
Parasitic PMOSFET

B ¢ EF Tgate "1

OOy v SLULI VISSIAIILINISA
Y s s“\“‘\“w samaw
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Figure 1. Schematic cross-section of the structure. The
geometry is cylindrical.
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Threshold voltage

Figure 2. Variation of HEE versus VT of degraded
structures. Note the linearity of this curve. The straight
line corresponds both to the less mean square curve
and to the modelling one.
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where R1, R2, and L are defined in figure 1; Ngs is the
surface state density of trapped charges, Cox the oxide
capacitance.

In the present work, we develop a modelling of the
current gain HFE to explain the correlation with the
threshold voltage VTH experimentally observed, as
shown in figure 2; the current gain varies linearly in
function of the threshold voltage. By the controf of this
correlation we then propose solutions for improving the
technological process.

2. MODELLING OF THE CORRELATION

The modelling of the current gain takes into account the
circular geometry of the device, the low doping level of
the base and the decrease of the effective base width
due 1o the trapped charges in the overlayed oxides. In
this case, the holes diffusion length is higher than the
effective base width; since the differential equation for
minority carrier distribution, p(r), in the base is:

d%p(n dapn) _
2 2t =0 @
this expression is a special form of the EULER
differential equation, the solution of which is:
pr) = A + Bin(r) 3

The constants A et B are determined with the boundary
conditions :

PR2)=0
and )
i \'J
p<R1>=§§5 e ER) -1y @
then,
L
p(r) = —”—-,nmmmd[ xR 1) ®

Np is the doping concentration of the epilayer (base of
the transistor); VEB, k,T, and n; have the usual
meaning.
An approximate expression of the current gain is
obtained by using the various current components
shown in figure 3, where,

- 11 and I are the lateral and vertical hole currents,

- I3 the lateral electron current,

- I4 the vertical one.

Neglecging the recombination currents and assumimg
that I is higther than 12, an estimate of the current gain
is given by :

-
ver O

The current component Iy is determined by using p(r).;
13 and 14 are approximatex by the currents calculated in
a onc-dimensional junction. Thus,

- 9VEB

1= zqnznn—‘-exp LB ™
L4 = qnR, 2Dy ﬁ-;exp@ﬁﬁ)

where the cross-sectional arcas are chosen as
A1 =2xZRg, Ag= 2rR1Z and A4 = x R,2 for
current components 1], 13, and Ly respectively. N, is the
doping concentration of the p-type layer (collector and
emittes). Dp and Dy are the diffusion coefficient of
holes and electrons respectively.

2 N Epi

(////N+ buried layers 777/

Figure 3: schematical definitions of various current
components in the PNP lateral bipolar transistor.

The current gain is then expressed by:

g —1 NaDp 1
In(R2/R1) Ng Dy 513
1+ 222

®

Figure 4 shows the variations of B in function of
In(R2/R1); the measurements (dots) are performed in
three different zones of the wafer. The curves
corresponds to the modelling. One can observe a good
agreement between experimental resuits and modelling.

When R2/R] is much higher than 1, a finite series of the
threshold voltage gives:

AVTH ?;;@%,g ®
Expressions (8) and (9) yields:

HFE = CxAVTH (10)
where
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2Cox
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In the formula (11), X is defined as follows:

~NaDp
K=K Do (2

300

*  zone2
s zone3

zone 4

-r ——— . T -

Ll L] v
1,6 1.7 1,8 1,9 2,0
1/n(R2/R1)

Figure 4. Variation of HFE versus 1/in(R3R}) for
several zones. One can observe a good agreement
between experimental results and modelling.

The formula (10) shows that the variation of the current
gain can be linearly dependent of the variation of the
threshold voltage.

3. CRITERIA OF RELIABILITY

A fit of an experimental curve is shown in figure 2, To
this end and taking into account the technological
parameters, the modelling parameters are chosen as
follows: K =200, VrHo =8.25V, and
Ngg=3.5x 101 lcm-2 (5], In this figure, the straight
line corresponds both to the less mean square curve
deduced from experimental dots and to the modelling
one, that gives evidence again of the good agreement
between experimental and modelling. We can note that
as long as this type of degradation exists, we can
observe such a variation, that means that our modelling,
which leads to the relation:

HFg=CxAVTH , 10)
becomes a criteria to analyse the reliability of the
process and the effects of process modifications.

4. IMPROVEMENT OF THE PROCESS

From 1his criteria and thus from the analysis of the
evolution of the variation of the current gain, we tried to
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improve the process by the use of several technological
steps.

The first treatment we performed is a thermal annealing
in forming gas; this step did not exist in the initial
process. This annealing induces an increasing of VTH
of degraded transistors by decreasing the concentration
of trapped charges, as shown in figure S, but does not
modify the geometry of degraded zones. This step
induces a translation of the curve VTH (HEE) as shown

in figure 6.
8

] Ny = 3.6 x10 'dm2

6 Vru=15.75 v
Ly 2.48um

Threshold Voltage (Voits)

24 o«
) QN 1 -2
N =4.2x10 cm
0 —————y——— v T v
14 15 16 17 18
R2-R1{um)

Figure 5. Fit of experimental curves of threshold
voltage versus the base width. Thermal annealing
decreases trapped charge concentration.
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0 — ” :
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Figure 6. Variations of VTy versus HFg before and
after thermal annealling in forming gas. Afier
annealing, the curve is globally shifted towards higher
values of the threshold voliages.

An other way is ionic implantation of phosphorus in the
low doped base. It implies an increase of the effective
concentration in the base, which makes more difficult
the inversion in this zone and thus prevents the creation
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of a hole channel. The dose of implantation was
calculated 1o obtain a threshold voliage in the range of
20 Volis. The devices are characterized as previously in
two zones of the wafer, first at the center (zone 1) and
second in a lateral test cell (zone §).

Spm m { 7um | S8um § Sum

zonel) Vih | 19 | 2261232 | 236 24

g | 26 17 12 {1051 ¢

zoneS) Vih 1202 | 245 ] 245 ) 247 | 245
zoned

B 27 175 14 11 9

Table 1: Effect of ionic implantation of the base on the
threshold voliage and the current gain. The correlation
of this two electrical parameters disappears, Vih is in
the range of 20 Volis and B in the range of 15

Table 1 gathers the electrical results for the several
transistor sizes; it gives evidence of the shift of the
threshold voltages and more especially the important
valucs of VTH and its non dependence with the base
width, but HRE takes lower values. This can be
explained by the increasing of base doping
concentration because the additional ionic charges
compensate for rapped charges and the linear variation
of the VT in function of HFE does exist no longer. On
the other hand, the current gain is more dependent of the
base width, the carrier lifetime (of the electrons) being
affected by the implantation and the diffusion length
becomes lower than the base width. Although this step
allowed to decrease the effective role of the trapped
charges in the characterisitics of the device, because the
current gain is very low, this step is not actually
interesting for applications.

The first technological modification proposal has
appeared easier and was applied to increase the yield of
fabrication process and its reliability.

5. CONCLUSION

Our modeling allows 10 well explain the correlation
between the bipolar transistor current gain and the
PMOS FET threshold voltage of the I2L tcst ccll when
trapped charges are located in the insulator gate on both
sides of this electrode. Using this modelling, we have
defined a criteria of the quality of the process which
allows to improve this process and its reliability.
Applying this technique, we have found the step of the
process which occurs on this behaviour and a
technological solution consisting all simply in an
additional anncaling in forming gas after plasma
etching.
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FLOATING GATE P-MOSFET FOR THE MOBILE ION

CONTAMINATION TEST.
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3333 W. 9000 S., West Jordan, UT 84088
801-562-7000 Fax: 801-562-7500

1. ABSTRACT

A floating gate p-channel MOSFET is proposed for
end-of-line positive mobile ion contamination testing.
The device can be fabricated in any CMOS or MOS
capable process. The device allows for & quantitative
measure of the total mobile ion charge collected during
the measurement. Because the device aftracts positive
ioas isotropically, it is seasitive to contamination above
the gate, unlike capacitor or normal transistor based
tests. The isotropic nature of the resp also allows
the device to detect cracks in overlying passivation,
which provide port paths for confamination from
the passivation surface.

2. INTRODUCTION

Electrically Programmable Read Only Memory,
EPROM, cells have negatively charged floating gates
while programmed. Positive mobile ions, if preseat, are
attracted to the floating gates and neutralize the charge,
resulting in deprogramming. Because of that effect,
EPROM cells are extremely seasitive to mobile ion
contamination, which poses a serious reliability
problem. However, that very seusitivity makes the
EPROM cell an ileal candidate for use as a mobile ion
sensor.

The purpose of this paper is to propose a floating gate
p-channel MOSFET, similar to the EPROM cell, for
use in an end-of-line positive mabile ion contamination
test. The device can be fabricated in any CMOS or
PMOS process, with poly or metal gate and with any
gate oxide thickness.

3. DEVICE OPERATION

The proposed test structure is a p-channel transistor
with floating poly or metal gate, i.e. not connected to
any pad or to another structure. A cross-section and top
view of the structure are shown on Figure 1. The
device is programmed (turned on) by applying sufficient
drain voltage to inject hot electrons into the gate. In the
presence of mobile ions, the gate charge, and hence
voltage is reduced after annealing through charge
neutralization. If the shift in gate voltage can be
determined, the amount of charge due to mobile ions
can be calculated directly.

Un-Programmed: e Sercs -
ne
ngummd: e Sourc \!e Oum/
ne
flosting
active sate
[ )]
uﬁ\al \ (
L] — 1
bt *~ X e
\

/

souree and drain contacts

Fig. 1 Crossections and 1op view (layout) of single poly
p-channel MOS rransistor.

Figure 2 shows an example of device programming.
In curve a), the drain voltage of the proposed device is
swept from 0 to 25 V. At roughly 12:5 V, hot carrier
injection starts to deposit negative charge on the gate,
turning on the device. This can be seea from the
increase in current above what is expected. At roughly
17.5 V, the device is fully programmed. Curve b) is the
I-V charscteristic of the fully progranuned device.
Curve ¢) is the I-V characteristics of a similar, normal
p-channel device, swept Vgs = 0.2 Vds. The curve is
very similar to curve a) for low voltages indicating that
the coupling coefficiert between the floating gate and
the drain is 0.2. The similarity in curves is also
important in justifying the use of similar p-channel
transistor I-V characteristics to extract the floating gate
voltage, as discussed in the next section.
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Fig. 2 Drain current versus drain voltage:
a - virgin MOS transistor,
b - prog d MOS transistor,
¢ - standard MOS X

A programmed p-channel transistor has negative
charge on the floating gate. At high temperature (200
- 400°C) the negatively charged floating gate attracts
positive ions from the surrounding oxide. As the ions
are attracted to, and neutralize, the magnitude of the
gate voltage drops which results in reduced drain
current when the device is biased at room temperature.
Thus, the structure works as a monitor of positive
mobile ion contamination. Because the charge on the
gate attracts ions isotropically, it is seasitive to mobile
charge above the gate. This is in contrast to techniques
such as the bias-temperature capacitance-voltage
method, which is only sensitive to contamination in the
gate oxide. The ability to sense mobile ions in the
passivation is important b in actual device
operation those ions can diffuse to active areas causing
degradation in electrical parameters. Also, if the
passivation is cracked, mobile ions from the ambient
environment can also diffuse towards active areas. The
proposed floating gate p-channel MOSFET covers all of
those problems.

While the device is compatible with all CMOS and
PMOS processes, the channel length should be about
50% longer than the minimum length allowed in the
technology design rules. This is because a floating gate
MOS transistor is more sensitive to short channel effects
than its standard transistor counterpart.

4. TEST PROCEDURE

{. Program the proposed device by applying Vds =
BVdss - 05 V: e.g. if BVdss = -12 V then apply Vds
= -12.5 V. A lower in (magnitude) Vds can be used
with increased programming time.

2. Measure the drain current at low drawn bias (-1 V for

example).

3. Interpolate the floating gate voltage from the Ids vs
Vgs characteristic of a similar (gate size and oxide
thickness) I pchannel transistor biased at the
same Vds (see Figure 3).

- Vass -1V
£
€
3
8 2} FGOanCuven
i
£}
r e
[
[
[ H . 3 [] w
Gate-Source Vollage (V)

Fig. 3 Method of determining the floating gate voliage.

4, Bake wafer(s) for 30 minutes at 390°C (or longer
for lower temperatures).

5. Remeasure the drain current at same low drain bias.

6. Interpolate the floating gate voltage from the Ids vs
Vgs characteristics of a similar normal p-channel
transistor biased at the same Vds (see Figure 3).

7. Calculate the effective ionic charge collected from
the floating gate voltage shift AV,

Qi- - c- Avk

where C,, is the gate oxile capacitance.

Figure 4 shows a plot of floating gate voltage as a
function of bake time using the proposed test structure
and the test method described above. The passivated
wafers were contaminated with NaHCO, to provide a
source of positive mobile ions. The voltage shift
saturates as the mobile ion concentration above and
below the gate is depleted.
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Fig. 4 Floating gate voliage versus the bake rime at
250°C.

S. SUMMARY

The proposed device and test method detects and
measures positive mobile ions from both gate and field
oxides. It is also seasitive to defects in the passivati
If the passivation is cracked, ionic contamination can
penetrate those crucks. Later, the ions can diffuse to
active device areas causing thresholkd voltage shifts in
MOSFETs or increased leakage in bipolar transistors.

Conveutional CV tests detect mobile ions between
gate and substrate only. Even if finger field oxide
capacitors or MOS transistors are used, mobile ions
outside the gate area are repelled when the gate is
positively biased to drive the ions to the
oxide-semiconductor surface. The ability to isotropically
detect mobile ion contamination is a key benefit of the
device based test structure.,
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COMPARISON OF INTER-POLYSILICON OXIDE
LIFETIME USING RAMPED AND CONSTANT
VOLTAGE MEASUREMENTS
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1 Abstract

This paper reports the use of ramped volt
age and cunstant voltage stress measurements
for the assessment of reliability data of “ther.
mally grown oxides on heavily doped polyuls
con” {inter poly oxide). When these measyre
ments aer performed for the characterisation
of the oxide it is obscrved that the use of a
ramped voltage stress results in an enhanced
oxide lifetime compared to the constant volt.
age case. By plotting the evolution of the cur.
tent as a function of time for both measure.
ments charge trapping in the oxide is founi
to be the principal cause of longer lifetimes
measured with a ramped voltage stress. Mea.
surements on pre-stressed oxides confirm this.
This work shows that in order to relate the re-
sults from constant voltage and ramped volt-
age stress charge trapping must be taken into
consideration.

2 Introduction

Reliability predictions for dielectrics are es-
sential to pro-ide customers with vield analy-
sis data of a product. For applications which
require poly-poly capacitors such as switched-
capacitor filters or A/D and D/A-converters
etc. it is essential to characterise the inter-
poly oxide in terms of lifetime and failure
probability under operating conditions.

A prediction method has been proposed
for inter-poly oxides in [1] which is based on
results from constant voltage stress (CVS)

4650, Fax + 353 21.270271

measuremients  Thiy methodology uses the
1 E-Model {ree equation 1) which has heen
developed by Hu etal 20 In {17 only the
mtrinsic properties of the oxide were 1nves
tigated. However, lefect related failures ex.
19t why b lrad to malfuncuion of devices and
cause field faslurer of the product. Therefore,
the defect related properties are impartant for
the evaluation of iter poly oxide relability.
The monitoring of defect related bicakdown:
with CVS involves lung measurement times
which are impractical for industrial applica-
tions. A ramped voltage stress (RVS) mea.
surement, however, can be carried out faster
than a CVS and monitors the defect related as
well as the intrinsic hreak _owns. Therefore, a
RV'S is preferable to record early and intrin-
si¢ breakdowns in a rearonable time. A corre-
lation between RVS and CVS data for MOS
gate oxides is described in {2]. The possibility
of a similar approach for inter-poly oxides is
examined in this work.

This paper shows that results of RVS mea-
surements with slow ramp rates overestimate
the lifetimes of inter-poly oxides when rom-
pated to those predicted by CVS. Thic er-
estimation is crucial when the RV & et s
used for yield predictions. These long~r RVS
lifetimes are related to charge trapping which
is observed in inter-poly oxides for low Fowler-
Nordheim (FN) currents {3]. Experiments
presented in this work on pre.stressed axides
and the I.t characteristics of CVS and RVS
confirm the this. Therefore, it is important to
account for charge trapping when long term
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icliability date d predict-; fom AV data

The aus of 150 o % was Che quantitative
datarsisalion of charge Vapping for hietum
predictions foe BYS wad 1he conelatalos of
KYS 10 CVS resalte by mung the /B Model
By salag the chalge Lappang @lo account
teliability predictions ase postibde Foes RYS
data The impact of the charge trapping and
e application of Uir o lained sepalis for Lie
charactormatos of kg Vet wtar pody casde
teliadilty aze diveaesed

3 Experimental Procedure

All measnsvnents were prrformed on waler
lossh with o HP406Y Pasnsortsic Tost Spotem
Tost capacitors from two diffrreat procecses
with the croms pectioon of Sgure | were incladed
i the measnrernents

The lower polyrilicon laper was implanted
and the top polysdron layer POCL, doped
with doping concentrations » 10% ot for
both layers  The intet poly onides conwsted
of thermally groen 5:0; with thicknesser of
320 and 305 nm. In this work the smallest
stracture sige (15010 Ynun’) of the test chip
=as texted to ensure inttinsic distnibutions.

The inter poly capacitors were all strersed
with a positive potential an the top polysili
con plate as this showed the lowest breakdown
fields. CVS and RVS measurements were then
carried out with five ot six different bias con-
ditions for both processes. Ramp rates var.
ied from 0.1Volt/0.15sec to 0.1 Volt/7sec. All
tamp rates used in the RVS consisted of the
same voltage step of 0.1Volt. Sample sizes
were around 40 cspacitors for each measure-
ment.

4 Analysis Of Measurement
Results

For the prediction of lLifetimes and failure
probabilities at operating conditions the 1/E-
Model {see equation 1) is applied to the ex-
perimental data.

B

oy Sodeyes 3

3wt

Fagure 1| Crosr eecloon of an smter poly test

CAapaiay

Gl
o) o

Note, 1hat for the evalustion of intrinsic
Lietisnes as described in [1] only CVS results
(ser figuse 7] are pecensary. For the determi.
nation of intrissic Lfetimes the log of the Lfe.
tire 1o 50% fadure (o) of 8 CVS i vavally
plotted av 8 function of the reciprocal of the
bias voltage (or field) (1, 2],

Since in this paper the main interests are
to account for defect related properties of a dij-
dlectric and the correlation of RVS and CVS
results the method which is described in [1]
is expanded to RVS data. This jeads to a di-
tect comparison of lifetimes of both measure.
ments. The RVS measurements performed in
this work consisted al; of & staircase with volt.
age steps of 0.1Volt and because such a RVS
measurement is in effect a sequence of short
constant voltage stresses with increasing mag-
nitude. the time to breakdown under RVS is
estimated by the time spent at the final step
of the ramp priotr to the step in which catas.
trophic breakdown occured. The stress of ear-
lier steps of the ramp is not taken into account
for the RVS lifetimes. Therefore, the log of
the timestep of the ramp (t,¢.p ) is plotted ver-
sus the reciprocal of the breakdown voltage to
50% failure (Vygso) in figure 3 and 4 for both
processes [7].

Yog * Pecrty(
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11 ae seported o {§) that the charge trap.
ping @ AL wter poly onde doer not saturate
a2.d it vapd woisally Because of the pre:
ence of trapr witt large crows sectione whach
are poon completely filled. Therefore, when
2 dower ramp tate i chosen the quantity of
trapped charges inereases in compariton to an
oxide wlach was strereed with o fast ramp
tale  Thie effect can be observed from the
erulution of the RVS current in figure 5. It
o be concluded thet with fast ramp rates
Iess tharge (rapping occurs.

The oheervatrons which were made for
both inter-poly oxides of this work, namely,
that Lifetirnes intrease due Lo a pre xtress are
i contradution to the literature. In general,
& pre.strexs would be expected to shorten the
Wetirne of & capacitor In [0 it teparted that
for gate oxides a pre ttreee such ar 2 burnan
drcrenses Lifetimes

Thas rontradiction can he explaired by the
wfiuence of temperature and the tume spent
dsring » burnin  In 4. 6] it ix shown that
2t hagh temperatures electrons are detrapped
and for the saine bins greater tunnel currente
degrade the oxide faster Usually, @ burn-in
step comsists of 3 CVS at high temperature
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and lasts longer than a RVS. Therefore, with
a long stress time and higher initial tunne)
currents than in a RVS the oxide degrades
faster during the burn.in than in a RVS.

6 Practical Applications Of
The Observed Results

Correlation of RVS and CVS Data :

For the correlation of the RVS results to the
CVS data charge trapping has to be consid-
ered. Some indicators of charge trapping are

o the difference between the RVS currents
and the CVS cusrents at the same bias
point {see figure 5),

o he difference of the Lietimes of RVS
and CVS which can be observed from
figure 3 and 4.

In a practical approach for the consideration
of charge teapping the difference betwren the
RVS and CVS lne fits from figure 3 and 4
are used to cosvelate the Lfetimes for each
rarmp tate. For the RVS 22nm oxide and the
tamp rate of 0.1 Volt /2sec the time difference
is | 2%sec.

Figure 7 and § show predicted lLifetimes
from RVS data which take charge trapping
inte account  These ate in good agreement
with the measured Lifetiner. For the predic.
tion fram RYS to CVS eguation 2 used is
based on the | /E-Model and descrided in [7).

i) = G'(T}-— - i—-‘-—) $in{l gt -OIn(r) ~

- e
(I
Ve it the voltage at which the capacitors wil)
operate and 3 {41} considere the chatge trap-
ping of the RVS and can be determined from
the difference batween the RVS data and the
CVS line Kt of figure 2

Failure Probability Predictions :  The
prediction of failure probahility as & function
of Gfetime requires measarements on large and

s LA aalhbe s =

small area capacitors. With several CVS and
a RVS measurement on small area capaci-
tors parameter G of equation 1 and Aln{t)
of equation 2 are determined.

predicted

results

tbd [sec] —»
01 1 10 100 1000

Figase 7: 22am oxide: comparison be-
tween measured and predicted lifetimes from
the RVS with the ramp rate of 0.1V/1sec,
G=624MV/cm and A ln(1)=0.69.

~—— predicsed
resulns

d [sec) —»
0001 001 01 1 10 100

Figure & 20.5nm oxjde comparison be
tween measured and predicted lifetimes from
the RVS with the ramp rate of 0.1V /2sec,
G=58MY /arr and A In{t)=1.96.
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With RVS measurements on large area
capacitors the defect related properties are
recorded. Note, that the same ramp rate must
be used for all RVS and t,.p must lie in the
region of the measured tyaso which is impor-
tant for the evaluation of Ain(t). Lifetimes
and failure probabilities can be projected from
the RVS data of the large area capacitors by
using equation 2 [7).

Oxide Quality Assessment : In this
work RVS and CVS measurements are per-
formed on small area capacitors for reliabil-
ity evaluations. Besides predicting lifetimes
and failure prcbabilities from the measure-
ment results the CVS/RVS current ratio and
the CVS.RVS lifetime difference give a mea-
sure for the quality of the oxide for different
processes in terms of charge trapping. In this
paper the 30.5nm inter-poly oxide shows more
charge trapping than the 20nm oxide for the
fast and intermcdiate ramp re'es.

7 Conclusions

It was found by direct comparisor. of the life-
times in & “log(t) versus 1/E"-plot that RVS
results overestimate the lifetime of inter-poly
oxides with thicknesses in the range of 22 -
30.5nm. A comparison of RVS with CVS cur-
rents at the same bias conditions give evi-
dence that charge trapping is the reason for
the longer lifetimes. This was confirmed with
messurernents on pre-stressed oxides.

The charge trapping is dependent on the
starting bias Jevel and the ramp rate of the
RVS5. No additional “significant™ charge trap-
ping waa observed below 11 Volt for the
30.5nm inter-poly oxide. Therefore, it is im-
portant to take the trapped charge into ac.
count when lifetimes at operating voltage are
predicted from RVS data.

It has been shown that by relating RVS to

e taeThh W e~ ©

mental and predicted results show good agree-
meut. With the observations and resuits of
this work RVS measurements can be used for
lifetime predictions and in comparison to CVS
results for the characterisation of the oxide
quality in terms of charge trapping.
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1. ABSTRACT

Thin oxide MOS capacitors are subjected to bipolar
voltage stresses of different amplitudes and frequen-
cies. According to a previously proposed breakdown
model, the evolution of the current with the stress
time has been considered to be due to the degrada-
tion of the oxide, i.e. to the generation and partial
occupation of electron traps. When Log(J) is repre-
seated versus the stress time, the slope of the plot
and the magaitude of the current (which tends to de-
crease during constant-voltage tests) are taken as in-
dicators of the oxide degradation rate and degrada-
tion level, respectively. Our results suggest lower
degradation rates, and consequently lower degrada-
tion levels for the same stress times, at high frequen-
cies. This is consistent with the increase of time-to-
breakdown with stress frequency observed by other
suthors, and coafirms that, also for dynamic stres-
ses, the relation between degradation and breakdown
is fundamental to understand the physics of these
phenomena. The slower degradation rates confirm
the improvement of oxide rehiability under dynamic
AC stress conditions.

2. INTRODUCTION

The ever increasing complexity of integrated circuits
is pushing the reliability community towards & very
broad change in the techniques for reliability asses-
ment. Within the “building-in® reliability arena, two
are the main directions of action: reliability through
process control; and reliability through circuit simu-
Iation. Reliability is becoming one of the key syecifi-
cations that have (o be considered from the very be-
ganing of the design process. Reliability simulation
tools help to optimize the reliability by design
through the evaluation of the susceptibility of ICs to
the various device failure mechanisms, and through
comparison of the different design and fabrication al-
ternatives. This represents a very important change
in relisbility assessment because, traditionally, relia-
bulity bas only been improved by making accelerated
stress experiments on test structures, and by the ana-
Iysis of the failures.
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For the simulation of the degradation and final
failure of the devices, models for the different failure
mechanisms have to be implemented into the
reliability simulators. The accuracy of the simula-
tions is directly related to the suitability of these
models. One of the mechanisms which limit the re-
lisbility of MOS circuits is SiO, dielectric break-
down. Oxide reliability has been usually analyzed
under static stresses (constant-voltage or constant-
current) or ramps. The extrapolation of time-to-
breakdown data to operation conditions is generally
performed under the assumption that there is not a
strong dependence on the type of stress. However,
in most circuits, the operation of the devices will be
dynamic, and the experimental results of other au-
thors indicate that the oxide reliability significantly
improves under these conditions, especially if the
stress is AC (Ref.1).

Much work has been dedicated to the study of the
breakdown of thin silicon dioxide films under static
conditions. Even though, many questions concemning
the physics of this failure mechanism remain still
open. In any case, however, there are several points
of general agreement which are based on direct ex-
perimental observations:

1) There are at least two types of breakdown, defect-
related and intrinsic. the later becoming more impor-
tant for advanced circuits (Ref. 2). In this paper we
only deal with intrinsic breakdown.

i1) Breakdown is a local phenomenon.

iit) Tume to breakdown and any other breakdown
vanable (breakdown field, for example) are not de-
terministic. A statistical distribution of results 1s
always found (Refs. 3,4).

iv) Breakdown is related to some sort of previous
degradation of the oxide structure which takes place
during stress or operation (generation of electron or
hole traps, interface states, slow states,...).

This work deals with the degradation and breakdown
of thin oxide MOS structures under bipolar AC con-
ditions. Our general project has two main objectives:



a) the development of a degradation and breakdown
model suitable for reliability simulators; and b) the
analysis of dynamic data to get additional
information about the physics of the breakdown. In
this work, our particular goal is the evaluation of the
relation between degradation and breakdown under
AC stress conditions. We want to determine if the
correlation between degradation and breakdown,
which is widely recognized for DC conditions, is
also valid for AC stresses.

3. DEGRADATION-BREAKDOWN MODEL

Although we do not want to discuss our degradation
and breakdown model (Ref. §) in this paper, we will
dedicate this section to review it because this is con-
venient for the analysis of the AC breakdown data.

In stress experiments, after a very small heating
distance, the kinetic energy that the electrons gain
from the electric field in the oxide conduction band
is dissipated by interaction with the SiO, lattice
(Joule law). The principal assumption of our model
is that a very small fraction of this energy is used to
damage the oxide structure through the generation of
defects which can act as electron traps. The genera-
ted traps become partially occupied by electrons (the
measured cross sections correspond to neutral traps),
and the resulting negative charge modifies the elec-
tric field in the oxide. There is much published ex-
perimental evidence to support the generation of
electron traps and negative charge, and also their
relationship with the dielectric breakdown (Ref. 6).
Even under dynamic conditions the role of negative
charges seems to be dominant (Refs. 7,8), and this
paper adds more evidence in this direction.

If the degradation is related to dissipation of energy,
the key equation for a degradation model should be
Joule law:

dE | 1
% JHOF() m

where E is the dissipated energy per unit of volume,
F(t) and (1), the oxide electric field and the current
density, respectively. If Eg;, is the energy required
to generate one defect, and P the efficiency of defect
generation. the rate of trap generation is given by

&N _ P
& " E, S Ay @

N(t) being the density of neutral electron traps.
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In previous works it was shown that this simple
picture is adequate to model the degradation of $iO,
under DC electrical stresses. Assuming that the cur-
rent is given by the Fowler-Nordheim expression,
considering that the charge distribution is uniform,
and making other simplifying assumptions, it was
shown that this model reasonably explains the evolu-
tion of the DC stress conditions (current in constant-
voltage tests, voltage in constant-current stresses,
etc.) (Ref. 5).

In particular, in a constant-voltage stress, the genera-
tion and partial occupation of electron trap centres
causes the reduction of the current with stress time.
Thus, the analysis of the evolution of the current is
a useful tool to evaluate the oxide degradation, at
least under DC conditions. For this type of stress,
our degradation model predicts a current evolution
given by:

J) = Jo )
()
T

where J, is the initial current, and t is a characteris-
tic time which is a function of B and Ey;,. If we re-
present Log(J) versus time this results in almost a
straight line (after an initial transient which is due to
trapping in native electron traps (Refs. 5-7)).

Logll) - LogUl) - £ @

According to this model, in the next section we will
analyze the AC breakdown data assuming that the
current level (for a particular value of applied
voltage) is a measure of the degradation, and the
slope of Log(J) versus r, a measure of the
degradation rate.

As far as the breakdown is concerned, we consider
it to be triggered by the generation of a critical
number of defects ngp, in small portion S, of the
total active oxide area. The focal nature of the
breakdown and the statistical distribution of events is
modeled in such a simple way, at the same time that
the relation between degradation and breakdown is
considered (Refs. 3,4).

4. EXPERIMENTAL RESULTS
The analyzed samples are polysilicon gate MOS

capacitors with oxide thickness of 13.5 nm, area of
3.14 10 cm” and n-type substrate (Np = 10'% cm'®).



Bipolar square voltage waveforms of different
amplitudes (15V, 16V and 17V) and frequencies
(10Hz, 100Hz, 1KHz, and 10KHz) have been
applied to the capacitors. For each of these stress
conditions, the current level at the end of the
positive semiperiod has been measured after different
stress times. The evolution of the current with time
has been represented in a Log(l) versus ¢ plot. In
accordance with our degradation model, the current
level Ift) is taken as an indicator of the degradation
of the oxide at time ¢, and the slope as a measure of
the degradation rate.

Current (107 A)
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o s 10 15 20
Stress time (10° s)

Figure 1.- Currem evolution recorded on MOS
capacitors subjected to + 15V bipolar stresses of
different frequencies.

Figures 1 to 3 show the evolution of the current with
stress time for three different voltage amplitudes,
with the frequency as a parameter (each data point
corresponds to the average of 5 samples). In each
figure one can distinguish two different groups of
curves which are clearly separated, the curves
corresponding to high frequencies having smaller
slopes (smaller degradation rates) and, consequently,
larger current densities (smaller degradation levels)
for equal stress times. We distinguish two different
regimes: & low-frequency regime, where the
degradation rate is large and the evolution curves are
quite similar (if not coincident) to those obtained
under equivalent DC conditions (not shown in the
figures); and a high-frequency regime, where the
evolution of the degradation is much slower. In both
regimes, the frequency dependence is very weak. A
quite abrupt change between one regime and the
other occurs at a threshold frequency which depends
on the oxide electric field. For V=15V (figure

1), only one curve (10 Hz) is in th> low-frequency
regime, and the others (100Hz, 1KHz, and 10KHz)
can already be considered to belong to the high-
Jrequency regime. For V=16V (figure 2), two
frequencies (10Hz, 100Hz) are low and the other two
(1KHz, and 10KHz) are high. Finally, for
V. ,=17V (figure 3), only one stress frequency
(l'(gr(Hz) corresponds to the high-frequency regime.

Current (107 A)

Stress time (10° s)

Figure 2.- Current evolution recorded on MOS
capacitors subjected 10 % 16V bipolar stresses of
differemt frequencies.

Current (107* A)
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Figure 3.- Current evolution recorded on MOS
capacitors subjected to + 17V bipolar siresses of
different frequencies.

Figures 4 and S show the evolution of the current
with stress time for two fixed frequencies (100Hz
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Figure 4.- Curremt evolution recorded on MOS
capacitors subjected 10 100Hz bipolar stresses of
different amplitudes.

Current (10°° A)
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Figure 5.- Current evolution recorded on MOS
capacitors subjected to 1KHz bipolar stresses of
different amplitudes.

and 1KHz, respectively), and the voltage amplitude
as a parameter. In figure 4, we see that the curves
which correspond to 16V and 17V have similar
degradation rates (slopes), while it is much smaller
in the case of the stress waveform with 15V of
amplitude. The fact that higher voltages (fields) lead
to larger degradation rates should not be surprising
within the degradation model of the previous section.
In our case, however, the variation of electric field
from one stress to another is less than 10%.
Nevertheless, in the Fowler-Nordheim regime this
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small change of ficld causes an exponential change
in the current (sec the values of current at the
beginning of the stress, t=10s). Thus, based on
Joule law, one should expect the degradation rate to
be controlied by the current density rather than by
the applied voltage. This is perfectly consistent with
the curves corresponding to 16V and 17V: at the
beginning of the stress, the degradation rate is larger
for V,,,;=17V because the current is about twice
the vaf\re corresponding to V= 16V; for longer
stress times, the degradation rate (slope) is almost
the same for equal values of current density. The
same can be said of the curves corresponding to 15V
and 16V in figure S, though in this case the
degradation rate is much smaller. The question that
remains refers to what happens with the curves
which cross over their two partners in these figures
(the curve of 15V in figure 4, and the one of 17V in
figure 5). To understand these crossovers, it is
necessary to make reference to the results shown of
figures 1-3. In figure 4, the 100 Hz stress can only
be considered to belong to the high-frequency regime
for V,,=15V, s0 that in this case the degradation
rate is much smaller than for 16V and 17V, which
correspond to the low-frequency regime. This
explains why for V,,,;=15V the degradation rate is
much smaller even at the end of the stress, when the
current density is larger than for 16V or 17V. Just
the opposite is true in figure 5, where only the 17V
curve belongs to the low-frequency regime, having a
larger degradation rate. If the same kind of
representation is used for the 10 KHz data, the three
curves (15V, 16V and 17V) are almost parallel, and
there is not a crossover because the three stresses
belong to the high-frequency regime (this figure is
not included).

5. DISCUSSION

In previous works (Ref. 8,9), the same samples were
used for studying the DC degradation and breakdown
characteristics, and the transient current evolution
during the application of pulsed voltages (unipolar
and bipolar). Also according to our degradation
model, these current transients and their evolution
under accelerated dynamic stresses were qualitatively
explained by assuming trapping and detrapping of
electrons near the oxide interfaces. The role of the
interfaces in dynamic experiments is of uppermost
importance because only traps located near the
interfaces can alter their occupation state when the
polarization changes during a short time (this is
particularly true for dynamic unipolar stresses).
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The experimental results of the previous section
confirm the idea that the reliability of the oxide
improves under AC conditions, as shown by break-
down data (Ref. 1). Moreover, at least qualitatively,
the degradation concepts developped for DC stresses
have been shown to be valid for AC conditions wi-
thin both the high and low-frequency regimes. The
reason for the change from one regime to the other
requires a more detailed model for the dynamics of
generation, i.e. a model for the frequency
dependence of the defect generation efficiency, .
The presentation of such a model is out of the scope
of this paper but, the basic ideas developped by
Rosenbaum et al. (Ref. 1), which involve transport of
holes to the cathode interface (or of other type of
charged species liberated at the anode, i.e. H),
sound rather convincing if this transport has the
generation of electron traps (near the injecting
interface) as the main consequence. The guidelines
of such a degradation model would be: 1) liberation
of species at the anode interface by the energy
dissipated in the oxide; 2) transport of positively
charged species through the oxide; 3) generation of
electron traps in the bulk and near the injecting
interface.

-
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Current (10~ &)
~
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o 10°* 10°* 10
Frequency (Hz)

Figure 6.- Current recorded afier 960s of stress as
a function of frequency for each value of the applied
wliage.

As far as the relation between degradation and
breakdown under AC conditions, we can compare
the results of figures 1-3 and the breakdown data of
Rosenbaum et al. (Ref.1). This can be done by
plotting the current measured after a fixed stress
time as a function of frequency for each value of the
applied voltage. Such a representation of the results
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Figure 7.- Time-to-breakdown as a function of
Srequency for different oxide fields (afier Rosembaum
et al., Ref. 1).

is shown in Figure 6 for a stress time of
approximately 10° s. In Figure 7, the breakdown
data of (Ref. 1) are reproduced for comparison. This
comparison demonstrates with any doubt that there
is a strong correlation between degradation and
breakdown under AC conditions. High and low
frequency regimes are distinguished in both sets of
data, showing weak frequency dependences at both
low and high frequencies. A second correlation
comes from the fact that the change between one
regime and the other occurs for critical frequencies
which increase with the electric field (voltage
amplitude of the stress) also in both cases. Being
different sets of samples, these are vather conclusive
results, which demonstrate that:

a) The degradation and the breakdown are strongly
correlated under AC dynamic stress conditions.

b) As in DC stresses, the degradation and break-
down are related to electron trapping in the oxide.

This second point may be controversial because we
have to accept that the positive charge trapping
model of Chenming Hu and co-workers is quite
widely accepted in the reliability community.
However, our results confirm the importance of
negative charge generation in the degradation and
breakdown of thin oxide films (Refs. 5-8).
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: ABSTRACT

Degradation in nMOS transistors from gate oxide
shorts is dependent upon oxide trapping and interface
state generation. Three distinct damage mechanisms
were identified, including generation of : 1) electron
traps in the bulk oxide by the injected holes, N, ,, 2)
electron traps in the bulk oxide by the injected
electrons, N, ., and 3) interface states, N, The three
damage mechanisms are incorporated into a device
i fifetime prediction method.

. INTRODUCTION

! ' A gate oxide short is an unintended electrical
: connection through the gate oxide of an MOS
transistor. Such a defect can occur between the gate
and the source, drain, or channel of the transistor.
; Gate oxide shorts are a major type of fabrication defect
| and, in some CMOS processes, the dominant defect
! (Ref. 1). Detailed accounts of the physical origins of
gate oxide shorts have been presented by Soden and
. Hawkins (Ref. 2) and Yamabe and Taniguche (Ref. 3).
A gate oxide short can cause diverse changes in the
electrical properties of a device and, therefore, can be
responsible for IC failures. Previous experimental
(Refs. 1-4) and theoretical (Refs. 5-7) studies show that
the phenomena caused by these defects are not
straightforward. A single gate oxide short can be
respounsible for a number of distinct electrical failures
in VLSI IC’s. The models traditionally used in this
area, such as transistor gate-to-source and gate-to-drain
shorts (Refs. 8-13), over-simplify what is taking place.
Since the physical phenomena associated with a gate
oxide short can lead to a gradual degradation of the
transistor characteristics and eventually to circuit
failure, there is a need to better understand these
mechanisms.
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Due to the complex nature of the gate oxide short
defect, only gate oxide shorts located in the channel
region of the transistor will be considered. This paper
covers three major areas.

The first area addresses electrical properties affected by
a gate oxide short in nMOS test chip transistors. The
second area of this paper employs a hot carrier induced
degradation stress method i0 examine the damage
mechanisms at low gate voltages, medium gate
voltages, and high gate voltages. Finally a physical
method for predicting the lifetime of a device
containing a gate oxide short within the channel is
presented.

2. EXPERIMENTAL PROCEDURE

2.1 The Test Transistor

The test transistors used in this work are polysilicon
gate technology, with 4 um metal line widths and 3 um
polysilicon widths (4/3 technology) (Ref. 1). This
technology has a nominal 0.6 um thick, phosphorus
doped polysilicon gate with a resistance of 15-25 ohms
per square. The gate silicon dioxide (Si0,) was
formed in dry O, at 1000 °C for thirty minutes. The
n-doping concentration of the polysilicon gate is
approximately 10" cm”® at the upper surface and
decreases to 10'* at the SiO, surface. The gate oxide
thickness is approximately 450 A. The a-MOS
transistors are formed in a 6 um n-epitaxial layer,
grown on a 25 mil n* substrate. The p-wells are 5 wm
deep and were formed by boron implantation. All
source and drain diffusion depths are about 0.5 um and
the operational range for V,, is § to 10 volts. The n*
source/drain to p-well junction avalanche breakdown
occurs at about 17 volts. The nMOS test chip
transistors had a drawn gate width of 16 um and drawn
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gate lengths of 2 um, 3 um, and 4 wm. All four
contacts of the defective transistors were isolated.

2.2 Damage Technique

Since naturally occurring gate oxide shorts can be
difficult to detect and analyze in complex VLSI ICs,
the work presented here uses intentionally induced gate
oxide shorts. The gate oxide short defects were created
using a xenon laser cutting instrument (Florod Corp.).
The laser pulse was passed through a small rectangular
aperture (< 1 4m minimum dimension) and focused
onto the polysilicon gate. The laser damage method
was chosen because it produces gate oxide short
defects electrically similar to manufacturing defects
(Ref. 1).

2.3 Test Procedure

A block diagram of the test procedure is shown in

Figure 1.
R
&

v

CompaeRes ~ ] | Creats Gate Owde Short Using Laser |
_—__l z N Damage Technique J
{ |
! +
! [ Chaaciarzs Dectve
: IE— Teansistors

|
|
identty Defect Location and Size Using

[TReoh Aocsermed Tesi_

Osts Ansiysis and Results

Physical Model and Lifetme

Figure 1. Block diagram of the test procedure.
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3. ELECTRICAL PRCPERTIES OF GATE OXIDE
SHORTS IN sMOS TRANSISTORS

To establish a basis for identifying the damage
mechanisms present in an AMOS device containing a
gate oxide short, the electrical properties associated
with this defect type were first examined. A
comparison of transistor parameters before and after
the rupture of the gate showed that substrate current
and gate current were the dominant indicators of the
presence of a gate oxide short. Although other
measured parameters changed significantly, these
charges were inconsistent.

3.1 Substrate Curvent (/)

When measuring the substrate current, I,, the source
and substrate terminals were fixed at zero volts, while
the drain was fixed at 5 V. Gate voltages ranged from
-2 Vto § V. A potential drop of 5§ V between the
source and drain ensured a maximum substrate current
while the gate voltage was varied. Figure 2 shows the
test condition schematic used in substrate current (Z,)
measurements.

sV
.
)
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7 | |
E1'2 1 3 ) vy .
v
Figure 2. Test condition schematic for

substrate current measurements.
A transistor cross section showing the substrate current
is shown in Figure 3.
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Figure 3. Cross section of a transistor showing
the substrate current (1,).

RSN EREREREEREE—— AR AN e



When a gate oxide short is present in the channel
region, the resulting substrate current displayed a
diode-like (rectifying) characteristic, corresponding to
the pn junction that is formed between the p-well and
the n-doped polysilicon gate. A typical I, vs V;; curve
is shown in Figure 4. For negative gate voltages lower
than -0.6 to -0.7 V, the junction is strongly forward-
biased and high current is observed. The substrate
current contribution for a positive gate voltage is not
due to the gate oxide short and was also observed in
non-defective transistors. Changes in the substrate
current, although consistent, proved to be significant
only at negative gate voltages, which are not typicaily
used in normal CMOS IC operation.

Substrate Current (uA}

10 00
. 800
. 800
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Gate voitage (V)

Figure d. Substrate current, [, versus gate
voltage, Vo, for a device that contains
a GOS.

3.2 Gate Leakage Current (/)

Gate current (/) is an important indicator of potential
oxide defect mechanisms. The gate current
characteristic in a defective device proved to be not
only a reliable indicator of the presence of a gate oxide
short but also identified the defect’s general location.
Measurements of /; in the defective transistors resulted
in five distinct types of [; versus V; defect
characteristics. However, only defects that produced
non-linear gate current (connection between the n-
doped polysilicon gate and the p-well) will be
discussed in this paper. A typical IV, characteristic
for such defect is shown in Figure S.

Quadrant III in ¥igure 5. shows a sharp increase in I,
when V; is negative. This increase occurs between -
0.5 and -0.7 V, which indicates that the creation of a
gate oxide short caused a connection between the n-
doped polysilicon gate and the p-well. Thus, the
increase in I; with negative gate voltages is a result of
the forward biased diode current. Quadrant I in Figure
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S5 shows the reverse bias state of the "defect junction”
with a soft breakdown current beginning at V= 1.8
V. This breakdown is well below the avalanche
breakdown voltage (17 V) of normal pn junctions in
this technology. The 100 uA current limit was the
programmed value used for the HP 4145A.

Qete Current (UA)

100 D e S
s )
| .
[ S
-2 3] ' 1 k] 3 . L]

Gate voltage (v)

Figure 5. 1-Vs characteristic for a device
containing a gate oxide short.

4. EVALUATION OF HOT CARRIER INDUCED
DEGRADATION IN nMOS DEVICES
CONTAINING GATE OXIDE SHORTS.

Hot-carrier-induced transistor degradation arises from
the high energy acquired by channel carriers, either
electrons or holes, as they move from the source to the
drain (Ref. 14). Hot electrons are emitted in nMOS
transistors from either the silicon substrate or the
surface channel into the gate oxide when channel field
strength is sufficiently large. Some of the carriers may
acquire enough energy (3.7 €V} to overcome the
S¥SiO, barrier and pass into the gate dielectric.
Subsequent trapping of the carriers injected into the
oxide can cause instabilities in the form of
transconductance degradation and threshold voltage
drift with time.

it is proposed that "tMOS transistor degradation due to
the presence of a gate oxide short is analogous to the
hot-carrier charging phenomenon occurring at the
defect site. When 2 gate oxide short forms, the regular
nature of the insulator is disrupted, thus creating
defects within the oxide. These defects generate
discrete electronic energy states, or traps, within the
forbidden energy band of the oxide. These allowed
energy states can act as dynamic recombination
centers, capturing both electrons and holes. Therefore,
the presence of a gate oxide short increases the number



of traps present in the oxide, as well as the electric
field through which the carriers move.  This
phenomenon increases the energy of the channel
carriers, thus enabling them to enter the dielectric. The
filling and emptying of the traps can change the degree
of degradation in the transistor characteristics and can
accelerate the failure mechanism.

In order to characterize the transconductance and
threshold shift, in a device containing a gate oxide
short, as a function of the gate voitage, several devices
containing a gate oxide short were stressed at different
gate voltages (V;= 0.5, I, 1.5, 2, 3, and 4 V) and
constant drain voltage, V, = 8 V, for 500 seconds.
This was followed by an electron injection phase at Vj;
=V, = 8 V for 30 seconds. The transconductance
change is shown in Figure 6 where each point on the
curve represents one of the test transistors. Curve A
represents the transconductance degradation after the
initial stress and curve B represents the
transconductance degradation after the electron
injection phase (Vg = V, = 8 V).

Figure 6 shows that the maximum damage
(transconductance shift) after the first stress occurred at
Ve =2 V. This condition corresponds to the maximum
substrate current, [, and the maximum hot electron
generation. After the electron injection phase, the
maximum transconductance shift occurred at a lower
gate voltage (around V= 1.0 V). Also, the magnitude
of degradation was almost four times greater than that
before electron injection. The difference between the
two curves is due to created oxide traps.

Om degredation (%}

"
H \ B sagradation afier sltawna injestion phase
/ - Curve B)

Figure 6. % Transconductance change, 4G,,
versus gate voltage, V.

Figure 7 shows the threshold voltage, V;, behavior as
a function of applied gate voltage, V..
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Figure 7. Threshold voltage shifi, sVp as a
Sunction of gate voltage, Vg,

It is clear, from Figure 7, that the threshold voltage
was strongly affected by the electron injection phase.
During the initial stress, a negative shift in the
threshold voltage was measured for V,; < 2 V which
indicates a positive trapped charge in the oxide. For
V522V, no positive charge was trapped, as indicated
by the measured positive threshold voltage shift. After
the electron injection phase (V; = V,, = 8 V), the
positive charge that was trapped during the first stress
was compensated by injected electrons for V; <2 V.

Next, floating gate measurements (Ref. 15) wer
performed to correlate the observed damage ir
threshold voltages and transconductances to the gat
current for a device biased at high drain voltage. Thi
method uses the charge injected into the oxide t
charge or discharge the gate, which is not biase
(floated). From the rate of charging or discharging, th
gate current and its sign can be determined. Figure

shows the gate current, [; as a function of gat
voltage, V,;, for a fixed drain voltage, V, =8 V.

Qe Current (A)

S i ‘ .f'/

Soies \l (l metrens

. ] )
Vet VaRage (V)

Figure 8, Floating gate current as a function
gate voltage.



There are three major regions of the gate voliage range
(Refs. 16-18) in which makedly different damage
mechanisms  ocCur. These three  regions  ae
distinguished by the charge injected inlo the oxsde
dunng hot-carrier stress

The low gate voltage region, witlun
which holes are the predomunast
component of the gate current

Region 1:

The medium gate voltage region,
where both clectrons and holes are
tnyected 10 approuimately  oqual
numbers

Region 1.

Region ) The hugh gate voltage region. where

clectrons are the man gate current
species.

In Region I, the predomunant damage mechanism
due to generstion of ehocron traps i the bulk oxide B
the injected holes, N, These ekctron traps ars
initially neutral, which preciudes observation of e
effects.  However, if the stressed tranuiston (Curve A
n Figures 6 and 7) were mnjected with electrons (brel
stress with Vo= ¥V, = 8 V), the ncutral traps became
charged and contributed 1o the degradaion (Curve B m
Figure 6 and 7).  The charged trops canved the
threshold voltage sifl values 10 change from negastive
to positive (Figure 7) and caused » significant incresse
in the transconductance (Figure 6)

Region 2 of Figure § represents the gate voltage
condition for ayection of both electrons and holes into
the ovide This condition s narmally nterpreted &
corresponding to the creation of mierfxe staes. N,
(Refs  19-23)  Therefore. the domimant damage
mechaninm is due to the generation of mterface astes.
N,. &t inedium gate voltager (V. = ¥,72)  Interface
traps alone would produce 8 positive V, shift due s
mebility degradstion (Ref 200  Therefore. = the
number of mterface states icreases with highet gue
voltages. the effect of the orignal trapped positive
charge 13 matked. which leads 1o 2 positive fhreshodd
voltage shilt

The thizd type of stress darnage occars of kygh gae
woltages. or Region 3 of Figure £, where the domwmant
darnage mechanism is the generation of tlectron traps
in the ovide by the mpected electrons. N, Iy this
region. & positive Swevhold voltage shift wan obwerved.
which is seghtly affecred by the clectron myection
phase (Figwe 1) Furthermore, the ramscondwciance
degradarion resnsined the same before snd sfer the

"7

mlien s

electron wyecion phase for hugh gate voluages (see
Figure 6)

$ LIFETIME PREDICTION METHOD FOR
DEVICES CONTAINING A GATE OXIDE SHORT

The prevaous sacuon domanstrated that the presence of
& gaie onide short i devices couses damage in the
form of mterface trap creation, N,, sad oxide traps.
N, o N_ . o the defoct stie These mechanisms
can cventusihy fead to premature circur fedute
docressang the tramistof Lfetne  In order to develop
® scurste methad for predicning the lifetume of 8
drvke comtmning 8 gaie onide short the damage
mechannum, whach 13 highly dependent on the voltage
of operstion, must be considered  Thorefore, the
following procedure s divided mto three parts low
e volage device sresang (V, - Vyd) medum gate
voliage device stresmng (Vo = V,2) and high gate
voltage devioe sronang (V2 - V- V) The hifetime
of 3 dnvwe o Ocfined & the ime necessany for 2
transoonductance Ml (oG,) of 10%

$1 Lam Gate Voluge Sucn

The man danage mechanoms & low gate voltage
result from the wyection of svsianche genersied hot
holey o the oxide  These wmpected holes can creste
nearsl dectron taps and hole traps (Refy 17, 18 24)
The bole tragn do not signficamly affect transisto
lfgtane erynges and will not be ducussed  Ininally
1 wa ad evadent that electron tragm were being
crested 2 Jow gaie voliage sewm  Since the trape wen
nevtrsl, thew effects on the currem versus voltagl
characoerias were not obaerved  However, when thy
stressed tramuiston were sryexted with electrom (bre
strem with agh V. equal to V) the neutral trap
becare charped and contributed to the degradation, 2
veen ;m the previous section  Figure 9 shows th
e ideome (1, ) for oxide trap damage creste
n low gme voltages m 3 function of the ratio ¢
sobwtrate cwrent to draan curvem ( [,/1,)

1t can be seen that ofl devioes he approximstely slon
# straighn tine that obeys

J L]
A «a
LY ,(*

1

*

whers 1., 15 the transistor lifesime for low @t
veltage stress [, 3 [, wre the substrate and the drt
currems doring wtress The constants A nd n W
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The dua 2 Figure 11 form smaght hines for each of

the teo Tanusions, with approimascly equal gradients
Thus, the sanusior {ifetme & high gate voltage sress

can de cxparumenially expresied
] . ’e;-'

O g=) (4]
(o Mo 1y

Where 7, » et ramistor i:fctane under high gate
soltage swew [, and | we B Srmn and pate cutvents
dunag wress  The comtants C and p are determaned
by finag the expayunvetal datg

ft shwould de cmpbasized here that the above
relavomasp orly epplus wbea V, = V, (or rather,
uader condions of conviant gate Tiedd between gute
od runl  Soxe [, depeaits on both the fwld i the
uixon nd G fekd @ e onsle. changing e gate-10-
demn soltage (o sho changn the cuude field. and
makey the Darrier for clectroms in the oxsde higher
Abw, tw type of dienagr changes from ouide traps to
interface Iragn s e rotiv V'V, spprosches 0 3

¢ 4 Toennier Lifeteoe Prodormn Method

The contridutions of the tere damage mechansms W
the devxce's biehme con be calculated by tegrating
equations | through } over coe period, T The
revaltmg expressions for the hifetimes d2e 10 exch of
the three phyncal mechannes are given by
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Treating 1/t as a damage function, the totat dynamic
stress damage can be expressed as

Note tha equation 7 takes into account the actua! stress
conditsons to which MOSFETs are subjected under
normal crcur operation.  #t takes o account the three
darnage mechanisms describad in the previous sections.

6 CONCLUSIONS

This study provided a detter understanding of the
damage mechanisma 1 & device containing a gate
oxxde short thal icad to the gradus! degradation of its
characteristics and to eventual transistor failure. The
results of thus work provide several important insights
regarding the impa.t of a gate oxide short defect on
transistor performance. Degradation of the electrical
properoes in AMOCS transistors from gate oxide shorts
was found to be dependent upon both oxide trapping
nd wterface stue generstion.  The presence of 2 gate
oxsde short reduces the device's lifetime, which
seopardizes the relushility of the integrated circuit. The
darmage moechanmsms associated with gate oxide shorts,
& well a3 the stress conditions that gencrate these
mechanisim, were identifiad.
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Abstract - Mecasurcments bascd on a time-resolved
free-carricr absorption (FCA) wechnique are used to map
the local carrier densities two-dimensionally at any time
of the switching cycles. Inductively Joaded GTO:s under
snubberless operation close to the safe operating area,
SOA, are studicd.

The results of the experimental research give visible

evidence of the relationship beiween e. g. the um-off
gain, G, and an uncven development of the ficld region
in the blocking junction of the device. The irregularity
of the field rcgion is denoted in this work as a quasi
spacc-charge region (QSC). During the fall-time period
of the wm-off, the QSC expands towards the anodc
emitter, and causes a Jocal enhancement of the anode
emitter injection viz. Jocal dynamic punch-through in
the n base. As a conscquence of this punch-through
mechanism, a high pcak of excess holes is built up in
the p basc and reaches a maximum value at lhe
beginning of the 1ail period. This charge depolarizes the
cathode junction lJocally, and current filaments
connecting the cathode and anode sides of the device is
formed.
{1 is a well-know fact that the usc of a highly doped p
basc le~ds 1o a reduction in current gain of the a-p-n
transistor portion of the GTO. Thus, a reasonable
conclusion is that a higher peak of cxcess holes in the p
base is necded to re-trigger the device, and, consequently,
the SOA range is enlarged.

1. INTRODUCTION

High-power gatc-uwn ofT (GTO) thyristors arc becoming
the commercial kcy to power control. Specific
applications are e. g. clectric trains and power
transmission systems. The device characteristics of such
switches are similar to those of 3 thyristor (SCR) except
for the controlled twm-off fcature by mcans of gatc
opcration, thus making otherwisc necdcd commutation
circuits excessive.

Opcrating an induclively loaded semiconductor power
device may be associated with dynamic breakdown
phcnomena. In the case of GTO thyristors, the dynamic
range of turn-off operation is defined by the the safe-
opcrating area (SOA), The SOA, however, is only an
cmpirical measure of the ultimalte conditions for
allowable operation, but the breakdown mechanisms
involved in these limits may not be well known.
Questions to be raiscd in this aspect would centainly
comprise what process sieps or treatment could be
performed in order to cnlarge the SOA range.

1 Gavie/Sandviken University College,
P.O. Box 504, $-811 25 Sandviken, Sweden.

In this paper, experimental results from free-carrier
absorption (FCA) measurements paired with electrical
measurements faciliate for the understanding of SOA
limitations. The FCA icchnique is briefly described
below, and a complete description is found in (Ref. 1).
A 3.39-um laser is scanning onc of the frec sample
surfaces, i. e. a surface perpendicular to the anode and
cathode surfaces. Due to the silicon transparency of light
of this wavelength the lascr beam is only probing free
carriers injected into the structurc, and not carriers
present in thermal cquilibrium. The photons of the laser
beam are absorbed/scaticred by the injected carriers, thus
decreasing the light transmitted through the sample.
Transmittcd photons are detecicd by means of a photo
diode, and the signal is processed in a digital
oscilloscope before the data manipulation and
presentation in a small computer. Fig. 1 is showing a
typical output of the measurcments, i. e. a carrier map,
and for clarity the carrier map is placed on top of a
schematic sample outline and a doping profile.

Fig. 1. A typical FCA measurement output placed on
top of a schematic sample and doping profile.

Fig. 1 also contains two arrows showing the
possibilitics of measurement on an oblong sample like
a GTO unit cell. The arrow angles are perpendicular, and
the angle marked with an "a” represents a long-side
measurcment or a cathode-length measurement whereas
the angle marked with a "b" represents a short-side
mcasurcment or a cathode-width measurement.

2. GTO TURN-OFF HAZARDS

The clectrical characieristics of the GTO wm-off process
is divided into three stages: the storage period - the
interval between wm-off triggering and the beginning of
the rapid fall of the anode current; the fall-time period -
the rapid transition between high an fow values of the
anode current ending by definition when the cathode
currenl changes sign (the turn-ofT point); and the tail



period - the interval succeeding the turn-off point.
During these cycles different processes effect the internal
camicr distribution of the device. Two phascs of plasma
squeezing occur (Refs. 2, 3). These phases are
illustrated in Fig. 2,
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e
10 7 Va 1000
8 1 800
< 64 1600 5
E 4 400 :“;“
S 21 00 S
01 0
2 + [g. ettt ——t 200
¢ 1 2 3 456 7\3 9
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Fig. 2. HNlustration of the 3-D plasma squeezing
process.

The first phase of plasma squeczing is mainly
observable in the cathode-width dircetion, and the speed
of this process is controlled by the gatc detcrmining the
length of the storage period. The second phase goes in
the cathode-fength direction, where the extension of the
plasma is collapsing, thus making a current filament in
the center region of the device. In previous publications,
it was shown that this filament is modulating the

clectric ficld of the blocking junction of the device %
(Refs, 2-4). This area is denoted by us as the quasi §

space-charge region (QSC). As the QSC is approaching
the anode junction, a local enhancement of the anode
emitter injeclion is invoked. For increasing blocking
voliages the QSC gets claser to the anode junction, thus
increasingly connecting the anodc o the p base. In this
way, a focal punch-through mechanism in the  base is
acting as a first siep of a chain of events promoting
failure.

At the tum-off point, the clectron supply of the cathode
emitter is cancelicd, and shortly hercafter the gate-
cathode junction goes into avalanche. The number of
holes entering the p base exceeds the number of holes
cxtracted by action of the gate. Since the holes remain
focused in the p hase center region, a piling up of holes
is initiated there. The piling up of holes in the p base is
located 1o the center of the GTO cell, exactly at the
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place where the fali-time carriers previously were
focused.

Now, if the hole concentration in the p base reaches the
critical va.ue for gate-cathode junction depolarization,
the conditions are favorablc for local re-triggering of the
device, Since the excess hole charge is concentrated 1o a
small region in the p base, device re-triggering will be
of a local nature thus promoting curreat-filament
formation, and this sccond event makes the tum-off
failure of the GTO a facl.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

In order to verify the describcd plasma squeezing
process, FCA measurements from the short side as well
as from the long side of a GTO-thyristor unit cell have
been performed. Fig. 3 is displaying a tumn-off carrier
map sequence of an anode-shorted GTO unit cell taken
from the short side (¢f. direction "b” of Fig. 1), and
Fig. 4 is displaying the corresponding measurement
taken from the long side (¢f. dircction "a” of Fig. 1).

w2y, ]

Volupe (VI

X » 300 [un

Fig. 3. Turn-off carrier-map sequence of an anoa-
shorted sample taken from the short side.

z

f-base
Gate (p base}

Fig. 4. Turn-off carrier-map sequence taken from |
long side of the sample of Fig. 3.




e s e

Both Figs. 3 and 4 present measured scquences of the
carrier distribution at differcnt moments of the tum-off

cycle, which also are marked by dots in the electrical &
characteristics of each figure. The QSC in these cases is § ao

represented by a ridge of carriers (filament) which is a
consequence of the anode design. Anode design and
oricntation of the sample are also presented in Figs, 3
and 4. As can be seen in Figs. 3 and 4, the filament has
the same shape independently of measurement direction.
This observation indicates that the filament becomes
cylindrical already at the end of the fal-time period, and
it is active far in the (il period.
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Fig. 5. SOA measurements on GTO samples of
different p-base doping.

The QSC may be represented by a ridge of carriers in the
carrier maps or by the opposite, i. e. an incision,
depending of the anode design (Ref. 6). This has to do
with the different anode injection efficicacics of the
different anode designs. According to (Ref. 5), a
relationship between the tum-off gain, G, and the QSC
electric-ficld value is proposed. This rclationship has
also been experimentally observed and discussed
(Refs. 2, 3). Recently, a careful investigation of this
rclationship was performed regarding both experiments
and simulation (Ref. 6). In this work it is shown that
the QSC is absent if the G value is close 10 unity. For
highcr G values, although the same blocking voltage is
applicd, the QSC expands decper in the n base. Thus,
the SOA limit becomes lower for higher G values than
for the case of G close to unity. This effcct is shown in
Fig. 5 where the SOA limit is negativcly sloping for
increasing turn-off gain. Two sets of samples are
presented here, each of different p-base doping. One of
the scts is associated with a surface concentration of p-
base dopants of 6:1017 ¢m-3, and the other of
111018 ¢m-3,

However, samples where the QSC is represented by an
incision give a more accessible information about the p-
base bechaviour prior to a failure, see Fig. 6. In Fig. 6,
an cxample of a non-shortcd sample with an n* bulfer
layer adjacent to the p* anode was uscd. In this
scquence, a p-base carrier peak is clearly visible, and is
still increasing a few hundred nanoscconds in the tail
period. The closer the blocking voltage comes to the
critical value, the higher becomes the peak. 1t has been
shown experimentally that the peak of carricrs is almost
unipolar, thus made up out of holes (Refs. 2, 7).
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Fig. 6. Measured build-up of holes in the p-base of a
non-shorted GTO sample operated close to the SOA
limit.

in the case of a highly doped p base, the required
concentration to depolarize the gate-cathode junction
must be higher due to the reduction in current gain of
the inherent n-p-n transistor portion of the GTO
thyristor.

4. SIMULATION

Three-dimensional transicnt simulations were performed
to illustrate the experimentally observed 3-D cffects of
the GTO turn-off process. A quarter of a non-shorted, n*
buffered GTO unit cell was simulated using the 3-D
device simulator daVinci by TMA. The results of the
simulations of the device for a twm-off gain of 3,
approximately, are shown as current-density contours in
Fig. 7. The 3-D wansient simulations confirm the
formation of a high-current filament as discussed in
previous scctions.

Fig. 7. 3-D turn-off simulation of a non-shorted GTO
sample showing the current-density contours in Alcm?,

In Fig. 7, the conducting area is collapsing into a
cylindrical current filament during the transition between
the storage period and the fall-time period, ¢f. the maps
marked t1 and (2. Morcover, the simulations predict the
survival of the high drifi-current filament even after the

Vohase (V)



turn-off point (not shown in Fig. 7).

Although 3-D simulations were used to produce
qualitative evidence for the current filamentation, and,
hence, the device proportions were not outlined
correctly, a far better agrecement with experiments were
obtained than using 2-D simulations. It should be
clearly stated that 2-D simulations are inadequate for
unprejudiced predictions of the GTO tum-off process.

§. CONCLUSIONS

The turn-off failure of GTO thyristors is dependent of
the tum-off gain, G. If the G value is well exceeding
unity a dynamic punch-through failure may occur. The
failure mechanism is composcd by a chain of events,
which is summarized in the following:

When entering the tum-off fall time period an uncvenly
distributed electric field is developing in the blocking
junction. If the blocking voltage is close enough to the
critical value of the SOA, the ficld region approaches
the anode junction. Thus, an cnhanced anode injection
takes place locally, and holes are supplicd to the p base
of the device. These holes are piled up and kept focused
by action of the gate. If the amount of holes is large
enough to depolarize the gate-cathode junction, local re-
triggering will occur and a drift-current filament is
formed. The current density of the filament is of such a
magnitude that localized heating finally makes the
failure dcstructive. Hence, monitoring the p-base peak of
holes facilitates for failure studics.

If the p-base doping is increascd, the ratio between the
p-base peak and the p-basc doping will decrease for a
certain blocking vollage. Thus, higher p-base doping
will increase the SOA range. In other words, the
degradation of the n-p-n current gain of the GTO due to
an increased p-base doping reduces the influence of a
dynamic punch-through as regards um-off failure.

The FCA measurements clcarly show the 3-D nature of
the turn-off process of a GTO duc to the oblong shape
of the device. Hence, 2-D simulations arc insufficient
for predictions of tum-off cffects without knowledge of
the effects in beforehand. Using 2-D simulators for
GTO tumn-off investigations would require several tricks
in order to achieve a highly increased current density due
to plasma squeezing in a direction which is not
accounted for.

Even if 3-D simulation facilitics are available one
should bear in mind that:

- Simulation alone might not give the sought
information by definition, because realistic dimensions
of the device (or at least true proportions) will generate a
tremendous amount of grid points for the numerical
solution of the transport equations. In addition, some
transport parameters have to be experimentally
determined or correlated to device processing. Another
uncertainty factor in simulation work is if the physical
modcls reliabic or, rather, to what extent the models are
applicable.

- 3-D simulaiions are extremely time consuming. The
simulations pressnted in this paper had 10 use weeks in
CPU time in a powerful work station.

Thus, in order to achieve reliable knowlcdge of funda-
mcntal physical phenomena in a transiently op.rated
GTO thyristor, 3-D simula.ons shouid be used together
with 3-D experimental results from e. g. FCA
measurements,
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ABSTRACT carrier concentration, and by measurements of the
thermal expansion with a highly sensitive laser
A novel laser technique for the internal probing of interferometer. The experimentally determined
carrier and temperature gradients is presented, dynamic behaviour of the device is subsequently
which allows for the first time the measurement of compared with the computer simulation.
absolute temperatures inside the low-doped region
of power semiconductors. The absolute carrier
concentration is measured by absorption, and the 2. INSTRUMENTATION
dilatation of the device by external laser
interferometry, respectively. Experimental results Carrier densities and temperatures within a
are compared with computer simulations. semiconductor material are probed with an infra-red
laser beam incident on the side face and
transilluminating the bulk of the device. The

1. INTRODUCTION detection principle is based on the fact that the local

index of refraction of a semiconductor is dependent

Recent trends for power semiconductors towards a on the free carrier concentration, as well as on the
shrinking of the device size, with a subsequent temperature. Gradients in both corrier density and
increase in current density as well as the demand temperature will therefore lead to 2 gradient in the

for improved switching characteristics require a refractive index, which in turn will deflect the
detailed comprehension of the internal electrical transmitted laser beam. The principle is outlined in

and thermal transport phenomena within the device. Figure 1. A position sensitive photodetector is used
The numerical solution of the Poisson equation and to measure the probe light deflection, thus allowing
the semiconductor transport equations is a well a quantitative determination of charge and

established procedure. Nevertheless only a few temperature gradients within an operating power
experimental techniques have been proposed to semiconductor device.
verify the results achieved by the device simulation.

Both the measurement of free carrier absorption \ .

(Refs. 1-2), and the electron-hole recombination Gate, Em#mi// ¢ paraliel-
radiation (Ref. 3) yield information on the carrier Jaser- \ A A shift
concentration. However, dynamic effects which are beam Y £~ ~

: : polivaiind ? SR ey NON

important for the device functioning, like carrier Ve VT

density gradients that occur Juring switching ‘—"\

aperation, are difficult to observe. The local Collector

temperature, being a keypoint for the design of

power semiconductors, cannot be studied. Figure 1: The measurement princir’e used for
This paper presents a novel approach to detect internal laser probing.

gradients of both carrier concentration and

temperature with high temporal and spatial Furthermore, the free carrier absorption can be
resolution within power semiconductors during measured simuitaneously with the same probe,
transient operation. Transport phenomena under yielding results on the carrier density.

strong non-equilibrium conditions in semi- It is worth mentioning that the detected charge and
conductors are therefore accessible for experimental temperature gradients are due to the electrical
studies. operation of the device under test; in contrast to
This technique is accompanied by free-carrier hitherto published work (Refs. 4-5) an optical
absorption measurements to determine the absolute excitation is not required.
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The measurement result represents a line integral of
carrier and temperature gradients alung the beam
path, rather than a value at a specific location. By
scanning the beam, the local electronic and thermal
transients can be mapped. The spatial resolution is
given by the effective probe beam diameter.
Typically 2 3 mm diameter device allows for an
average beam width of 30 pm.

In the present measurement set-up the laser probe
wavelength was chosen to be 1320 nm, where the
absorption spectrum of silicon has a minimum for a
wide range of dopant concentration (Ref. 6). The
laser source is operated in a continuous mode so
that the frequency bandwidth of the measurement is
given by the detector respomse time, which at
present is around 1 ps. This is adequate to resolve
fast transients in carrier concentration for most
power devices. In principle, time resolution can be
enhan~ed by sampling with a pulsed light source.
However, for reasons of noise reduction, this would
require fast synchronous switching of the power
device, which is hard to achieve in practice.

The dynamic thermal expansion of tie device
during an applied current pulse is measured with a
highly sensitive Micheison interforometer (Refs.
7-9). The lateral resolution depends on the one hand
on the diameter of the focus, which is in the order of
1 pm, and on the other hand on the thermal range
of the generated heat. Surface displacements can be
measured with a resolution of 10°6 nm~NHz and a
typical time response of 200 ns. The laser beam can
be positioned either on the lateral or on the top side
of the power device. A wavelength of 632.8 nm is
usel so that light penetration into the
semiconductor is negligible.

The local thermal dilatation itself is related to a
geometry dependent integral of local temperatures
and thermal expansion coefficients within the
device.  Together with thermal  gradient
measurements by device-internal probe beam
deflection, it forms a complementary set of
experimental  techniques. These allow the
observation of time-dependent thermal effects and
also the accurate assignmeni of absolute local
temperature values, which so far were hardly
accessible by any other experimental method.

The numerical modelling of transient current and
heat transport within the power semiconductor was
performed using the device simulator MEDIC),
which sofves the fully coipled system of Poisson,
carrier transport, continuity and heat fiow
equations. Technological parameters like doping
profiles and carrier life times are implemented in
the simulation. The mobilitv in the low doped
region is described by the model of Dorkel and
Leturcq (Ref. 10), taking into account effects of
lattice, ionized impurity, and carrier<carrier
scatiering. The heat generation in the device is
determined by the Joule and the recombination

[

term. The thermal boundary condition at the
collector electrode is represented by a thermal
resistance to a heat sink kept at 300 K. The external
electric circuit is described by tumped resistors and
inductance elements. The simulator yields transient
solutions for the local carrier concentration and the
temperature.

3. EXPERIMENTAL RESULTS

As a typical representative of the new generation of
power semiconductors, a 1200 V-IGBT is being
investigated. A current load of 70 A/cm? is applied
during 70 us. Figure 2 represents a cross section of
a single device cell with the probing positions of the
intemal measurements. The electron current is
injected trom a surface MOS channel structure and
is driven vertically through the n™-layer towards the
collector. An equivalent number of holes is injected
from a thin backside p*-layer in order to enhance
the conductivity in the on-state.

E G
:_L‘ ? ']
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40 uym
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Figure 7 Cross section through a cell of the
investigated 1200 V-IGBT, indicating the positions
Jor internal lasc  probing.

In Figure3 the absolute carrier concentration,
measured by free-carrier absorption, is compared to
computer simulation.

10%6,
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Position [um)

Figure 3: Comparison of absolute carrier concen-
tration, measared by absorption, to compulter
simulation.
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Los function grves n @bie-ll allows 2 good
asessment on the validy of the ideanified modeis.
Howaver, 2 move expressive way 10 0 0 8 ©
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imaging of pressuse costacied GTOs from the cathode
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A definite correlanon betwees the distnbutions of these
parsmeters supports the hypothesis of ace-uaiformity in
the vicinity of the gaie-cathode Juactios.

In an amemgn 10 isolate the performance critical siep of
the menufachuring process, results from the mumerical
modeiling oxperiments were caamined. From Fig. S, ik s
cleas thet aeas with a doop mess-eich should de
expected 0 display the gresiest degree of nan-off
curvest reduwtributon. On its ows this resuls v of hude
COMOQUERCE SIACE YAFIALONS i3 almost My process
vaniable will lead 0 some degree of redumbution. To
resoive tu probiem, further sinmadations were performed
1© determine the flueace of the mesa-cich depth on the
range of probed parsmessrs. The results showed that
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It is of interest 10 notc that neither the peaks of the
magaetic field profile (Fig. 7) nor the hot spots of the
thermal image (Fig. 8) comelate strongly with the
probed paramesers, V. and I, (Fig. 6). This indicates
thai the mess-etching process is no loager the only
process siep Limiting device performance. Also worthy
of aowt 15 3 change in the nature of the thermal and
typical of the standard technology devices, has been
replaced by several peaks of reduced amplitude. Such
behaviour has previously been identified with devices
displaying a parucularly robust turn-off safe operating
area [10). ls practucal applicativns, this equates to
reduced  tum-off  snubber  requirements  yielding
sigmficar gains in overall sysiem efficiency.

4 CONCLUSIONS

Noa-invasve techmgues based oa infra-red thermal
unagieg and magneix fiekl measurement have been
wecessfully sppleed 10 the locaton of nun-off
current crowding sites 10 4 5kV, 3000A GTOs.

Segmoni probreg and sumencal modeihing have
bocs employed 10 delermune the cxsent and effect of

son-osformty @ sclocted  process sieps
Correlatson between the results and the Jocaton of
et crowdiag wies has easbled the deatsfication
of & cntcal process skep whilet requining the
prostuction of yust one st baxch

Resulty obemsed Bom devwes manufactured usng
e moroved process exlubet a0 enhanced tum-off
sfe operutiag arca and reduced turm-off snubbet
reQuTImEnts.
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Figure 1: Thermal image of 75mm thyristor CUED]

Figure 2: Tangential field as a function of time and
azimuth for device CUEDI.
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FAILURE MECHANISMS IN SMART POWER IC’s
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ABSTRACT

Fieid applicanon ia SMART POWER IC's stroagly
characterizes and  distingwishes  the reliability
requiremends for dese devices In this contest a deep
nvestigaion og  specific  falure  mechapisms  is
mandatory. This paper reviews the main failures
mechapisms typical of SMART POWER IC's on the
ground of reliability qualification and production
moeitoring results collected ip our lab. during severa)
years of investigation.

INTRODUCTION

The range of application of SMART POWER IC's
13 becoming broader aud broader every day. This is
made possible by new advanced mixed sechnologies
(Ref.1) with high insegration level which aflow
structutes & the same time, and %0 make possibie
integrate function more and mote complex oa & single
performances requested by the application make
oecessary a deep amalysis of e intrinsic failure
mechaniyms specific of dhese devices.

mmmmwmm

Anmezphammmhvunmdmluhm
conditions and Jong term tests 10 verify the reliability
margio i the field (Ref.2).

METAL DEGRADATION PHENOMENA

Degradation phenomena affecting aluminum alloy
interconnections are very important for the reliability of
SMART POWER IC's due w0 the high power level
present in this type of devices.

These phesomena are inv estigated through dedicated
dyoamic or static life test carnied under high
current/temperature conditions. These tests are generally
carried-out during qualification exercise 10 validate pew
products and are able to simulate the field spplication,
covering at least the guarameed useful lie. Sometimes
ummwmwhm
MArgin versus these wearowt mechanisms

Mdmmmﬁmmmmhewouhdby
using adequate design rules and generally are not
abeerved. Ou the other hand compiex combined stresses
mmhmﬂm&mm&emm‘r
POWER IC's under dynamic opersting conditioas,
which can cause:

high temperature gradient presenx on die surface due

o high localized power dissipation (Ref.3);

remarkable scmperatare excursion during on/off

cycling.

These local stresses coaditions can  activate
thermomigration and stressmigration phenomens (Ref. 4)
which combined with electromigration can give rise to
well evident aluminum damages also in situation that,
considering oaly the mean temperature and the current

In particular conditions as above described are
locally encounsered in or near the power components
(BJT or DMOS) present in the IC.

Fig. 1 shows an exampie of this type of degradation
on an cutput bipolar transistor of an IC's submitted to
high accelerated dynamic life test. The current density
(2+3x10°AJem?) alore is not sufficient to explain the
obeerved degradation which can be justified only taking
ingo acoount the high temperature gradient present in the
region.




FI1G. 1: Degradasion of the emitter metal in a power
BJT gfier OLT.

On the basis of these consideration current density
not always is the most meaningful stress parameter for
metal degradation in the power structures. By the
analysis extensively donc on parts submitied to high
accelerated life test, a stress parameter more correiated
to the observed Al degradation was singled out (o be the
power density intermally dissipated by the power
structures.  For  power density over 10 W/mm'
remarkable metal degradations appear (fig. 2).

i o= c e e

FIG. 2 Metal degradation after OLT (Pd = 12. SW/mm’)
BONDING WIRE DEGRADATION

One of the most important failure mode in POWER
IC’s is wire bouding degradation due to the following
three main causes:

- thermomechanical stress

- high temperature

Thermomechanical stress is strictly relased to the
IC's application and to the cavironmental varistion. To
simuiste and 0 evaluste the effects due to these kinds of

L S et e < =%

siress, normally temperature cycling test is performed.
Lasdy some new tests, called power and temperature
cycling, are implemented. Figs. 3,4 shown typical
degradations of electrical resistance and mechanical
strength of gold wire bonding due to thermal cycling.

TR EL
crcLRs

FIG. 3: Ball bonding electrical resistance increase in

thermal cycling test.

R E K
creixs

FIG. 4: Ball bonding shear strength degradation in

thermal cycling test.

High temperature effect is evaluated through a
storage test.

In figs. 5,6 typical ball bonding degradations of gold
wire on aluminum duc to the temperature is reported.
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F1G. §5: Bail bonding electrical resistance increase in
storage test.
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Intermetallic compound (fig. 7) evolve during
sorage test giving rise 0 Kirkendall voids (fig. 8).

O E L T
TOME Qowre
FIG. 6: Ball bonding shear stremgth degradation in
Siorage test.
v

»

FIG. 8: Intermetallic evolution qfter storage test
(Kirkendal voids).

High curment density and thermomechanical
interaction between resin and wire is able to modify the
crystalline stracture of the wire iteelf (fig. 9) causing an
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increase of electrical resistance as shown in fig. 10.

la high current density the critical structure is the
wire itself and not the bonding regions. This is due to
the high current density localized in the wire section,
while in the two bonding regions, if the wire bonding is
correctly done, the current density is lower.

FIG. 9: Wire crystalline structure modification after
conduction test.

gf.
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FIG. 10: Ball bonding electrical resistance increase in

conduction test ar {= 1A, T=15PC {nire length lcm,

wire diameter 25.4um).

THERMOMECHANICAL EFFECTS

Field environment for SMART POWER IC’s can be
very severe especially in automotive application where
remarkable temperature variation take place. This
circumstance and the comsideration that the main
package involved for the SMART POWER IC's are
asymmetric make the investigation of thermomechanical
effects very important for the reliability of these
devices

The ruggedness of the IC's as concerns this type of
stresses is assessed through temperature cycling and
thermal shocks tests.

Typical degradation induced by these stresses on the

B



die are passivation cracks and metal displacement which
can be vory heavy (see fig. 11) for dice of large size
Muuvcnmﬁceudmkanl Suitable package

FIG 11: Meal displacemers gfter 2000 T.S. for a
devices in multiwots package

FIG 12: Some device of fig. 11 after passivation
thickness increase and pockage frame improvement.

SURFACE EFFECTS

We are speaking of those “reversible® degradation
mainly induced by contamination: ionic st wafer level or
in terms of resin compounds.

The asual way to recover the degradation induced
by surface effects is to bake at high temperature failed
pasts; typically after 2, 3 hours st Ta=150°C, the
“virgin® stames can be recovered.

The failure mechanisms inducing surface effect are
activated by temperature that increases the mobility and
by electric field on the direction of which the motion is
forced.

e S Al e At = 4

electric field, are both critical for SMART POWER
iC’s applications. High temperatre condition can be
reached by power dissipation and/or by the ambient
temperature itself such as in the automotive field where
Ta can be in the range of 80°C. High voliage, and hence
high electric field. can be up to hundreds of Volt such
as in the case of otf-line environment.

These characteristics of SMART POWER IC's lead
to the necessity of an in depth investigation on surface
effects during the reliability qualification of process and
products.

The reliability stress test 10 guarantee that SMART
POWER IC’s arc free of surface effects are in fact
performed in two steps: at process level on structures
(DMOS, BJT and so on) kit parts, at product level
directy on IC's.

In both cases H. T.R.B. (High Temperawre Reverse
Biasing) stress test are performed at Tj= 150°C and, as
regard voltage stress, at the absolute maximum rating
allowed by the structure or by the product respectively.
These stress conditions are usually applied for 1000
hours or more for particular customer request.
Degradation, in term of electrical parameter drift, duc
to surface effects can anyway be detected in the first
500 hours of HTRB stress tests.

On kit parts structures performing HTRB their
design mainly in term of process architecture is
checked. The degradation is detected by moaitoring
electrical parameters; the more sensitive are for sure
junction leakage and junction breakdown anyway as
function of the structure other parameter can be
considered such as Ron for DMOS or more generally
the threshold voitage for MOS structure (Refs.5,6).

These degradations can saturate or not as function of
the amount of contamination and also as function of the
structure sensitivity. Because the extent of degradation
can Dot be a priori guaranteed, when problem due to
surface effects are detected they must be removed
modifying the strocture layout and/or adopting filed
plate protection.

These kind of improvements, thapks to the
experience gained in twenty years of reliability
activities, are formalized in consolidated Design Rules
that allow to design robust process. Anyway the
chnllcngeofhwhumﬂhuhupufomamesmmof
voltage, such in the case of our BCD process, reqmm
a coanstant level of attention to these aspects in a
continuous improvements approach.

During products quaiification the HTRB stress test
allow to verify the surface effects as regard: die package
interaction, and also for the interaction among different
structures as function of layout. In particular this second
aspect is becoming more and more important for off line
SMART POWER IC's application where on the same
die are integrated structures able to sustain hundreds of
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Voit and standard CMOS cells. The HTRB on products
is mandatory (0 check these kind of phenomena because
in 00 other way they could be simulated working for
example at structure kit part level.

Such as for single structure also during products
qualification no failure due to surface effects can be
accepted. On products is not a priori evident which
could be the more sensitive electrical parameter but for
this reason a lot of attention is paid in the analysis of
parameters dnift collected during HTRB stress test. To
this aim dedicated data basc tools have been developed
in ous lab (Ref.7).

When surface effects is detected during products
qualification, to allow corrective actions a failure
apalysis activity became absolutely fundamental, it plays
the difficalt job to localize the parasitic structure
activazed by contamination. In fig. 13 the first siep of
this activity, a pin to pin comparison between good and
failed pans (parts number 62, 23), is repotied. In fig.
14 the recover after onc hour of baking at Ta= 150C is

FI1G. 13: Pin 1o pin comparison of failed (parts n. 23,
62) qfter HTRB and good (unstressed) one.

FIG. 14: Recovery phenomena gfter one hour of baking
at Ta= 150C.

All the above consideration are related o the
methodology adopted during qualification where the
subject is to check the immunity of process/product to
the “intrinsic” fevel of contamination.

A complete different approach has 1o be adopted
when the aim is to guarantee/control the contamination
level of production process both as concern wafer and
assembly processes. In this case is not matter of
qualification but more properly of monitoring, this is
performed by means of an RTC (Real Time Control)
activities on packaged parts, by means of SPC
(Suatistical Process Comtrol) data analysis and also using
WLR (Wafer Level Reliability) techniques
recently developed.

CONCLUSION

At present, on the basis of all the experimental
reliability results coming from: qualification,
manufacturing area and field test data, the market
requirements in terms of reliability performances for
today SMART POWER IC's are completely guaranteed.

However, the fast rate of the market evolution,
characterized by the demand of more and more power
density and circuit complexity, lesds to investigate
structures, materials and new technological solutions at
the extreme limits of their reliability performances,
discovering in this way, sometimes, new failure
moechanisms.

The constraint to anticipate as much as possible the
market scemario needs a continbous improvement
process and a concurrent engincering approach.
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ABSTRACT
In the deveiopment of high power semiconductor
devices it mssemes s important  role the
determination of reliability data.
A sysiem based on 3 collection of (ailure smalysis
data from taction vebicie applications (Italian
railways, subways, eic) has beea developed.
It aliows a field feedback 10 the device design and
prototype laborasory reliability tests.

1. INTRODUCTION

In the development, manufacturing sad application
of high power semiconductor devices it assumes an
important role the determination of retisbility data.
These data may bc weed as feedback for the
manufsctorer 10 ismprove device characweristics or
w0 review critical design and fabrication sieps (FIG.
1). Morcover they may de wsed by the customer
0 predict equipment reliability and 10 cvalume
spare parts meceasity.

To mssure a high level  predictive evaluation of
relinbility data different inputs are ncoded: market
requirements, laborstory selisbility tests, Failure
Mode Effect Analysis (FMEA), failure data from
field applications .

a1

Reliability data for bigh power semiconducior
devices sre  not a5 well esiablished as for the
signal and discrese devices whose reference data are
widely reponed in MIL-HDBK (1).

Pwrpose of this work is to present a method o
ssaure the determination of “reliable™ reliability data
of power diodes. thyrisiors, tmmsistors .GTOs
starting from ficld data.

2. LABORATORY RELIABILITY TESTS

Laborstory  reliability tests for bhigh power
semiconducior devices (FIG. 2) can involve only a
small nember of devices owing 10 the high level of
power requived and the cost of either the
equipment or the devices under tests . Usual data
fnvolve Total Time of Test (TTT) of the order of
tza thowsands bowrs (2).
Using amethod like “time compressed test cycie”™
(3) probably will allow a reduction of the test time
necessary 10 obtain valusbie relisbility data. At the
momest however the application of this techaique
press-pack semiconductor is wnder  development
withis sa BC BRITE project.
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3. RELIABILITY DATA COLLECTION FROM

VEHICLE OPERATION
The ficld data reporied in this work are refesred 0
Factior: soles where e severity of
. . conditions (raage of wmpersture,

vit numidity, bigh mageetic field ) is
e 4, and where we have the availability of
TVl of  bundreds wmillions bowrs. The comples
fiow of information feeding the devices reliability
dauabese (4) is showninFIG).

For al) the failure occurring during cquipment tests,
vebicie lests and vehicie field operstions, the
faslied assemblics arc senl 1 OBC repair comire
where the failwes are diagnosed snd the fauhied
components are repiaced: thesein e devices failuce
dsta wec collecied To mswe the cormect
desermination of reliability data starting from rough
data, 2 weatment must be performed in onder 0
screen  from the otal amount of failare e device
dependent ones. This eatment roquires two strictly
connecwod levels of failure amalysiss an equipment
level and a device level.

Typical prodicms eacounscred ia bigh power moduic
failwre snalysis are: muitipie devices failore; faikure
induced by control equipment due 10 andom
maifunctions, disturbance, absormal operational
conditions; failure canses that can aot be desermined
a posteriori.

Descriptive methods and graphical w0ols are used
for the statistical data amalysis as failwre raes 00d
dows time. Whes operatiosal data of the single
device are concerned  both classic and bayesm (5)
spproaches are cmployed for statistical inference.
The estimations of failere rate A (mesn valee and
90% coafidence inerval, evalusted in FIT = 10° &%)
for differemt high power semicoadeciors, obtained
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from tnction application, are summarized in
FIGS.

4. HIGH POWER SEMICONDUCTOR
FAILURE ANALYSIS
In order 0 investigate the failure mechanism tools
as FMEA arc usually applied. FIG4 and FIG.S
report 2 manufacturing and a ficld FMEA for press-
pack thyristors.
Methods as FMEA are mainly based on  designer
and manuflacturer experience and should be
continuously updaed.
Swundard physical sechniques are used 10 examine
semiconducior failores (6) in order to obtain &
correct imespretation of the fallure cause.
Post monems failure analysis equipment 1sborstory
includes:
» Equipmest for static and dymamics electrical
\ests (up w0 10000 V and 10000 A);
o SAM (scanning acoustic microscope) for braze
voids analysis,
¢ 1000 x optical microscope;
e Spreading resistance for diffusion profile
evaluation;
o Metallization thickness test equipment;
¢ Helium mass spectrometer for hermeticity test ;
¢  Flanes, roughoess, panliclism test equipment
for surface evaluation.

S.CONCLUSION
The availability of buadreds miltions bours of total
st on  high power semiconduciors employed on
traction vehicles elaborated with siatistical metbod
Joined with the physical expertise of the devices
manofactarer  allows the evalustion of reliability
data with a good ievel of confidence.




A comstani application of these methods on larger
wale should be the right way for reaching s
refiability model of high power semicoaducions as
accursie a8 the MIL-HDBK-217 for clectromic

tests oo presspacked and  direct  bonding
sochaology for GTOs and IGBTs™, ESREF 1993
3 V. Lolt, L Rimestad “Time compressed

reliability westing™ ECR-246, June 1991

devices. 4. A M. Amcadola, G. Bifuloo, * Reliability data
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coliection sysiem for clectric traction vehicles™,
Tth lmermations! conference oo reliability and
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5. HF. Marx, RA. Walicr, “Bayesian relisbility
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2. G Cogquery “Thermal cycting: first compartive 6. WR. Comsiock. et. al. * Press - pack post
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FI1G.1 : RELIABILITY FEEDBACK LOOP
Customer Applicstioa/Market arlsbdity requrements
Expe - DEVICES
FAILURE 1%
DETERMINATION OF RELIABILITY ANALYSIS
TARGET LEVEL PMEA L
& mamunmm]]
Duiga Product desiga
Duvelopment l
Prototyps prodection sad test
4
Manufscturing Mass productios
prs————— L
Cuastomer I
Buipment faldure snalysie
nG.2; SET OF TESTS POR HIGH POWER SEMICONDUCTOR DEVICES
TEST TEST CONDITION
High tempersawr blocking volage wx [IEC 147:4 (1976) | Sine wave, 50k, TheT] ma, b= 168+1000&; Ve=Vmax
Thermal cycling load st IEC 1474 (1976) |1 (half sime wave, S0 Hz) bigh encugh 10 beat the

devices © T) max; cooling 10 oot delow 40 °C;
100025000

mmm__rg_@-__(_)_z-z 1974
Low emperature stonage test IBC 68-2-2(1974)

[T« 1) max; o= 1000+10000

Ta T) min; =168

Sealing test CE1 50-7 (1983)

Mass specerometer; Leak rate < 0.5 Pa cm’ / sec
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FIG 3: STRUCTURE OF RELIABILITY DATA BASE

Equipments iest Compicie vehicles test Vebicies ficld operation
| !
Technical assistance
Data Base and cquipments Data Base
Deia Base
rdmLy.‘u

¥1G 41 MANUFACTURING PROCESS FAILURE MODE EFFECT ANALYSIS

PROCESS FAILURE MODE FADLURE EFFECT | CORRECTIVE ACTION
Alloy of silicon Bwaze voids fomic costamination of juaction Mositonag with Scennng
wafer o0 possivetion Acoustic Microscope of brsze
| amolybdenum
Metalbizatson Thickness out of specification Incressed oo -state dissipatios. | lmprovement of eagincering

Lmins, reduced warge