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FOREWORD

Today, silicon technology forms the basis of an § 18 billion worldwide compo-
nent industry. The reasons of this expansion can be found not only in the physical
properties of silicon but even more so in the unique properties of the silicon-silicon
dioxide interface. I say this because there exist other semiconductors which have
a more appropriate band gap, which allow higher carrier mobilities or which possess
physical parameters more suited to specific device applications. However none of
the competing semiconductors can match the success of silicon mainly because they
suffer from high surface recombination velocity and from surface instabilities.

Apart from its passivating properties, silicon dioxide possesses other technolo-
gical advantages. Let us just mention here the ease with which it can be patterned
by photolithography and its masking effect against diffusion. .

Even though this book adresses the instabilities related to the passivation of
silicon by silicon dioxide, it should be emphasized that the Si-Si0O, interface is an
unusually stable one provided certain precautions are taken during fabrication.
Although these advantages are taken for granted today, lengthy technological de-
velopments were necessary to reach the present state of the art.

Having followed the history of the S1-Si0, technology from a very early
stage, I would like to briefly outline the early problems which were encountered
and how they were solved. In the beginning, the scientific investigation of semi-
conductor surfaces had only been performed on bare surfaces prepared under
stringent conditions, in high vacuum. Experiments on surfaces oxidized, or chemi-
cally-treated, in air yielded unreliable results and lacked reproducibility. This was
considered to be the result of «dirt effects». The experiments using cleaned surfaces
in high vacuum showed that silicon and germanium had a very high surface states
density which was at the time interpreted in terms of single level states.

The first device-oriented work on oxidized silicon surfaces came out of the Bell
laboratories. It displayed a relatively low surface states density but still lacked
repeatability and characteristics were unstable. Work was then initiated in several
laboratories to develop the MOS field effect transistor which so far had only existed
as a theoretical concept. Soon it was discovered that, in addition to surface states,
positive charges were also present at the interface. The positive charges were identi-
fied as being the main cause of device instability. It took many years of work by
the technologists (and many heated discussions) before alkali ions were identified
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as the culprits. Simultaneously, techniques to stabilize the interface were developed :
let us mention here the use of phosphorus glass and the introduction of process
improvements to reduce the amount of active alkali ions.

After stable interfaces were achieved, the door was opened to a better scientific
understanding of them. MOS capacitors could be prepared very easily and yielded
a wealth of information about interfaces and interface states. It was recognized
that the interface states were continuously distributed across the forbidden gap and
that unavoidable density fluctuations of positive charges resulted in potential fluc-
tuations at the interface. Following this, it was possible to further the knowledge
about other types of instabilities, e.g. those caused by electronic processes like
carrier injection and those due to irradiations.

In spite of the instabilities it displays, I would like to emphasize once more that
the Si-SiO, interface is the most stable and the most controllable interface known
today.

This book, the result of a fruitful european cooperation, gives a highly desira-
ble and up-to-date review of the physics of instability phenomena. It studies their
fundamentals, shows how they affect silicon-based devices and gives the reader
ways to study and to overcome them.

Adolf Goetzberger
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A WORD FROM THE EDITORS

The sucess of silicon

Silicon is by far the most widely used semiconductor material in fabricating both discrete and
integrated electronic devices. One of the main reasons behind this success stems from the outstand-
ing qualities of silicon dioxide which can be used as a passivating layer as well as a gate insulator.
However, and in spite of steady improvements in fabrication processes, silicon devices are still
subject to unwanted electrical phenomena referred to as instabilities.

Unstable versus permanently defective devices

One of the most baffling problems faced by engineers in the silicon industry and users of
electronic devices is that of unstable devices. These differ from permanently defective devices
in a somewhat subtle way.

A permanently defective device displays electrical characteristics which are irreversibly «off-
specification». This behaviour is almost always due to clear-cut defects in the silicon substrate
or in the metal layers. Such a device can be easily screened out by electrical testing.

A device is called unstable when at least one of its electrical characteristics drifts in an impre-
dictable manner during normal operation (in the field). It is thus difficult to eliminate by pre-
vious electrical testing and represents a threat to quality and reliability.

By extension a device will also be called unstable if, when subjected to an «accelerating stress»
one of its characteristics drifts abnormally during stress and/or fails to return to its former value
once stress has ceased. The word stress encompasses not only heating (usually below 400°0),
bias and irradiations but also aging (alone or combined with the other three).

Instabilities and the «charge» problem

A drifting characteristic can almost always be linked to the motion of charges (ions or carriers)
in an insulating layer of the device. This, in the past, lead specialists to refer to the problem of
instabilities as the «charge problem». This problem was at the time often associated with the
contamination of silica layers by sodium atoms. Nowadays other causes have become just as
important : hot carrier injection, carrier trapping and detrapping, charge and discharge of inter-
face states, radiation damage, etc...

Practically all instabilities stem from the fact that the dielectrics used to manufacture silicon
devices are neither perfect electrical insulators nor perfect chemical passivators and that the
silica network matches imperfectly the silicon lattice.

Instabilities and new trends in microelectronics

Most instability phenomena have been studied for years but are of renewed interest because
of new trends in microelectronics : greater device integration subjects passivation layers and gate
oxides to ever-increasing thermal and electrical stresses. Silicon devices are more frequently
used in hostile environments (military, nuclear, spatial). Finally «agressive» new fabrication
processes (e.g. ion implantation, electrolithography, plasmas, etc...) substitute traditional ones
and introduce new sources of instabilities.
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Previous studies on instabilities

Silicon passivation and related instability phenomena have been the topic of countless studies
over the last 25 years, and have inspired numerous congresses and symposia [1.,2]. quever,
the sheer number of publications and proceedings is so overwhelmingly large that it can discour-
age the most ambitious reader.

Several review papers [3 - 13] have attempted to give an overall view of these phenomena
but were of limited practical use. Some aspects of these phenomena have also been treated in
several books [14 - 17] and a full monograph has even been devoted to «Instabilities in MOS
Devices» by J.R. Davis in 1981 [18].

Scope of the present project

We believe that there is an urgent need for a didactic and up-to-date manual aimed at specialists
and students in the field, and in which instabilities would be envisaged from the dual point
of view of materials science and electronics. This book should help circuit manufacturers and
circuit users alike to relate unstable electrical parameters and characteristics to the physical
defects and impurities which caused them.

Audience

The topics treated in this manual are easily accessible provided the reader is familiar with the
basics of materials physics and electronics. It should prove useful to :

® engineers and technicians working in the semiconductor industry in such fields as : circuit
design, manufacturing engineering, material and process characterization, quality and reliability
assurance, failure analysis,

® graduate students and research scientists in materials science and electrical engineering, inte-
rested in insulator physics, semiconductor physics, device physics and electronics.

Contents
This 1000- page study is divided into 6 parts and subdivided into 18 chapters.

Part T deals with the physics of silicon passivation from the point of view of materials science.
It encompasses growth and deposition of silica layers on silicon with a special emphasis on ther-
mal oxides. It looks at the imperfections of vitreous silica and at the impurities it contains.
It also describes some often overlooked after-effects of silicon passivation, namely those taking
place in the silicon substrate itself.

In Part II we look at the general electrical aspects of the MIS structure. We oppose ideal and
actual MOS structures and see how any deviation from ideality affects the C(V) curve. We ex-
amine the complex nature of electronic conduction in thin insulators and see how and why
large electric fields lead to oxide breakdown. We finally render the reader familiar with the
concept of electric noise and with its applications to surface noise.

We review the electrical phenomena occuring in the bulk of silicon oxide in Part III. We
re-examine the perennial problem of mobile ions which, in spite of process improvements, re-
mains a potential threat to bipolar and MOS processes alike. We look at the many aspects of hot
carrier injection into silicon dioxide and to the associated phenomena : carrier trapping and
detrapping.
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In Part IV we take a look at the electrical phenomena taking place at the Si-SiO, interface.
Imperfections give rise to so-called intrinsic surface states, whereas impurities in the intgrfacial
zone generate extrinsic surface states. We examine their properties, their impact on classic elec-
trical characteristics and the models currently proposed to explain their origin. We review the
techniques used to measure them and how these can be used for diagnostic purposes.

Practical examples of passivation-related instabilities in silicon devices are reviewed in Part V.
Since the basic physics of instability phenomena has been seen in the earlier parts, these chapters
should give the engineer quick ways of solving practical instability problems encountered on
MOS and bipolar products. The peculiarities of structures possessing a double insulating layer
are examined and their application to MNOS non-volatile memory cells detailed.

We end this book by surveying, in Part VI, the effects of radiation on the Si—SiO2 structure
and its impact on the normal functioning of silicon devices. We see that once again most effects
occur because of the passivation layers and that only in the particular case of large doses and
energetic particles do the upper layers of silicon play a part in instability phenomena.

How to use this book

This 1000- page study, divided into 18 chapters, is published in two volumes. Although the
chapters follow each other in a logical order, they can be read independantly. Each one contains
an abstract in English, French and German, a table of contents, a list of symbols, units and
abbreviations used and a list of references. An Author Index and a Subject Index are found at
the end of each volume and easily refer the reader to the relevant chapter, section or paragraph.

An ambitious European undertaking

This multi-author study is the result of four years of a fruitful European co-operation between
engineers working in the silicon industry, research scientists in the field of micro-electronics
and university professors. The difficulties encountered in bringing this project to a successful
ending have been numerous, the major one being that English is not the mother tongue of any
of the contributors. We thus ask the reader to show leniency for style and grammatical errors
which have espaced our editing. A great deal of effort has also been devoted to unifying symbols,
units and abbreviations as well as styles and approaches. This should make reading easier.
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