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Journal “Informacije MIDEM” gets JCR Impact Factor

| remember that back in 1993 first idea about getting a scientific impact factor for our
Journal arose among members of the Editorial Board. The same year | contacted S|
(Institution for Scientific Information, Philadelphia, USA) asking them to consider our
publication for inclusion into their services. Kindly enough, as a first step, they agreed
to have us on “probation”. This meant that for the next year, every new issue had to be
sent to them for review process.

Finally, one and a half year later, a positive answer arrived from ISl. They decided to
index our Journal for Sci Search®, Research Alert® and Materials Science Citation

T

Index™.

So from 1994 on, for five consecutive years we have been sending every issue of our
Journal regularly to ISl for indexing. This, of course does not mean that the Journal
automatically received its SCI.

We had to wait patiently all these years, hoping for the best. Finally and fortunately, since
ISI regularly reevaluates Journals for SCI, end of 1999, we learned that our Journal
“Informacije MIDEM”, received JCR 1F(1998):0.088;SE, Science Edition, for year 1998.
Additionally it has x:0.549(174/208), engineering, electrical&electronic, meaning that it
is positioned on 174 place out of 208 journals dealing with engineering, electrical&elec-
tronic subjects which have average IF 0.549. As well, it has x:0.698(129/143), material
science, meaning that it is positioned on 129 place out of 143 journals dealing with
material science subject which have average IF 0.698.

At this occasion | would like to congratulate and thank to Editorial Board, International

Advisory Board and to all authors who contribute to the Journal, who with their work and
moral support made this success possible.

Editor in Chief

Iztok Sorli

Materials Science Citation Index™ covers more than 1.700 leading publications and provides
over 109.000 source items per year ontopics such as adhesives, biomaterials, ceramics, coating
technology, composite materials, fabrics&fibers, metals&metallurgy, methods of extraction,
minerals, paper&wood sciences, plastics&polymer, engineering, powders, processing and
manufacturing, semiconductors, superconductors, surface science, thin films.

Research Alert® is the premiere Selective Dissemination of Information (SDI) service available
today backed by ISI"s vast multidisciplinary database, providing current, complete and com-
prehensive bibliographic information. Research Alert searches over 7.000 leading international
science, social sciences, and arts and humanities journals, item by item, listing complete
bibliographic data on every journal article that’s relevant to your subject area.

JCR®, Journal Citation Reports provides a systematic and objective means of determining the
relative importance of science and social sciences journals within their subject categories.
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SEMICONDUCTOR PIXEL DETECTORS

K.M.Smith
Department of Physics and Astronomy, University of Glasgow, UK

INVITED PAPER
MIDEM 99 CONFERENCE
13.10.99 - 15.10.99, Ljubljana, Slovenia

Keywords: semiconductors, pixel detectors, imagers, computer graphics, nondestructive testing, state of development, HEP, High Energy
Physics, CCD. Charge Coupled Devices, APS, Active Pixel Sensors, ROIC, Read Out Integrated Circuits, LHC, Large Hadron Colliders, medicine.
particle physics

Abstract: Semiconductor pixel detectors were originally developed for particle physics experiments as a logical development from silicon
microstrip detectors, offering the potential for high spatial precision, two dimensional location of ionising charged particle trajectories. The
development became practical, as with microstrip detectors, only with the availability of suitable VL.S) read-out electronics and reliable {anc

affordable) interconnect technology, (“flip-chip” bonding).
Pixel detectors have also been studied more recently as imaging devices, particularly for X-rays in medical and non-destructive testing

applications, and in synchrotron radiation beams.

In the following, a description is given of the evolution and current state of development of pixel detectors for alf of these applications. Reference
is made to both monolithic and hybrid semiconductor pixel detectors, considering not only sificon. (crystalline and amorphous), but also alternative
serniconductor materials. The performance and limitations of current read-out electronics and bonding technology for hybrid detectors are
discussed, together with the relative merits of charge integrating versus photon counting read-out for X-ray imaging applications. The paper
concludes with an outline of potentially valuable future development possibilities.

Polprevodniski detektorji s slikovnimi elementi

Kljuéne besede: polprevodniki, detektorji pikselski, upodabljainiki, grafika racunalniska, preskusanje nedestruktivno, stanje razvoja, HEP fizika
energij visokih, CCD naprave z nabojem sklopljenim, APS senzorji aktivni pikselski, ROIC vezja integrirana bralna, LHC trkainiki hadronski veliki.
medicina, fizika delcev

Izviecek: Polprevodniski detektorji s slikovnimi elementi so bili sprva razviti za potrebe eksperimentov fizike delcev kot logicni razvoj iz
mikropasovnih detektorjev, saj so ponujali visoko prostorsko lodijivost in moznost dvodimenzionalnega dolo¢anja poti ionizirajoéin nabitih delcev.
Toda razvoj je imel prakticne rezultate Sele, podobno kot v primeru mikropasovnih detektorjev, z izvedbo ustrezne VLSI Gitalne elekironike in

zanesljive (in dovolj poceni) povezovalne tehnologije (“flip-chip” bondiranje).
Detektorje s slikovnimi elementi so zadnje Case precej Studirali kot mozne detektorje slike, zlasti za rentgenske zarke za uporabo v medicini in

za nedestruktivno testiranje, oz. v sinhrotronskih Zarkovnih linijah.

V prispevku podajam opis nastanka in trenutnega stanja razvoja detektorjev s slikovnimi elementi za vse navedene rabe. Omenjam tako monolitne
kot hibridne izvedbe detektorjev ne samo na siliciju (kristalnem in amorfnem) ampak tudi na alternativnih polprevodniskih materialih. Obravnavam
delovanje in omejitve sodobne Eitaine elektronike in tehnologije bondiranja hibridnih detektorjev ter primerjam relativne prednosti odéitka
integriranega naboja proti direktnem $tetju fotonov pri slikanju z rentgenskimi zarki. Prispevek zakljuéim s pregiedom razvojnih moznosti v

bodocnosti.

offer considerable promise as relatively low cost detec-
tors, especially when coupled to scintillator layers to
enhance their X-ray absorption efficiency. A practical
upper limit on the area of these devices is set by the
size of the reticle used in the silicon foundries which
produce the chips. in the case of hybrid APS, the
detector and read-out integrated circuit (ROIC) are fab-
ricated on separate wafers and connected through
“flip-chip” bump-bonding, using approximately spheri-
cal bonds of gold /14/, indium /15/ or solder /4/. This

Introduction

Semiconductor pixel detectors were initially developed
for high energy physics applications because of their
low noise, high spatial resolution and two dimensional
position information /1-10/. Their potential for X-ray
imaging applications was soon realised, because of
their higher energy resolution, high density, good spa-
tial resolution, speed of response and increased count-
ing rate capabilities /11-14/.

Pixel detectors may be broadly categorised into two
broad varieties: Charge Coupled Devices (CCDs) and
Active Pixel Sensors (APS), the latter being sub-divided
into monolithic devices /7-9/ and hybrid detectors /2/.
Early attempts to fabricate monolithic detectors were
faced with problems due to the many stages of proc-
essing required, (typically over a dozen), potentially
conflicting requirements for optimising the detector and
the read-out components of the detector and associ-
ated problems of low yield of useful devices. More
recently, large area (~ 25 x 35 mm?2) silicon CMOS ROIC
have been developed forimaging applications /13/, and

technology allows the separate optimisation of detector
and ROIC and also provides greater flexibility in the
choice of active medium for the former. With the trend
towards ever smaller feature sizes in silicon processing
technology, it becomes possible either to incorporate
more sophisticated processing features into each pixel
ofthe read-out chip, {making “smart” chips), or alterna-
tively to compress the read-out area per pixel, giving
higher spatial resolution capability /16,17/. A more de-
tailed, (but not comprehensive), description is given
below of the continuing evolution of pixel detector read-
out circuits within the microelectronics groups at the
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CERN laboratory, (as part of the RD19 detector R&D
collaboration /18/), the Rutherford-Appleton laboratory
(as part of the UK Technology Foresight project “IM-
PACT" /14/) and elsewhere /13,26/.

in parallel with developments in read-out circuits, active
investigations continue into alternatives to crystalline
silicon as the detector medium. Large area, (-A4 page
size) imaging panels based on amorphous silicon are
now available commercially, for example /19,20/. A brief
review is given below of the status of this technology
and of GaAs, diamond, Cd(Zn)Te and other, more
unconventional detector materials.

The LHC Pixel Detectors, (ALICE, ATLAS,
CMS and LHCb)

Pixel detectors are destined to play a crucial role in the
experiments now under construction for physics using
the Large Hadron Collider at the CERN laboratory /26/.
They should provide very high precision location, (~10
um), of charged particle tracks emerging from the col-
lision of the intersecting proton beams, and help to
select potentially interesting, rare events among the
large backgrounds through the identification of secon-
dary vertices from the radioactive decay of short-lived,
(particularly charm or beauty) particles. They have to
operate in the most hostile radiation environment of any
of the detector components, and are expected to be
subjected to (1 MeV neutron equivalent) fluences of,
typically, 1-2x1015n/cm? during ten years of LHC opera-
tion.

In the case of the ATLAS pixel detector, for example,
each sensor is a 16x60 mm? silicon wafer covered by
an array of 50x400 um? pixels, bump-bonded to an
assembly of 16 front-end chips, each of 18x160 cells
arranged in 9 double columns. Every read-out cell
contains a preamplifier and discriminator, facilities for
storing leading and trailing edge time stamp informa-
tion and control circuitry for selection and masking. The
2228 modules in the overall pixel detector, (barrel plus
end-cap disk sections), then correspond to 140 million
channels in a cylinder 1.6 m long, 0.5 m in diameter, as
shown in Figure 1. Extensive R&D activity has been
directed to improving the high voltage stability of the
sensors, particularly against micro-discharge effects,
e.g. through careful design of guard ring structures /59/.

Other obvious practical problems with such an array
include the provision of suitably stable mechanical sup-
port structures, radiation damage effects in sensors and
read-out electronics and the power consumption in the
read-out electronics. This amounts to more than 14 kW
in the detector volume, in the ATLAS case, and de-
mands careful attention to cooling of the assembly.

Improving the radiation hardness of silicon
detectors

In spite of significant advances in the understanding of
how radiation-induced defects can influence the per-
formance of silicon pixel detectors, there is still consid-
erable scope for further improvements, in particular with
a view to the needs of high precision vertex detector
layers for future high luminosity colliders, where the
radiation doses may be even worse than those ex-
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Fig. 1. Structure of the ATLAS pixel detector array,
consisting of 2228 silicon pixel modules,
mounted in a lightweight carbon fibre
support structure. Each module consists of
18 x 160 cells of 50x400 um2 pixels, flip-chip
bump-bonded using low temperature solder
to custom read-out chips, for a total of

around 140 million read-out channels.

pected at the LHC. Three approaches have recently
been made to the problems: (a) "defect engineering”
of the basic silicon wafers, e.g. by introducing higher
levels of oxygen dopant atoms /32/, (b) so-called “3-D”
detectors /33/ and (c) cryogenic operation of silicon
detectors, based on the so-called “Lazarus Effect”
/34,35/.

Figure 3 illustrates the difference between conventional
detectors and 3-D detectors. The former are based on
planar technology, with electrodes on either face of the
silicon wafer, while the latter employ a regular matrix of
cylindrical electrodes drilled through the wafer, e.g. by
reactive ion etching, laser drilling or light-enhanced
chemical etching techniques.
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Fig. 3. Comparison of the structure of a
conventional “planar” detector and the “3-D”
structure proposed and prototyped in silicon
by Parker et al. and in GaAs by Bates et al.
/33/.

In such a detector, the electrons and holes created by
ionising radiation drift transversely to the collecting
electrodes and, providing that this distance is compa-
rable with the mean free path before charge carrier
trapping, the loss of signal due to radiation damage is
tolerable, while the speed of response should be excel-
lent. The predicted full depletion voltage for this geome-
try is much less than for the conventional, planar
approach, and this has recently been verified experi-
mentally, as shown in Figure 4, before and after expo-
sure to “ten years of LHC” equivalent radiation doses.
Further development of this exciting new approach is
now being pursued actively in a number of laboratories.

Following the discovery that highly irradiated silicon
diode detectors could be “resurrected” by operating
them at liquid nitrogen temperatures /34,35/, an exten-
sive research programme has been undertaken within
the RD39 R&D collaboration /36/. It now appears that it
is sufficient to run at temperatures around 120-130K to
achieve similar results. An additional benefit of this
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mode of operation of silicon detectors is that leakage
currents are reduced to essentially negligible levels,
opening up the possibility of using less expensive, and
possibly larger area silicon wafers for detector fabrica-
tion. The need to fill the charge trapping centres so as
to render them inactive in subsequent charge carrier
transport means that forward bias operation is fa-
voured, as shown in Figure 5.

Read-out Circuits

(a) ASIC”s for high energy physics and
medical X-ray imaging applications

The Omega series

The Q 3 ROIC is the latest in a series of ROIC which
were initially developed within the CERN-sponsored
RD19 R&D collaboration to be hybridised with a match-
ing array of silicon detectors for high energy applica-
tions /3,4,8,16,18/. Consisting of a matrix of 2048
(128x16) pixels of 50x500 um?, it has been used suc-
cessfully in the construction of a pixel detector tele-
scope for a heavy ion experiment at the CERN /25/.
Figure 6 illustrates the ability of this telescope to resolve
the large multiplicity of charged particle tracks emerg-
ing from high energy lead-lead collisions.

The Q 3 performance as an X-ray imaging device with
GaAs as the detecting medium was reported in /28/.
The resolution along the small dimension was found to
be comparable with deep depleted CCDs and even
better than CCDs with a scintillator coating. An analysis
of the Modulation Transfer Function showed 10%
modulation at the limiting Nyquist frequency (~10 line
pairs per mm).

A continuation of this programme characterised the
X-ray imaging performance of an 2 3 hybrid APS using
silicon as the active medium /29/, concentrating on the
signal-to-noise ratio of the sensor. In Figure 7a), the
flood image after uniform exposure to 60kVp X-rays can
be seen for an exposure time of 3.2 sec, corresponding
to an incoming fluence of approximately 6.4 x 109%m2,
The response of the detector is uniform apart from a
small number of pixels which show no response, due
to bad bonding, atthe upper leftand lower right corners.
The response as a function of exposure time (or number
of incoming photons) can be seen from the sensitomet-
ric curve, Figure 7b). The response is linear across the
whole dynamic range, with neither "fog level” at low
fluences nor “blooming” at high fluences. This is an
inherent characteristic, and one of the main attractions
of photon counting systems, compared to charge inte-
grating devices.

The extremely high dead time fraction of 0.9993 was
expected, since the read-out chip is synchronously
read out, i.e. triggered by a DAQ clock which is uncor-
related with the arrival of the X-rays. Each pixel is active
only for a period equal to the width of the trigger pulse,
< 4 us, for every read-out cycle of 8.3 ms, so that the
active fraction is around 5x104.
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Fig. 4.

K.M. Smith

. Semiconductor Pixel Detectors
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® For the first time, a full, realistic detector module. has been
iradiated to 4x10'* p/em? and operated at cryogenic tempera-
tures to investigate the Lazarus Effect.

® Cryogenic operation with a relatively low depletion voltage gives
a dramatically improved transient performance of the irradiated
detector.

® To get the improvement you must go below ~130K.

® No pathologics in resolution or landau distribution observed

® Recovery has a time dependence, and degrades after ~15 min-
utes

® The degradation can be controlled with Charrge Injection.

Charge collection efficiency of heavily
irradiated silicon detectors operated at
cryogenic temperatures (at or below 130 K},
as a function of applied bias voltage. Also
shown is the influence of irradiating the
detector with visible light of differing
wavelengths. The lower graph shows the
variation with time of the collected charge
signal in reverse bias, in contrast with the
relative stability with time when forward bias
is used.

Fig. 5.

Fig. 6.

High multiplicity charged particle tracks
resulting from 200 GeV Pb-Pb collisions were
successlully reconstructed using a five layer
telescope of silicon pixel detectors, read out
using the Omega3/LHC1 read-out integrated
circuit developed by the CERN
Microelectronics Group (cf. Ref. /18/).

Photon limited noise performance in the image is found
only for low exposure times, Figure 7c¢), while at higher
exposure times a rather linear dependence with the
number of incoming quanta is observed, for reasons
which are not yet completely understood, although a
more detailed study of the SNR distribution across the
pixel matrix, reveals “good” and "bad" areas. The main
variation between these areas is in their noise behavior,
Fig. 7c), the good areas displaying almost photon lim-
ited high values of signal-to-noise ratio while the bad
areas deviate from Poisson statistics, and can be al-
most linear intheir dependence on exposure time in the
worst cases.

(b) Charge Integrating Circuits

The requirement in applications such as mammogra-
phy for large area pixel arrays has led to the develop-
ment of amorphous silicon panels, using thin film
transistors to read out the charge signals created by
absorbed X-rays /19,20/. These are now beginning to
compete with more traditional film-screen systems in
terms of efficiency and spatial resolution and can be
fabricated at an affordable cost.

Among the earliest pixel imaging systems, the perform-
ance of the silicon CCD, typically with a coating of
scintillator to enhance the efficiency for X-ray absorp-
tion, is still among the best available commercially. The
technology is already very mature and the detailed
characteristics of the detectors well under-stood /21/.
There have been promising developments very re-
cently /22/ towards production of CCD”s based on
epitaxial GaAs for dental X-ray imaging, (following pio-
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Results of X-ray imaging tests of silicon pixel detectors bump-bonded to Omega3/LHCT ASICs, showing
(a) the recorded signal "hits” in a “flood” image (uniform illumination of all pixels in the 16x128 element ar-
ray); (b) linearity of response with fluence over the whole dynamic range; (c) the variation of the noise con-
tribution to the pixel count as a function of the dose, showing fluctuations consistent with Poisson
statistics only in limited regions of the detector. The variation with fluence of the overall signal-to-noise ra-

tio is shown in (d).

neering work on GaAs analogue shift registers at

Fig. 7.

an infra-red imaging system /24/. While prototype de-
tectors of this type revealed inhomogeneities in the

TRIUMF /23/).
. . iy . . . response due to crystal defects in the Liquid-encapsu-
The choice of GaAs instead of silicon is motivated by its . .
higher a:bsorption of the 30-40 keV X-rays whichyare lated (LEC) substrate GaAs /25/, twas possible to apply
typical in this area of application simple correction factors to the signal from each pixel
' to correct for these effects, as shown in Figure 8. The

quality of the corrected image compares well with that

Within the same project, 35 um pitch GaAs pixel detec-
obtained with a commercial silicon CCD/scintillator sys-

tor arrays have been bump-bonded, using indium
bumps, to a 320x240 pixel array, charge integrating tem.
read-out circuit (ROIC) which was initially developed for
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Fig. 8.  X-ray images obtained with a 200 um thick LEC GaAs pixel detector array using a standard dental X-ray
source. The 38um square pixels in the 320x240 element array were bump-bonded using indium bumps to
a charge-integrating read-out circuit developed originally for infra-red imaging applications, (cf. Ref. /24]).
The micro-inhomogeneities in the GaAs substrate material are clearly visible in the response to a “flood”
image (uniform illumination of the detector array), shown in (a), and in the “grainy” image of a fuse wire
shown in (b). Using a simple multiplicative factor to correct the response on a pixel-by-pixel basis resulted
in the much improved image of (c ), to be compared with the image in (d) obtained by a commercial den-
tal X-ray imaging system based on a scintillator coated silicon CCD.

(c) The MEDIPIX Photon Counting Chip (PCC)

Firstimages have recently been obtained from the new
ROIC in the same series, the MEDIPIX /29/ bonded to
a GaAs detector. This chip is based on the € 3 but has
single photon counting capability and individual pixel
comparator threshold adjustment to enable compe-
nsation for processing variations across the chip. It
consists of a 64 x 64 matrix of cells with 170 ym x 170
um pixel dimensions. Each pixel contains a 15-bit
counter, and a 3-bit adjust for threshold fine tuning. The
dead time has effectively been eliminated due to a
shutter based acquisition method, and the matrix can
be read out in 384 us at 10 MHz. A more uniform
background response and improved object contrast is
observed with the 3-bit threshold adjust loaded on the
read-out chip, as illustrated in Figure 9. The electrical
threshold variation improves from ~400 e- to ~80 e- on
utilising the threshold adjust /30/.

Alternative materials to silicon

White silicon has always been the first choice for pixel
detector fabrication, because the technology is very
well established and readily available, its suitability for
X-ray imaging is limited by the rapid decrease in its
linear absorption coefficient for X-ray energies above

about 20 keV, as illustrated in Figure 10. This figure also
shows the relative gain to be expected at higher ener-
gies from GaAs semiconductor pixel detectors, which
have been the subject of rather intensive investigation
in recent years /40-42/. The micro-inhomogeneities in
widely available, relatively cheap LEC GaAs substrates
have already been mentioned. There has therefore
been considerable interest in obtaining high quality,
thick layers of epitaxial GaAs, hopefully less subject to
such inhomageneity. The excellent energy resolution
obtained recently with small, single pad diode epitaxial
GaAs detectors by the ESA/ESTEC group /43,44/, illus-
trated in Figure 11, gives considerable grounds for
optimism for the future of this material.

For higher energy X-rays, and for applications such as
SPECT and PET imaging, attention has recently been
focused strongly on CdZnTe, (CZT), as the dstector
material /45-47/. An example of a pulse height spectrum
obtained with a CZT pixel detector in the form of a Tcm
cube, shown in Figure 12, illustrates how electronic
processing of the charge signals from the top and
bottom electrodes, (essentially due only to the electron
transport in this material), can be used to give genuine
three-dimensional information on the position of
gamma-ray conversion inside the detector.
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a) X-ray diffraction image of a KNbO3 powder sample in a 14 keV synchrotron radiation beam. The
projected intensity variations, shown in (c ), match those found by more conventional imaging. The image
was obtained with a 64x64 array of 170 um square LEC GaAs pixels, bump-bonded using low
temperature solder bumps to the MEDIPIX photon-counting read-out integrated circuit (cf. Ref. [16/). As
shown in the schematic (b), each read-out channel incorpcrates a three-bit comparator threshold adjust
with which to correct for process-limited variations from the nominal value across the chip. The
histograms shown in (d) illustrate the number of pixels recording “hits” for the extreme values of the
threshold voltage adjustment, and the narrow central peak the result of optimising the value on each pixel

S0 as to minimise the spread overall.
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Fig. 10. Comparison of the X-ray absorption
efficiency of different semiconductor layers
as a function of X-ray energy.

Forroomtemperature operation of imaging pixel detec-
tors, low reverse bias leakage currents are clearly de-
sirable, so as to minimise shot noise. Wider bandgap
semiconductor materials such as diamond (Eg = 13 eV)
and silicon carbide (Eg = 9 eV) have therefore been
given serious consideration as bases for pixel detector
fabrication, (cf. Figure 13). Diamond detectors have
achieved greatly improved performance, interms of the
mean charge collection distance and therefore the
charge collection efficiency achievable, over the last
two to three years. They have also been shown to be
more radiation hard than other semiconductors /48/.
Unfortunately they require a much higher energy depo-
sition in the detectorthan either silicon or GaAsto create
an electron hole pair, (13 eV versus 3.6 eV and 4.2¢eV,
respectively), so that the signal charges from diamond
detectors are relatively small and demand much better
noise performance from their read-out electronics in
order to achieve a given signal-to-noise ratio.

There have been attempts recently to investigate silicon
carbide as a detector material /49/ because its wide
bandgap also offers the prospect of low leakage cur-
rents and high radiation resistance and also because
its ability to operate at high temperatures could be
valuable for certain applications. As yet the technology
for fabrication of high quality, large area pixel detectors
in this material is still in its infancy, but promises much.

It is worth noting that the development of pixel detector
read-out electronics ASIC”s has provided a new
method of investigating the homogeneity of the detec-
tor semiconductor material. This approach has already
proved valuable in characterising CdZnTe crystals, for
example /50/, as well as LEC GaAs /25/. Further devel-
opments of even smaller pixel elements through deep
submicron process technologies may extend these
opportunities, although the minimum useful pixel area

Informacije MIDEM 30(2000)1, str. 1-15

will presumably be defined eventually by charge shar-
ing among adjacent pixels due to diffusion during trans-
port. Simulation and experimental studies of this charge
sharing are now in progress /51/.

Other applications of pixel detector read-out
technology

The successful development of VLSI read-out circuits
for pixel detectors in high energy physics has led to a
number of spin-off developments. Ring-imaging Cer-
enkov detectors for the LHCb collaboration are investi-
gating their use inside electron multiplier tubes, for
example /27/. Figure 14 illustrates the performance of
a prototype device of this type in a CERN test beam.
Applications of pixel detector technology for medical
applications such as mammography and dental radiol-
ogy /52/ have already been mentioned and clearly offer
very significant reductions in dose to patients.

There is an increasing need for higher spatial precision,
large area X-ray diffraction imaging devices in synchro-
tron radiation beams for applications such as protein
crystallography and time-resolved imaging with sub-
millisecond framing times /53/. First demonstrations of
semiconductor detector operation in this environment
have been givenrecently /54-56/, butthisis afield which
promises much for the future. Applications in electron
microscopy also seem to offer similar challenges and
opportunities for exploitation of new ideas, (e.g. /57/).

Finally, there have been exciting developments in the
application of technology from high energy physics to
the neurophysiological study of how the retina of the
eye functions /58/. If an understanding can be reached
of how the retina encodes into the optic nerve the
“spike” signals from the wide variety of retinal neuron
types, illustrated in Figure 15, there may even be feed-
back inthe reverse direction of new approaches to pixel
detectors for high energy physics applications!

Conclusions

The high level of performance of semiconductor pixel
detectors and their associated read-out electronics
chips now offers opportunities for their exploitation in a
wide range of exciting new application areas from inno-
vative ideas in medicine, non-destructive testing, X-ray
diffractive imaging in synchrotron radiation beams and
electron microscopes and even neurophysiology, in
addition to their original application in high energy
physics. At the technological level, definitive demon-
strations have yet to be given of the predicted superior
performance of photon counting devices over charge
integrating devices in X-ray imaging. Further enhance-
ment of the radiation hardness of pixel detectors in
experimental particle physics, in particular, is still highly
desirable, particularly for the next generation of collid-
ers. Whether this can be achieved using silicon, suitably
treated, or using an alternative material such as GaAs,
SiC or diamond is a question which can provide excel-
lent opportunities for initiative and innovation on the part
of the new generation of detector specialists! Under-
standing the detailed behaviour of the detector materi-
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Fig. 11. X-ray pulse height spectra obtained with high purity epitaxial GaAs Schottky diode detectors by the ESA
group (refs. [43,44/). The diode structure is illustrated in (a). The variation of pulse height with bias voltage
is shown in (b), and the energy resolution dependence on shaping time in (c). Figures (d), (e) and (f)
show, respectively, the response to monoenergetic synchrotron radiation X-ray beams covering a range of
energies, the pulse height spectrum from an 241Am radioactive source and the spectrum from the higher
energy harmonics of the synchrotron radiation beam.
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Material Properties of
Diamond (D), SiC, GaAs, Si at 293 “K

Property D SiC Gads i
Bandgap {eV] . 5.5 3.3 1.43 1.12
Breakdown 107 2%10° | 4*10° | 3*10°
Field [V/cm]

Resistivity > 107 | >10° 10% 2.3%107
[£2—cm]}

Intrins. Carrier | < 107 <iQ™ 16° 1.5%10™7
Density fem™]

Electr. 1800 SO0 8500 1350
Mobility [cm?®s’

;V.X]

Hole Mobility 1200 20 400 480
[cm’s?V™7]

Sat. Velocity § 220 200 80 82
fknm/s)

Density 3.5 3.2 5.3 2.3
[g/em’]

Atomic Charge | 6 14. 6 31, 33 14
z

Dielectric 5.7 9.7 13.1 11.9
Constant

Thermal Exp. § 0.8 4.5 6.9 2.6
Coef. [10°/°K}

Therm. Cond. 15 4.9 045 1.5
[Wem™ K]

e-h Creation 13-17 9 4.2 3.6
Energy [eV]

Rad. Length 12 8.1 2.3 9.4
X, [em}

Spec. Ion Loss § 4.7 4.4 5.6 3.2
[MeVicm)

o-h pairs 3.6k 4.9k 13k 8.9k
/100 [e}

e-h pairs 7.2k 15.9 S.ok 24k
70.3% X, [e]

G 1 2 3 4
Band gap energy (V)

Fig. 13. Alternative semiconductor bases for detector fabrication are summarised in the graph and table (from ref.

149)).

als and their behaviour on irradiation is a continuing
challenge to semiconductor physicists. Squeezing the
greatest processing capability into the smallest area of
pixel detector read-out circuitry is driving circuit design
technology rapidly towards the deepest of deep submi-
cron process technology available. The other kind of
squeeze, on funding levels, encourages ever greater
ingenuity in reducing the costs of current technology
and in devising radically new interconnect technology.
In short, there is no lack of challenges and no shortage
of stimulating areas of research in this field!
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Abstract: Zinc oxide ceramics containing BizO3 and other metal oxides as additives exhibit a highly nonohmic property in current - voltage
characteristics and is widely used for absorption of transient surges in electronic circuits. The nonlinearity effect is produced by potenial Schottky 's
barriers which are partly caused by oxygen ions adsorbed on the ZnO grain surfaces. The passage of current during the varistor operation causes.
among others, the desorption of oxygen ions from ZnO surfaces and its lost to the ambient. Oxygen ion desorption contributes to varistor
degradation by creation in an intergranular layer a 8-Bi2O3 phase characterised by great number of oxygen vacancies and high ionic conductivity.
Decrease of BizO3 ionic conductivity, being the main component of intergranular layer, is equivalent to decrease of degradation coefficient. It can
be achieved by addition of varistor ceramics with Sb20s. Antimony oxide can dissolve in §-BizOs or react with ZnO and O phases forming
Zn75b2042 spinel and amorphic BizOs. What more it was found that Sbe0Os doping modifies 6-Bi2Os phase in less conductive form. The
compositions originally added with 0.3 and mol1%. modified 8-BizO3 crystal lattice at the greatest rate. More antimony oxide caused that the
amount of Sb20s dissolved in 8-BizO3 decreased and more spinel particles appeared.

Vpliv dodatka Sb203 na elektricne parametre
in stabilnost ZnO varistorjev

Kijuéne besede: keramika, ZnO varistorji cink oksidni, parametri elektricni, stabilnost, ShoO3 oksidi antimona, dodatki

lzvieéek: Cink oksidna keramika, ki vsebuje Bi2Og in druge kovinske okside z dodatki ima skrajno nelinearno tokovno-napetostno karakteristiko
in se uporablja za izdelavo elementov, ki ¢itijo elektronske sestave pred prehodnimi napetostno-tokovnimi preobremenitvami. Nelinearnost
karakteristike je posledica potencialnih Schottky zapor, ki jin deloma povzro¢ajo kisikovi ioni adsorbirani na povrsino ZnO zrn. Elektricni tok. ki
tede med delovanjem varistorja, povzroc¢a med drugim desorbcijo kisikovih ionov s povréine ZnO zm v okolje. Desorbcija kisikovih ionov pornen
degradacijo varistorja, saj povzroc¢a tvorbo faze &-BixO3 v prostorih med zrmi, ki jo karakterizira prisotnost velikega Stevila kisikovih vakanc in
visoka ionska prevodnost. Zmanjsanje ionske prevodnosti BizO3, ki je glavna komponenta plasti med zrni, je ekvivalentno zmanjsanju koeficienta
degradacije. Omenjenc lahko dosezemo z dodatkom Sb2Os. Antimonov oksid se lahko raztopi v 6-Bi2Os ali pa reagira z ZnO in O fazo ter tvori
Zn7Sb2012 spinel in amorfni BizO3. Dodatno je bilo ugotovijeno, da SheOs zmanjsa prevodnost 6-BixOs faze. Dodatki s sestavo 0.3 in mol1% so
v najvedji meri spremenili kristalno strukturo §-BieOs. Vedje koli¢ine antimonovega oksida so povzrocile manjso topnost Sbz20g v 6-8iz0z in
povecanie Stevila spinelnih delcev.

INTRODUCTION kind and amount of additives and oxygen ions. Oxygen
. : : ‘ ions adsorb on ZnO grains during cooling to the room

ZnO varistor ceramics consists of ZnO grains separated temperature in the following sequence:

from each other by an intergranular layer formed by '

products of additives reactions between each other and Ops O — 503202

with ZnO. The reactions in the process of varistor fabri-

cation are well known /1,2/. Fundamental compo-sition temperature—
of varistor ceramics constitute ZnO, spinel type and
Bi-rich phases. The presence of Bi-rich phase is essen- It is said /3/ that 10% of potential barriers is caused by
tial for non - ohmic property in varistor voltage - current adsorbed oxygen ions. The oxygen participation in
characteristics. formation of potential barriers is, in all probability, much
. . . . greater because ZnO ceramics sintered in nitrogen
Dgnng the sintering ﬁhe starting low temperature o- atmosphere does not show varistor behaviour.
BioOs3 type phase by interstep Biz (Zn4/3Sbeyz)Os pyro-
chlore phase converts in spinel phase and Bi-liquid Oxygen ion adsorption benefits by oxygen vacancies
which, during cooling, crystallises in high temperature of intergranular 8-Bi2O3 phase. Due to oxygen vacan-
§-BipOg phase. cies 8-Bin0Og3 facilities oxygen transition from the air to
Zn0O grain borders. Anyway the high -temperature o-
Big (Zn4/3Sb2/3) 06 + ZnO — Zn (Zna/3Sh2/3)O4 + BizO3 Bi>Os -phase exhibit an extremely high ionic conductiv-
soinel liquid ity which causes the desorption of oxygen ions and
pine iqui )
increase of leakage currents.
Nonlinerity is related to potential barriers on ZnO grains It is known /4,5/ that Bi2Os ionic conductivity can be
boundaries. The height of these barriers depend on the decreased by doping varistor ceramics with pentox-
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ides. Pentoxides M20s dissolved in 6-Bi2O3 phase
modify Bi2O3 lattice constants and reduce the oxygen
vacancies according to the following expression:

Bia(1-x) MaxO6-+axlJ2-ax
wherel] states for oxygen vacancy.

Since, in varistor ceramics, Sb203 converts into Sb20s
the above is valid for antimony oxide as well. Dissolving
in 8-Bi2Oz phase Sb203 modifies §-Bi2O3 lattice con-
stants and probably decreases 6-Bi2O3 ionic conduc-
tivity. Reduction of oxygen vacancies in 6-Bi2Og phase
in the vicinity of Sb203 hinders the oxygen desorption
from ZnQ grains and in this way retards the varistor
degradation.

EXPERIMENTAL PROCEDURE

For preparation of varistor samples the different: 0.3,
0.5,1, 1.5, 2, and 3 mol % amount of Sb203 were added
to a reagent grade ZnO powder. The other additives
were kept at a stable ratio: 1mol% Bi2Og, 0.8 mol% NiO,
0.5 mol% MnQ, 0.4 mol% Cr203, 0.5 mol% Co20s3.

Varistor samples were prepared by conventional wet-
mixed-oxide ceramic technology. All mixtures were wet
milling for 24 hours and dried. After addition of an
organic binder and the pressing of the granufate to 15
mm disc, the green samples were sintered in an atmos-
phere of ambient air at 1250°C for 1 hour and then
furnace cooled.

As -sintered samples have been electrically charater-
ised for identifications of breakdown voltages Vima/mm,
o coefficients and varistor degradation. To make elec-
tric contacts a thin layers of silver were evaporated onto
the both surfaces of discs.

The crystal phases in sintered bodies were identified by
X-ray powder diffractometer using CoK Fe filtered
radiation. Chemical composition of samples and micro-
structure SEM observations were carried out using
Electron Probe X-ray Jeol JXA 5a Microanalyzer.

RESULTS

The basic I-V characteristics of varistors were measured
by dc current in range from 10 uA up to 10 mA at room
temperature.

The influence of Sb203 addition on non-linearity coeffi-
cients for three ranges of currents is presented in Fig. 1.
As can be seenthe addition of SboOg improves varistors
non-linearity coefficients ¢z. The mean non-linear expo-
nents reached a steady - state value 50 but when 3% of
Sb203 was added they significantly decreased. The
suitable, from the point of view of non linearity property,
is the addition of 0.3 - 1.5 mol% Sb20s.

The correlation between the breakdown voltage and
Sb20g3 is shown in Fig. 2. The breakdown voltage of
varistor without antimony oxide was 80 Vima/tmm and
grew up to 470V for samples with 0.3 mol% Sbo03 and
did not change distinctively with further Sb20Og3 addition.
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Fig. 3. Varistors degradation characteristics after

electrical degradation in 50uA DC electric
field at 115°C for 5 hours.

Varistors degradation characteristics after electrical
degradation in 50 yA DC electric field at 115°C for 5
hours are presented in Fig. 3. As can be seen even small
addition of Sb203 (0.3mol%) improved significantly
varistor stability.

After 24 hours from disconnecting the degrading elec-
trical field the ageing samples were measured electri-
cally. The nonlinerity coefficient changes after ageing
are shown in Fig. 4. As can be seen nonlinerity coeffi-
cients were polarity dependent and the changes of o
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were asymmetrical. The electrical field mostly affected
the pre-breakdown regions (o1 and o). At higher cur-
rents the polarity effect partly disappeared and samples
with 0.3-2 mol% Sb203 had sufficiently good o coeffi-
cients before and after degradation.

@ before lafter ageing.  goafter ageing,
ageing - polarisation + T polarisation -
£
3
&0 ;
407
i

£
;
|

)

1.8
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% ol Sba 04
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Fig. 4. Dependence of nonlinerality coefficient o on
Sb203 addition before and after ageing.

From the results of X-ray powder diffraction measure-
ments the following crystal phases in varistor ceramics
were identified: ZnO, & Bi2Og or mixture of 3-Bi2O3 and
B Bi203 (B - X-ray diffraction peaks overlap on those of
& -phase) and Zn7Sb2012 i.e Zn(Zn4/3Sb2/3)04 spinel
phase. As it was expected, the varistor compositions
originally added with more antimony oxide had more
spinel particles but unexpectedly X-ray intensities of 6
Bi2Oa characteristic peaks decreased. Although it is
possible that Bi2Os volatization to the ambient in-
creased in Sbo03 presence we put it on conversion of
Bi2O3 crystal phases into glass amorphic one.
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As can be seen from Fig. 5 the vicinity of Sb203
changed the positions of Bi2Og characteristic peak
what gives the evidence that Sh2QOg3 penetrates into ¢
Bi2Os structure and modifies its crystal lattice con-
stants. Addition of 0.3 mol% Sb203 modified & BizO3
lattice constants at the greatest rate.
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Fig. 5:  Position of the strongest & Bi»Og diffraction

peak in varistor samples doped with different
amount of Sho0s3.

The guantity SEM measurements presented in Table 1
proved that only Sb dissolved in 6-Bi2Og3 is able to
modify 5-BioOg lattice constants. The Sb dissolved in
8-BioO3 phase amounted to 0.6 wt.% in samples origi-
nally doped with 0.3 and 0.1mol% Sb203. These were
also the samples in which Sb modified §-BioO3 lattice
constants. The further addition of Sb2O3 caused the
BizOs phase self - purification and the Sb amount
dissolved in 8-BioO3 dropped to 0.1wt.%. It can be
inferred that at higher concentration Sb203 more read-
ily comes into reactions with ZnO and forms spinel
phase then dissolves in &-Bi2Og.

Table1: The quantity SEM measurements of the

spinel and Sh contents in varistor samples.

mol %Sb203
in varistor
composition

wt% Sb
dissolved in

1 0-Bi2Og
spinel wi% in
varistor after 0.0 122
sintering ' ‘

0.0 0.3[05 10 1520

3.0

00 0606 04 01 00 00

26 28 35 34

3.6
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Elsewhere presented measurements /6/ gave the evi-
dence that modified 6-Bi2Oz phase had a desirable
smaller ionic conductivity.

CONCLUSION

Carried out investigations fully proved the ability of
modification of varistor electrical properties and stability
by doping varistor ceramics with appropriate amount of
Sb203. It was found that addition of Sbh2Os modifies
5-Bi2O3 phase in less conductive form. The composi-
tions originally added with 0.3 and mol1%. modified
0-Bi»Og crystal lattice at the greatest rate.
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Abstract: Wafer bonding of commercially available (100) and (111) silicon wafers was performed in the range of temperatures from 80°C to 400°C
in nitrogen, oxygen and low vacuum atmosphere. Surface preparation with modified RCA cleaning method and hot nitric acid provided extremely
clean and hydrophilic surfaces that were later brought into intimate contact. Bonding quality evaluated by the tensile strength measurements
showed the highest values reaching 18 MPa. Correlation between prebonding treatment, initial surface roughness and microroughness was made
revealing the influence on the bonding energy. (111) oriented wafers exhibited higher bonding abilities compared to (100) in case of bonding
wafers with native oxides. This is believed to be due to higher density of available bonding sites as a consequence of enhanced chemical oxide
growth rate and its homogeneity on (111) surface. Moreover, it is believed that due to higher positive charge of oxides grown on {111) oriented
silicon compared to (100), desorption of interfacial water is accelerated, thus increasing the bonding energy at lower temperature. Interface
imperfections of bonded samples were investigated by infrared transmission imaging revealing bubbles at the bonded interface only in case
when bonding was performed in oxygen ambient.

Various combinations of surface terminations such as thin chemical native silicon dioxide and thick thermal silicon dioxide on (111) and (100)
oriented silicon wafers were prepared and investigated. In conclusion, the best bonding results were obtained by bonding (100) wafers with thick
thermal oxide to (111) wafers with native oxide and annealed in nitrogen ambient. Bonding of silicon pressure sensor on (111) oriented substrate
was finally performed as a practical example of application of this bonding technique.

Direktno bondiranje silicijevih ploscic
orientacije (100) in (111)

Kljuéne besede: polprevodniki, rezine silicijeve, bondiranje, bondiranje neposredno, hrapavost povrsin, bondiranje odvisno od orentacije
kristalov, trdnost natezna bondov, praznine, MEMS sistemi mikroelektromehanski, MM obdelava najfinejsa

Povzetek: Medsebojno spajanje ali takoimenovano “bondiranje” silicijevin plodéic kristalnih orientacij (100) in (111) je bilo izvedeno pri
temperaturah med 80 in 400°C v treh razliénih atmosferah: dusiku, kisiku in prinizkem vakumu (10 Pa). Priprava silicijeve povrsine je bila izvedena
z modificirano metodo klasiénega RCA &igGenja, ki se uporablja v mikroelektroniki ter naknadno pripravo povrsine v dusicnikislini pri 70 in 110°C.
Tako smo dobili izjemno &isto povréino brez delcev in ostalih necistod, obenem pa kemijsko zakljuCeno s tanko plastjo silicijevega oksida, tore
hidrofilno powréino. Po fiziénem spajanju silicijevih vzorcev pri sobni atmosferi in temperaturni obdelavi so bili narejeni testi natezne trdnosti
spojenih vzorcev. Trgaini preizkusi so pokazali doseZene vrednosti do 18 MPa. V ¢lanku so nadalje podane korelacije med zacetno hrapavostjo
silicijevih vzorcev ter vplivom ¢igéenja na slednjo in natezno trdnostjo spojev. Silicijevi vzorct (111) orientacije so pokazali vecje natezne trdnosti
v primerjavi z (100) vzorci za primer, ¢e so bile spajane povrdine zaklju¢ene s kemijskim oksidom. To je verjetno zaradi vedje gostote vezi na
(111) silicijevi povrsini, kar ima za posledico bolj homogeno in hitrejSo rast kemijskega oksidana povrsini. Nadalje se lahko sklepa, da je desorpcija
molekul vode iz spojne povréine povecana tudi zaradi vedjega pozitivnega naboja v oksidu, ki zraste na povrsini {111). To naj bi bil dodaten vzrok
za poveéanje bondirne energije pri nizkih temperaturah. Poleg zakljucitve povrsine s tankim kemijskim oksidom je bila pripravljena tudi povrsina
7 debelejdim termiéno raséenim oksidom (253nm). Pokazano je, da je bondiranje najbolj uspesno ravno v primeru, ¢e ima ena povisina tanek
kemijski oksid, druga pa debelejsi termiéni oksid. Na podiagi teh ugotovitev je bilo izvedeno bondiranje silicijevega senzoria tiaka na silicijevo
podlago (111) orientacije.

1. Introduction while others utilize bonding to realize multilayered

. . L structures such as micropumps, microvalves or similar.
Wafer bonding refers to a mechanical fixation of two or pump

more wafers to each other by intermolecular forces Bonding in generally is however not restricted only to
between them. Direct fusion bonding of silicon wafer silicon but in this work only this subject will be consid-
pairs was in detail first reported by Lasky more than a ered. For instance silicon wafers can be bonded by
decade ago for the purpose of SOl technology /1/ and electrostatic bonding to glass with matched thermal
by Shimbo on the formation of bonded pn diode /2/. expansion coefficients such as Pyrex 7740 /3/. Low
However, with progressive development of silicon mi- temperature bonding with intermediate layers of bind-
cromachining, bonding at waferscale has also become ing PSG glass, frit glasses, metals or polymers is also
a very essential technique in advanced silicon mi- used in many cases, but has inferior performances
cromachining and fabrication of microsystems. Sen- regarding stability and hermetical sealing /4/. To ex-
sors and actuators as well as other microelectro- clude thermal mismatch, bonding of silicon wafer to
mechanical systems (MEMS) realized by micromachin- another silicon wafer is an appropriate solution. We
ing are mounted usually on a rigid substrate, whether distinguish between silicon to silicon direct fusion bond-
due to assembly purpose or due to their functionality ing which takes place at high temperatures (900°C-
requirements. Some of them require hermetically 1000°C) and direct bonding at low temperatures (below
sealed cavities, for example absolute pressure sensors 400°C). The first approach requires high temperature
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step that many devices built on the wafer can not
withstand, while the second one exhibits some inferior
bonding performances such as lower bonding energy
and presence of voids at the bonding interface. Pro-
gress made in recent years with emphasis on surface
preparation techniques brought the bonding energies
close to those achieved with high temperature proc-
esses.

Among several techniques used in bonding active sili-

con wafer (wafer with prefabricated circuitry or micro-

structures) on silicon support wafer, low temperature

bonding /5-15/is emerging as a very promising one due

to the following facts:

* no intermediate layers are needed (no thermal ex-
pansion mismatches)

* no external electrical field is applied (possible active
circuitry damage is avoided)

* no high temperature steps (enabling bonding of
finished metalized structures)

Many low-temperature direct bonding approaches and
techniques were recently proposed with different bond
quality and application suitability. They are dealing with
bonding in ultraclean environment /17/, bonding in low
vacuum range /14/, ultra high vacuum atroom tempera-
tures /10,11,16/, etc. While many are based on wet
chemical surface preparation, some propose appropri-
ate in-situ preparation of hydrophilic surface with oxy-
gen plasma /11/ or argon high energy beam surface
etching /10/. From the practical and environmental
point of view it is expected that dry cleaning methods
in vacuum will probably prevail over wet chemical meth-
ods or a combination will persist. Despite all, one must
not forget that bonding has to be a robust, reproducible
and cost effective production oriented process. Excel-
lent resuits were recently reported by Satoh, who per-
formed bonding with aid of thin film of water glass at
80°C /34/. In this place a very extensive survey report
by Plossl should be mentioned, containing numerous
references from this field /35/.

This paper addresses some relevant issues in silicon
wafer bonding such as surface roughness, wafer orien-
tation, surface preparation and the impact these pa-
rameters have on bond quality.

In silicon micromachining, support bonding wafer is
commonly of (111) or (100) crystal orientation, P or N
type, but does not exclude also some other materials
and crystal orientations. It has to comply with the proc-
ess and assure appropriate bonding quality for the
specific application. Our research was focused mainly
on bonding differently prepared hydrophilic surfaces of
(111) and (100) oriented silicon wafers using low tem-
perature processes (80°C-400°C) under three distinct
ambient conditions: N2, 02, and low vacuum in order
to compare their bonding performances. The aim of this
work was to achieve a high bonding energy by covalent
bridging between two mating hydrophilic silicon sur-
faces at low temperature using the chemicals which do
not attack any layer of the finished device.

2. Bonding mechanism

During the last ten years, many models were proposed
by different authors /1,23,24,25/. The model recently
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proposed by Tong and Gdsele /25/ offers avery concise
and consistent insight into bonding mechanism and it
is primarily based on the fact that surfaces brought
together are originally prepared hydrophilic, i.e. cov-
ered with silanol groups which act as adsorption sites
for water molecules. It is now widely accepted that
silicon surface hydrophilicity, caused by hydroxyl
groups and physisorbed water, plays a major rolein the
process of bonding two silicon surfaces. Hydrophilic
nature of the silicon surface can be obtained either by
oxygen plasma activation or by wet oxidizing agents
(sulfuric acid, nitric acid, SC1 cleaning solution,..). The
schematic presentation of termination of two hydro-
philic surfaces in contact as shown by Weldon is pre-
sented in Fig.1.
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Fig.7:  Depiction of bonding interface region of two
hydrophilic silicon surfaces as presented by
Weldon /29/.
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Fig. 2:  Bonding model by Tong [25/, showing bridg-

ing of two hydrophilic silicon surfaces at
room temperature and subsequent transform
to siloxane bonds at elevated temperature
with excess water. Both types of OH groups,
a) isolated and b) associated are acting si-
multaneously.
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Model of Tong and Gosele is presented in Fig. 2 and
iluminates the bonding by the following explanation. At
room temperature and relative humidity of 45%, hydro-
philic surface is inevitably additionally covered with few
monolayers of water molecules attached to OH groups
via hydrogen bonds. After bringing two hydrophilic
surfaces into intimate contact it was also observed that
the wafers can be separated by blade and moreover
the bond can be restored again. For example, it was
shown by Backlund that hydrophobic surfaces (only
Si-H terminated surface) also stick together /28/, while
Weldon further showed by infrared absorption spec-
troscopy that only hydrogen terminated surfaces stick
together via Van der Waals forces /29/. This could not
be confirmed for hydrophilic surfaces /29/. Room tem-
perature bonding of two hydrophilic surfaces in our
case is presumably taking place by hydrogen bonds
between opposite water molecules groups. Tong
model in Fig. 2 shows water bridging between two
surfaces via isolated and hydrogen-bonded associated
OH groups. By taking into account saturated density of
both silanol groups, surface energy of 165md/m? was
calculated, that is in agreement with measured results.

Energetically favorable rearrangement of bonds occurs
at subseguent bond annealing or strengthening above
130°C. The temperature range 130°-150°C is consistent
with the fact that most of the water is removed from the
interface at this temperature and appreciable polymeri-
zation of silanol groups across the interface occurs via
hydrogen bridges (Eq.1). Si-O-Si covalent bonds are
starting to form with interfacial water as a byproduct. On
the other hand water molecules cause partial slow
fracture of Si-0O-Si bonds, which are chemically more
active by the presence of stress in strained hydrous
oxide layer as shown by Michalske-Freiman model /31/.
Consequently this reaction in reverse direction causes
increased number of Si-OH groups (Eg. 1). Desorption
of water at this temperature is however not complete
and some water (20%) is still present at bonding inter-
face up to 400°C /29/. Based on the previous facts we
believe that water acts via two mechanisms in the
reaction as follows from Eq.1 and reenters the process
via Eq. 2 (dissociation and oxidation as confirmed by IR
spectroscopy by Weldon /29/). It is our believe that
bonding is also orientation dependent, taking into ac-
count different growth rate mechanism of chemical
oxide on two orientations under investigation.

Si-OH + HO - Si ¢ Si- 0 -8 + H20 1)

Si + 2 H20 — SiO2 + 2MH2 2)
If interface water is successfully removed from interface
via outdifusion, what is less probable, or time and
temperature dependent dissociation takes place, then
strong siloxane bonds are formed. Interfacial species
must either react at the interface or dissolve into the
oxide and bulk in order to allow the oxides to mate
tightly. If water is trapped at the interface, bubbles are
formed as described by several authors /6,17,24,32/.
For unbonded part of the area a term bubble or void is
normally used. Water within bubbles can play a role at
elevated temperatures via enhanced dissociation proc-
ess thus releasing pressure which makes the bubbles
to finally disappear. However they simultaneously gen-
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erate from other reasons, possible sources being hy-
drogen from dissociation process (Eq. 2) or vaporized
hydrocarbons (CHy). This was studied in detail by Mi-
tani, showing that all three origins can take place simul-
taneously in bubble formation process /17,32/
Solutions to this problem were proposed such as wafer
preheating to desorb hydrogen or cleaning to remove
hydrocarbons, while for water removal, bonding in high
vacuum was suggested /10/.

Wet oxidizing treatment of clean hydrophobic silicon
surface in hot HNOg proceeds via chemical reaction
according to Eq. 3 rendering not only the growth of
strained native oxide with sufficient density of attached
silanol groups, but also removes hydrocarbons from
the surface /5/. Due to gaseous NO reaction product,
trapped in porous chemical oxide long rinsing in DI
water is mandatory to remove all traces.

3Si + 4HNO3 — 38i02 + 4NO + 2H20 (3)

Hattori showed that the structure of this oxide can be
characterized by the distribution of Si¥* suboxide and
that the correlation to Si-H bond density can be estab-
lished. This correlation explains that enhanced forma-
tion rate of native oxide in nitric acid is due to increased
mobility of oxidizing species through present Si-H net-
work which terminates the surface prior to hydrophili-
sation. Distribution of Si* is uniform in contrast to other
hydropylisation chemicals which result in a piled up
distribution at the interface /19/. This was also con-
firmed by Jiao, who reported that beside sufficient
Si-OH also Si-H surface terminations are found simul-
taneously on the surface /8/. Aoyama et al. have
showed by selective etching with photoexcited fluoride
and by STM observations that SiO2 formed in HNOg or
SC1 is not a uniformly thick layer, but has rather an
island structure, with some istands connected mutually
together, thereby confirming the existence of both Si-
OH and Si-H surface termination appearing simultane-
ously. Pinhole density of such chemically prepared
oxides was estimated to 5x109 per cm? /27/. With oxy-
gen plasma treatment, the desorption of undesired
adsorptives and the activation of free sites for the ad-
sorption of OH groups is achieved simultaneously.
Treatment in plasma results in highly reactive and thus
fully hydrated surface and exhibits long term stability of
hydrophilic surface nature /9,26/.

From our observation it was determined that the growth
of native oxide in nitric acid at 70°C renders the bonding
strength lower compared to the oxides grown at 110°C.
We suggest that this is due to nonhomogeneous oxide
layer growth with more pinholes and consequently less
OH bonding sites at the interface.

In case of (111) wafers, the growth of chemical oxide is
enhanced or at least more homogeneous compared to
(100) orientated wafers due to lower steric hindrance of
surface atoms. This imposes superior bond results in
case of (111) oriented wafers as will be shown in the
results later. We believe that there also exists influence
of positive oxide charge, which influences the water
molecule dipole attraction force /24/. As itis known from
MOS theory, oxides grown on {111) substrate exhibit
about one order higher positive fixed charge than ox-
ides grown on (100) substrates. Stronger hydrophilic
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nature of bonding surface, due to higher positive
charge in oxides grown on (111) surface as compared
to (100}, could be an additional reason for subsequently
strengthening the bond via temperature dependent
process of water desorption from interface.

3. Experimental

Standard, commercially available Czochralsky grown,
one side mechanically polished 3" silicon wafers of
(100) and (111) orientation were used in our studies.
Resistivity of wafers was 10-20 Q2cm, while thickness
was 380um. In order to bond wafers successfully spe-
cial attention has to devoted to the following three
fundamental steps:

o surface preparation to obtain clean, particle free,

smooth and hydrophilic surface

* prebonding at room temperature in air to join and
accommodate two surfaces with specific surface
roughness

° bond annealing (strengthening) at elevated tem-
perature in appropriate ambient to obtain covalent
siloxane bonds between two wafers

3.1 Surface preparation

Cleaning of the silicon surface has a great impact on
surface chemistry and topography /18/. To mitigate the
surface roughening occurring during RCA standard
cleaning (SC1) treatment, diluted SC1 was used as
described in Table 1. In this stage, a trade off between
cleaning efficiency and surface roughening has to be
achieved. Surface roughening was monitored by AFM
measurements. As it can be seen from Table 1 modified
RCA cleaning was followed by oxide removal in diluted
HF to expose silicon surface and rinse in deionized (D)

Table 1. Surface preparation of silicon wafers

water. At this point dry wafers were immersed into hot

- nitric acid (HNOg) at 70°C or 110°C, allowing growth of

few monolayers of fresh hydrous chemical oxide. After
prolonged DI water rinsing wafers were dried with hot
nitrogen and the surface preparation was hence com-
pleted. Following the procedures described in Tablel
we obtained a hydrophilic, OH terminated silicon sur-
face /8/. Since the surface during cleaning is very prone
to the attraction of particles, special care must be taken
when performing these steps. Particle free silicon sur-
face is essential in performing successful bonding task,
therefore all the work was performed in cleanroom
ambient of class 10. In Table 2 data concerning the
wafer pairing combinations by orientation, surface
preparation of paired wafers and thickness of layers on
the prebonding surfaces are presented. Thickness of
oxide layers was measured on parallel test wafers as a
difference between ellipsometric measurement prior to
and after nitric acid treatment. The values were in agree-
ment with data of other authors /19/. Samples with
thermal oxide were prepared by wet thermal oxidation
atmosphere at 975°C.

3.2 Prebonding at room ambient

Prebonding step has to follow immediately after surface
preparation. Two wafers were put into intimate contact
by use of teflon fixture in cleanroom ambient and room
temperature. It was also found important to initiate
bonding in the center by locally pressing the center
region from the top, thus enabling bonding phenome-
non to propagate radialty thus confirming the work of
Tong/5/. The aim of this operation is to squeeze out the
air cushion between surfaces, thereby preventing any
air trapping at the bond interface. Following this opera-
tion, pressure in the range of 0.1MPa was applied
homogeneously across the entire wafer area for dura-

DI, 10 min

HF* : HoO 1: 100 @ 25°C, 5 min
DI, 10 min

HNO3z* @ 70 or 110°C, 15 min
D1, 30 min

RCA cleaning - modified @ 70°C, 10 min, SC1- (0.25 NH40H :1 H2O02 : 5 Ho0)

*HF 50% VLS| Puranal Riedel de Haen
*HNO3 70% VLSI Puranal Riedel de Haen

Table 2. Experimental data of silicon wafer pairing combinations and surface termination prior to bonding

No.  Bond wafer pairing combinations gg;gggf;f;;;g ??C*‘}‘NQ‘? in native gﬁg{f@i?d'%e[";r“n‘fk”ess before
1 (100) / (111) C110°C / 110°C 0.8-1/0.9-1.2

2 (100) / (100) 110°C / 110°C 0.8-1/0.8-1

3 (i) /(1) C110°C / 110°C 09-12/0.9-1.2
4 (100) / thermal oxide . 110°C / none 0.8-1/ 253
5 (111) / thermal oxide 110°C / none 0.9-1.2/253

8 {100) / (111) , ~ 70°C/70°C 0.5/06
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tion of 10 seconds. According to the findings of Tong
et al., these mated samples were afterward stored for a
period of 150 hours in inert ambient at room tempera-
ture to reach the saturated value of interface energy /5/.

It is known that effective bond area and consequently
overall bonding energy can be increased by applying
external static pressure which increases the surface
energy to a value defined by a number of available
bonding sites /15/. By doing this we actually help to
accommodate the two surfaces that suffer from nonfiat-
ness via elastic deformation process, as described by
Maszara /30/. Higher pressure of 1.5 MPa was also
applied to some samples, but no gain in bond quality
was observed. After this prebonding procedure was
completed, the bond was in all cases sufficiently strong
to withstand the dicing of bonded wafers into smaller
samples for providing further temperature dependent
tests.

3.3 Bond annealing

The final step in low temperature bonding is bond
annealing (also termed strengthening), when transfor-
mation of silanol to strong siloxane bonds takes place
at elevated temperature above approximately 130°C as
will be shown in results. Bond strengthening was per-
formed at different temperatures in the range from 80°C
to 400°C, and in different ambients. Thermal treatments
were performed in Tempress junior furnace in the case
of nitrogen and oxygen atmosphere while for low vac-
uum at 10 Pa bond strengthening in vacuum furnace
was performed with two stage vacuum pump and oil
backstreaming trap to prevent contamination. The du-
ration of this step was 60 minutes in all cases. This
parameter was chosen according to the results of Ber-
thold who found minor influence of prolonged bond
strengthening on bonding energy /7/. This was con-
firmed also by Stengl /23/. In this temperature range
further accommodation of two surfaces occurs via elas-
tic deformations at microroughness scale.

3.4 Bond characterization methods

Fig. 3 shows principally the measurements of tensile
strength of bonded samples by pull test method /6/,
while Fig.4 shows a setup for bond characterization by
infrared transmission imaging for detecting voids and
imperfections, which was applied also by others, but
with modifications /20,21/. In our case IR camera model
PTC-10A was used. These are two most commonly
used criteria in the bond quality evaluation. Also X-ray

bonded sample

glue - Bl PO
OFe:

Tensile strength measurement principle for
evaluation of bonded silicon samples.

steel studs —-

Fig. 3:
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diffraction topography method, same as used for weld-
ing inspection was utilized for the purpose of void
detection and resolution comparison. Another method
used to reveal microvoids at the interface was cross-
sectioning by dicing of bonded samples followed by
shortisotropic etch. For the purpose of tensile strength
characterization 10x10 mm2 samples were prepared to
fit the requirements of pull test apparatus. The samples
were glued on steel studs by cyancacrylate UHU-plus
300. The studs with samples were attached in Amsler
20kN pull tester and the tensile force of breakage was
determined. To avoid inconsistent results ten samples
of each process variation were tested.

Ge lens Bonded
f=1000mm St walers
1R-camera o z\/\/\\; IR source
PTC-10A S0 aT=27C
L, i
L N b d
-k B S
VCR PC
Fig. 4:  Setup for bond characterization by IR trans-

mission method applied in our work.

4, Resulls and discussion

Parameters that mainly influence bond quality of
bonded hydrophilic silicon wafers are generally recog-
nized as: i) surface cleanliness, i) saturated surface
hydrophilicity and iii) surface roughness and nonflat-
ness. Suiface cleanliness was controlled under UV
inspection light and generally no particles were ob-
served with naked eye. To evaluate the degree of
hydrophilicity, water drop contact angle measuring
method was used /26,28/. Immediately after surface
preparation, shown in Table 1 measured angles were
between 2° and 4°. Bond quality dependence on sur-
face roughness origins, annealing ambient, wafer ori-
entation and surface termination are discussed in the
following subsections. )

4.1. Surface roughness of bonded silicon

To find a possible correlation between the silicon sur-
face microroughness and bond quality we performed
several roughness and microroughness measure-
ments with Taylor-Hobson Tallysurf Series 2 surface
profiler and Park Scientific Instruments atomic force
microscope (AFM), respectively. Attention was paid not
only to the initial roughness, but also to the roughness
contribution from the cleaning method as well as role
of surface roughness in bonding process.

The theoretical model of Maszara, revealing the possi-
ble way of bonding two surfaces with nonideal flatness
helped to gain better insight into the stresses present
in the bonded wafers /30/. Matching of the two inter-
faces acts via elastic deformation of each wafer that are
macroscopic in the case of nonflatness and micro-
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scopic in case of microroughness. Most deformation
occurs at room temperature prebonding step. Wafer
thickness plays also important role in stress release
distribution and deformation. Thinner wafers would al-
low bonding of more rough surfaces via deformation
processes. Stresses due to bonding are a combination
oftensile, compressive and shear stress and are decay-
ing from the interface to the bulk of the wafers.

To allow intermolecular forces to be active, particularly
hydrogen bonds in our case, mating surfaces have to
be in a sufficient proximity, calculated to be below 1nm
/25/. That’s why particularly wafer nonflatness at room
temperature prebonding and microroughness at an-
nealing temperatures, are important issue in wafer
bonding. Closing the gap between the two bonding
surfaces that is a consequence of nonflatness is possi-
ble if following criterion from the theory of deformations
is fulfilled /17/.

h ’ Y Eqg.1
?5<\/Et3

where h is the height of asperities, r is the length of
lateral distance between asperities, v is the interface
energy (J/m?) E is the Young’s modulus (1,66 10'! Pa
for (100) silicon) and tis the thickness of the wafer. For
values of h measured in our case (above 60nm) elastic
deformations can accommodate two surfaces though
even higher values have been reported /35/.

Roughness measurements on our samples have

shown that in the worst case we are dealing with three

distinct orders of roughness on the same wafer, differ-
ing in amplitude and in spatial periodicity.

— First order roughness (also termed nonflatness or
waviness) after SC1 cleaning appeared with spatial
periodicity of 50-70 um and peak-to-peak values of
60nm. First order roughness as shown in Fig.5 and
found only at vendor A was found to be the origin of
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Fig. 5:  Measured roughness profile of (100) wafer
surface from vendor A. Second order wavi-
ness is normally observed but modulation
with first order component with long period is
significantly pronounced in this particular
case.

unsuccessful bonding of wafers, independently of
surface preparation or bond strengthening condi-
tions. Most of samples were broken during mounting
in pull test apparatus while some showed inferior
tensile bond strength of 0.1-0.3 MPa. Waviness is a
consequence of the wafer dicing misalignment with
respectto (100) plane and poor polishing procedure.

— Measured second order roughness that appeared
with all the wafers from vendor A and B had a spatial
period of 3-4 um and peak-to-peak values of 20-30
nm and is presented in Fig. 6. By comparing the
results from Fig. 5. and Fig. 6. that are actually two
different silicon wafer vendors being involved in our
work, we found the same second order roughness,
but the absence of first order roughness in case of
vendor B. It was determined during experiments that
both roughness components are insensitive to the
cleaning procedure and are mainly a conseguence
of tribomechanical polishing. The spatial period is
attributed to the size of Syton colloidal silica particles.
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Measured initial roughness profile of (100)
surface from wafer supplier B, used in most
of our experiments. Second order waviness
is in the same range as in the previous dia-
qram, but no first order roughness compo-
nentis present.

Fig. 6:
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Fig. 7:  AFM 2D microroughness profile of (111) “as
delivered” virgin wafers from vendor B before

SC1 cleaning.
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— Third order roughness (termed also microrough-
ness) was determined by AFM measurements and
is on the atomic scale. Initial microroughness of “as
delivered” wafers was in the range of Ra=0.38-0.43
nm for the case of (111) wafers from vendors A and
B. 2D surface roughness profile is shown in Fig. 7.
Almost similar was observed as well for (100) ori-
ented wafers.
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Fig. 8. AFM microroughness profile of (111) wafer

surface from Fig. 7. after modified SC7 clean-
ing.

it was shown by Miyashita that according to different
cleaning treatments, microroughness can increase by
a factor of two or more /18/. By preserving the smooth-
ness with diluting SC1 cleaning solution, we also de-
creased the particle removal efficiency. By analyzing
the results of microroughness obtained by measure-
ments with AFM and shown in Fig. 4-7 and the bond
tensile strength results shown later, it was confirmed
that the chosen cleaning was an appropriate trade off
and roughening has not affected the bond guality. We
investigated both, (100) and (111) surfaces and no
significant difference in microroughness was observed
between them. Microroughness of the same wafers as
shown in Fig. 7 increased after modified SC1 cleaning
and diluted HF dip to the values Ra=0.5-0.64 nm,
corresponding to Fig. 8.

In Fig. 9 and Fig.10 are presented 3D AFM plots,
showing the surface profile of (100) wafers before and
after cleaning, respectively. The microroughening was
slightly more pronounced for (111) surface, but this
could be also due to difference in initial microrough-
ness. Surface area of 0,05x0,05 um? was analyzed
showing minor differences in microroughness, ranging
between Ra=0,089-0,16 nm.

By considering the generally accepted polishing stand-
ards in microelectronics, we found out that they com-
pletely satisfy the requirements of wafer bonding. First
order roughness from Fig. 5 was more an exception to
the rule. On the basis of our experimental results we
suggest that for successful bonding, waviness (first
order roughness) about 60nm and spatial period of
50-60 um was already critical in our case. Intermolecu-
lar forces were probably not sufficiently strong to induce
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elastic deformations because of pronounced nonflat-
ness for the wafer thickness involved.

Fig. 9:  Measured 3D microroughness profile of
(100) wafer surface by AFM from vendor B
before modified SC1 cleaning on 50x50nm°

area.

Fig.10: Measured 3D microroughness profile of
(100) wafer surface by AFM from vendor B af-
ter modified SC1 cleaning on 50x50nm°® area.

4.2. Annealing ambient

Bond energy is most often determined by two methods,
the interface energy determination by measuring the
crack length induced by inserting a blade between
bonded surfaces as introduced by Maszara /22/ and by
pull test of bonded wafers as it was performed in our
case, due to lack of characterization equipment to
perform the first one. The problem is that one can not
determine directly the bonding energy with puil test
method as in case of Maszara test, because there is no
direct connection to tensile bond strength.

The influence of bond strengthening temperature and
ambient on final bond quality was investigated by per-
forming pull tests on 10x10 mm? samples. Bond tensile
strength dependency versus temperature is presented
in Fig.11 for all three ambients. In the presented tem-
perature range two distinct regions are indicative. A
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threshold temperature separating two regions is be-
tween 120°C-150°C, confirming the model of Tong.
Below thistemperature there is aregion where success-
ful bonding is not viable or it is in the range of only few
tenths of MPa. Above this transition temperature the
tensile strength only slightly increases and it saturates
at the value around 10MPa, when the temperature
approaches 400°C.

18 .
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w ., T
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Fig.11. Bond tensile strength measurements as a re-

sult of increasing bonding temperature and
three distinct bonding ambients. Native oxide
on all surfaces is grown in HNOgz at 110°C.

From Fig. 11 the difference between ambients utilized
during bond annealing steps is evident. Inert nitrogen
is showing the most encouraging results in our set of
experiments. The reason for this is probably the fact that
nitrogen as inert gas does not enter in any interface
bonding reaction, therefore it neither supports nor in-
hibits the bonding mechanism itself once the pairs are
mated.

Annealing in vacuum furnace in low vacuum range of
10Pa for 60 minutes did not strengthen the bond as it
would be expected. These inferior results could be due
to low vacuum range and low temperature, which pos-
sibly limit the mobility and outdiffusion of interface prod-
ucts. In contrast to the results of Tong, we did not
observe the increased bonding strength due to the
reduction of nitrogen at bonding interface in low vac-
uum ambient/14/. The possible disagreement could be
as well due to annealing time difference, which could
play a significant role in vacuum bonding conditions
due to slow desorption of water from interface region.

In contrast to nitrogen, oxygen does enter the chemical
reaction at the bonding interface as silicon oxidizing
and binding species and can diffuse laterally through
the interface, where it can also react with hydrogen to
form additional water molecules. Oxygen plays a mul-
tiple role in bonding process as depicted in previous
section. However, according to our results, shown in
Fig.11, oxygen ambient does not participate to bond
strengthening as an additional outer parameter, as was
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proposed by Lasky /1/, but on the contrary, suppresses
the beneficial interface reactions for the chosen condi-
tions. By cross-sectioning the bond interface, higher
density of microvoids were found, thus correlating with
poor tensile strength.

4.3. Crystal orientation

We focused more in detail into the fact that (100) and
(111) oriented wafers have different surface termina-
tion, and thereby different number of available bonding
sites according to steric hindrance /33/. (111) oriented
silicon, with the most densely packed planes was ex-
pected to exhibit favorable bonding behavior with re-
spect to (100) oriented wafers. However, for the
purpose of wet micromachining, active wafer has to be
(100) oriented. Some structures even require wet mi-
cromachining of support wafer and for this reason
investigation on bonding of (100) to (100) oriented
wafers was performed as well.

Following these ideas, several bonding experiments by
pairing (100) and (111) surfaces, terminated with native
chemical oxide and/or with thermal oxide as shown in
Table 2 were performed. The results of bond quality of
these experiments are shown in Fig. 12-14. Fig. 12
shows the case of bonding equal orientations. It was
noticed that bonded (111)/(111) wafers exhibited
higher tensile strengths at lower temperatures (150°C)
and then decreased, reaching the values of bonded
(100)/(100) wafer pairs. The stronger bonding ability
around 150°C could be possibly attributed to higher
density of bonding sites on adjacent surfaces due to the
fact that native oxide is grown more rapidly and uni-
formly on (111) suifaces already at low temperature.
Enhanced growth rate is probably supported by disso-
ciation of interfacial water, diffusion through native ox-
ide and further oxidation of the nonhomogeneously
oxidized surface, making the initial chemical oxide
structure laterally more homogeneous. A strong de-
crease of bond tensile strength was observed at around
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Fig.12: Bond tensile strength measurements versus

increasing bonding temperature for
(100)/(100} and (111)/(111) pairs. Native
oxide was grown on all bonded surfaces in
HNO3z at 110°C.
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250°C. Referring to MUller, the decrease is attributed to
the void formation due to water release from the desorp-
tion and from the polymerization /6/. Subsequently,
gradual increasing of bond tensile strength with tem-
perature was noted for both pairs, reaching strength of
12MPa at 400°C. Saturation of bonding energy was not
observed in this temperature range as was previously
the case in bonding (111)/(100) pairs (Fig. 11).

Interesting results were obtained from the experiments
where 253nm of thermal oxide grown on (100} wafer
was bonded to (100) and (111) wafers with standard
native oxide as described in Table 2. Results of tem-
perature dependence of tensile bond strength are pre-
sented in Fig. 13. It is noteworthy that substantial gain
in tensile strength of SiO2/(111) over Si02/(100) bond-
ing pairs was achieved at low temperatures between
160°C-250°C. The peak value of 20MPa was reached at
temperature 160°C. As in previous case with
(111)/(111) pairs, a substantial drop was again ob-
served in the region between 200°C-300°C for
SiOg/(111) pairs. With increased temperature strength
levels off and reaches together with SiOg/(100) an equi-
librium value of 8-10 MPa at 400°C that is about 20%
less than in the case of bonding only native oxides. The
possible explanation is that interface reaction products
such as water now diffuse exclusively through the native
oxide network creating new bonding sites, while hydro-
gen is dissolved in thermal oxide and thus increasing
the bonding energy. Attemperatures around 250°C and
higher interfacial water has limited diffusion due to
thicker native oxide and possible voids are formed,
followed by bond tensile strength drop.

Fig. 14 presents bond tensile strength results depend-
ing on two different treatments in HNOg. Pairs have
been treated for 15 min at 110°C and 70°C, respectively.
There is evident difference between two HNOg tem-
perature treatments and related grown native oxides
bonding behavior. Thicker and probably more homo-
geneous oxide was formed during higher temperature
treatment. Latter promotes bonding more efficiently
(almost doubles the tensile strength) via homogeneous
distribution of bonding sites.
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Fig.13: Bond tensile strength measurements versus

increasing bonding temperature Bonding
interface was native oxide on (100) / thermal
Si0O2 and native oxide on (111) | thermal SiO2.
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Fig. 14: Bond tensile strength measurements versus

increasing bonding temperature for two differ-
ent HNQOg treatments. Thickness of grown na-
tive oxide was 0.8nm-1.2nm at 110°C and
0.5-0.6nm at 70°C.

4.5 Void inspection

In a temperature range of 200°C-700°C, voids are gen-
erated when hydrophilic surfaces are bonded /15,17/.
At first it was proposed by some authors that bubbles
are caused predominantly by water, which is a residue
of physisorbed water after rearrangement at the inter-
face and as the side product of condensation of OH
groups when Si-O-Si bonds are formed /2,23,24/. It was
also shown by the same authors that bubbles disap-
pear or redissolve completely above 1000°C.

Methods that are commonly utilized to inspect this kind
of macroscopic failures are as mentioned earlier, IR
transmission imaging, x-ray diffraction topography, ul-
trasound microscopy and sometimes, beside the TEM
investigation, the bond cross-section examination to
obtain microscopic view. Infrared transmission imaging
method is most often used to study the voids or imper-
fections at the bonding interface and was employed
also in this study. Observations made during this inves-
tigation are in accordance with other authors, stating
that origins of voids can be: i) particles left on the
surface after cleaning that can be omitted by handling
the wafers in cleanrocom environment, ii) locally in-
creased microroughness due to poor polishing or ag-
gressive cleaning, or iii) trapped gases at the interface.

By destructive method of cross-sectioning of bonded
samples additional information can be gained concern-
ing the voids. Samples were diced and a shortisotropic
etching (3min) in mixture of HF-HNO3-CH3COOH
(3:25:10) was performed to remove the damaged re-
gion, simultaneously enlarging and revealing individual
voids at bonded interface. Fig.15 shows micrograph of
a detail, revealing typical voids about 3-15um in length,
that were presented in samples annealed at 300°C in
oxygen. Fig. 16 shows elliptic microvoid about 1um
long, that appeared in nitrogen annealed samples of
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Si02/111 pairs at 400°C. Method itself is useful only for
qualitative evaluation because only single line of cross
section is examined, not the whole bonded area. No
exact correlation could be found with tensile strength
values, except for the case of oxygen annealing.

Cross-section of bonded sample in oxygen,
revealing high density of voids that are pre-
sented at interface thus reducing the bond
Strength.

Fig.15:

Fig.16: Cross-section of bonded sample in nitrogen,
revealing low density of smaller voids that are
presented at interface. Voids are actually
smaller, enfargement follows from short iso-
tropic etching.

Origins for bubble formation by Mitani could also be
CHyx adsorbed groups that are adsorbed during han-
dling and prolonged storage in plastic boxes /17/. This
can be avoided by surface cleaning methods in plasma
and to some extent in hot HNQOg3. Avoiding any pro-
longed storage in plastic boxes or performing cleaning
and bonding under high vacuum conditions is another
solution. Hydrogen originating from dissociation proc-
ess of interfacial water is also among possible origins,
as it was confirmed by the experiment with liquid nitro-
gen by Tong /5/ and by Bengtsson /13/. It was shown
that heating samples up to 600°C desorps hydrogen
effectively.
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Infrared transmission image of bonding inter-
face, treated at 400° in oxygen. Bubbles seen
as dark spots were normally observed at the
edge. Quarter of 3" wafer is presented.

Fig.17:

By IR method also Newton fringes can be observed
where particles are located. In our case none were
observed confirming that cleaning and handling were
appropriate. Attention was paid to the appearance of
bubbles in samples bonded in different ambients to find
a possible correlation to tensile strength results. Sam-
ples bonded at 400°C were investigated and only in
case of bonded samples in oxygen ambient bubbles
were observed as shown in Fig.17. Dark spots indicate
change in absorption, i.e. trapped gases or imperfec-
tions in bonding interface. No bubbles were found in
other samples bonded in vacuum and nitrogen, respec-
tively. A drawback of this method, however is low spatial
resolution meaning that microvoids can not be de-
tected.

Infrared transmission images of bonded struc-
ture sample where micromachined pressure
sensor was bonded to the support (111) ori-
ented wafer.

Fig.18:

Bonding of finalized pressure sensaors at the waferscale
was performed to apply the results of our investigation.
Bonding was performed in low vacuum range. Mi-
cromachined cavities act as huge voids and the overall
bonded area is small compared to the size of entire
wafer. In case of low-pressure sensors, bonding of
sensor rim is mandatory due to large size and fragile
nature of thin diaphragm. Effective bond with the sup-
port wafer is represented only by smaill rim area and
thereby has to assure strong enough and stable bond
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Infrared transmission images of bonded inter-
face showing a detail from Fig. 18. with cross-
section of whole microstructure. No
microvoids could be detected with this
method. Size of the membrane is
7OOX7OOum2. Ge lens with f=100mm was
used for this case.

Fig.19:

Fig. 20: X-ray image of bonded 3" wafer of completed
pressure sensor to support (111) wafer in
low vacuum (10Pa). Image exposure time
was 3min and tube acceleration voltage was
90KV,
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for the sensor in specific application. IR characterization
of bond quality can also be used as nondestructive
in-situ method in production and is therefore very prom-
ising. IR transmission image where active wafer with
pressure sensors was bonded to (111) substrate wafer
in a size of a quarter of 3" wafer is shown in Fig.18 and
a detail of transmission image is presented in Fig.19
with adequate cross-section of the microstructure. Full
size wafer to wafer bonding was additionally charac-
terized by x-ray topography method and a photograph
is shown in Fig. 20. No voids were detected by the setup
adopted and as such revealed only huge cavities be-
neath the membrane, although the IR method did reveal
minor nonhomogeneities.

4. Conclusions

Investigation of low temperature silicon-to-silicon
waferscale direct bonding and potential role of (100)
and (111) orientation in this process was performed in
temperature range from 80°C to 400°C. Bonding energy
was found to be rather poor below 120°C but it in-
creases sharply above this temperature and saturates
by approaching bond annealing temperature of 400°C.
The influence of different bonding ambients such as
oxygen, nitrogen or vacuum was investigated in the
above temperature range. From experimental work it
was determined that bond strengthening in nitrogen
ambient exhibited about 25% higher tensile strength
compared to bonding performed in vacuum or oxygen,
which was in the range of 8-10 MPa.

(111)/(111) pairs terminated with native oxides showed
higher bonding abilities compared to {100)/(100} pairs
only at low temperatures indicating that additional
bonding sites are created on (111) oriented surfaces,
possibly due to additional oxidation of interface due to
dissociated water resuiting from interfacial reactions.
Another contribution could be more hydrophilic nature
of bonding surface due to higher positive charge in
oxides grown on {111) surface compared to (100) sur-
face.

It was found that the thickness of hydrous oxide grown
in nitric acid at 110°C is sufficient to render a homoge-
neous and strong bond, while at lower temperatures of
HNO3 the grown oxide does not exhibit sufficient
number of bonding sites and bonding energy is re-
duced.

Interesting results were obtained by pairing wafers with
native oxide grown on different orientations to the wa-
fers terminated with thermal SiOp. Pairs SiOz/(111)
reached bond tensile strength value as high as 20MPa
at 150°C and later dropped to a value comparable to
Si02/(100) pairs which was around 10 MPa. Possible
reduction of voids is due to enhanced diffusion of
hydrogen into thermal oxide.

Roughness merely plays a role in bonding process if
held within the limits of commercially available wafers.
Increased microroughness caused by presented clean-
ing agents does not affect bonding at all. In most cases
no voids were detected due to particles while hidro-
philicity was sufficient. Cross-sectioning revealed mi-
crovoids, but no obvious correlation to tensile strength
values were determined.
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ANALOG REGULATOR FOR ELECTROCHROMIC
WINDOWS
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Abstract: Optical transmittance of electrochromic (EC) windows can be varied by means of electrical signals, which enables a simple way to
control the intensity of light transmitted through the window. For “smart” windows in buildings itis desired that the transmitted light is automatically
kept on a certain level, regardless the changes in outdoors daylight ilumination. Therefore we designed and built a prototype of analog three-state
regulator, which automatically controls the optical transmittance of EC window ~ decreases, increases or keeps unchanged — maintaining the
transmitted light intensity on a preselected value. In the paper, an electrical circuit and performances of the regulator are presented. Finaily.
demonstrational EC glasses controlled with handy battery-powered regulator are shown.

Analogni regulator za elekirokromna stekla

Kijuéne besede: kemija, EC stekla elektrokromna, EC okna elektrokromna, all sol-ge!l strukture, obarvanje, regulatorji analogni tri-stanjski.
prepustnost svetlobe, prepustnost svetiobe spremenljiva, razbarvanje

Povzetek: Elektrokromna (EC) stekla omogodajo, da s pomocjo elektricnih signalov spreminjamo njihovo svetlobno prepustnost in s tem
uravnavamo jakost prepuséene svetlobe. Ko se EC stekla uporabljajo kot “inteligentna” okna v zgradbah, je zazeleno, da se jakost prepuscene
svetlobe avtomatsko ohranja na izbrani vrednosti, ne glede na zunanje spremembe v dnevni osvetlitvi. V ta namen smo nacrtali in izdelali prototip
tri-stanjskega regulatorja, ki avtomatsko krmiti prepustnost EC okna — jo zmanjsuje, povecuje ali pa ohranja nespremenjenc ~tako, da se jakost
prepuscene svetiobe ohranja na izbrani prednastavljeni vrednosti. V élanku sta prikazani elektricna shema in delovanje regulatorja. Na koncu so
predstavljena demonstracijska EC ocala, ki jih krmili prenosni baterijsko napajani regulator.

lator was developed. It provides three different voltage

1. Introduction , , ,
states: negative for window colouring (towards lower

Electnga!ly cont(ollab!e optical transmittance of electro- transmittance), positive for window bleaching (towards
Chromlq (EC) windows present an adyantggeous fea— higher transmittance) and open-circuit state for keeping
ture .Wh!Ch can be beneficially US?‘? in d“‘f.efer.” light the transmittance of EC window unchanged. The de-
applications. One of the most promising applicationare  gjr54 |evel of transmitted light is adjustable with a po-
smart” buildings " windows, which in contrast to simple tentiometer. In this work a detailed electrical schematic
glass windows gnab!e a control over the intensity of of the prototype and the results of regulation are given.
daylight, transmitted through the window, by varying Finally, a demonstrational application of EC devices -
their optical transmittance. Thus, in the case of obscure EC glasses - and corresponding handy battery-pow-
and cloudy days high transmittance can assure that ered regulator are presented.

more daylight enters the building interior, which may
lead to lower lightning and heating consumption, while

in case of cloudless and sunny days low transmittance 2. “All Sol-gel” Electrochromic Device
can prevent excessive solar illumination and decreases ' . S -
the heating of the inside space, resulting in lower cool- The crossection of a typical EC devxce. is shown in F|g.
ing energy consumption. In other words, a constant 1. The basic structure -~ WOs as an active layer, organi-
level of daylight inside the building, regardless the cally modified electrolyte (ormalyte) with Li™ ions as an
outdoors illumination level is desirable in terms of en- lonic conductorand Lio.3CeV04 as a cgunter electrode
ergy saving as well as building occupants” comfort —isto be found between two glass substrates covered
' with SnO2:F transparent conductive oxide (TCO). All
Different processing methods and types of EC devices three layers of the basic structure were processed by
have been investigated /1-4/ in order to produce low the sol-gel technique therefore the device is called “all
cost EC windows with good performances. Publica- sol-gel” EC device /3,4/.
tions indicated that among several processing methods . .
a sol-gel technique exhibits many advantages over 1/}8%]'?5 g?étage, g’slki;v?/nnesciiigttigr:hﬁggpta;wnedvz?feor?
other traditional technigues /3/. The performances of - 1ayers. fig. 1 Sows a il n 0
the EC devices produced with the sol-gel method are Uis negative (positive potential at top anan_egaUve
also very good, therefore we based our applications on potential at bottom TCO layer). In this case Li* ions are
“all sol-gel” EC devices /3,4/. Their structure and some lonosr?éteerﬁr;rt?omn g?t:i i%%r;digc\/t\?(g;?a;g?%g%i:‘n E:SEE;
performances are briefly presented in the paper. colouration of the WOg film (it becomes blue) decreas-
For automatic control of the EC device a prototype of ing its optical transmittance. The structure remains in
analog three-state ECW (electrochromic window) regu- coloured state, even if the voltage supply is discon-
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nected (memory effect) because the Li* ionic conduc-
tor has low electronic conductivity (~10° S/cm). When
the positive polarity of U is applied, Lit ions are ex-
tracted from WOg3 layer and transported through the
ionic conductor and become inserted into the counter
electrode. Since WOg3 layer does not contain Lit ions
anymore, blue colour typical for tungsten bronze
(MetalxWQg) is lost (bleaching effect) and becomes
transparent layer.

glass

transparent conductive oxide (SnO,:F)

counter electrode (Li,,CeVO,)

ionic conductor (ormolyte) @)\ Li' U

active electrode (WQ,) *K / }
- - e

transparent conductive oxide (SnO,:F)

glass

Fig. 1: Structure of the EC window

The variation of the transmittance of EC device between
coloured and bleached state when applied voltage is
changed from -2 V to +2 V is shown in Fig. 2. Higher
applied voltage potentials would lead to larger differ-
ence between coloured and bleached state, but should
be avoided because too high intercalation levels de-
stroy the basic structure and consequently worsen the
device performance. Another limitation which affects
the device durability /5/ is electrical current, |. Higher
electrical current, supplied from the regulator, results in
higher colouring/bleaching speed rate, but it also detri-
mentally influences the device stability. Therefore, for a
particular EC window the optimal voltage level and
current limitation should be pre-determined. For our “all
sol-gel” EC devices of size 3x3 cm? the corresponding
values were foundto be U == 2V and Imax = = 15 mA,
respectively.

1.0 oo ; Ty
w08 bleached state (+2 V)
$ al
¢ 06+ :
8 ]
£ .i
2 04 coloured state (-2 V)
[0} H
~ 1
02}
0.0 — : bt
300 400 500 600 700 800
Wavelength, A (nm)
Fig. 2: Transmittances of the EC window in

coloured and bleached state
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3. ECW Regulator

The primary task of our prototype ECW regulator is to
automatically control the transmittance of EC window
to keep the transmitted light intensity on a constant
preselected level during the variation of the intensity of
incident light (Uphincident). Fig. 3 shematically shows the
complete EC system: EC device and regulator with a
photodiode for detection of transmitted light intensity.

l ‘];)/z Ilcnlenl i
EC window

Yy v v

Y ph dransmitied

— -

photodiode

desired vafoe of

G ph transmitted

ECW regulator

Fig. 3: Schematic view of EC system

To assure simple but efficient control over the EC win-
dow colouring/bleaching changes, we designed a pro-
totype of three-state regulator, which consists of
customary analog electronics components (resistors,
potentiometers, capacitors, transistors, operational
amplifiers). The output signal can assume three differ-
ent voltage states: negative (U = -2 V, Imax = -15 mA)
for colouring, positive (U = +2V, lmax = +15 mA) for
bleaching and open-circuit state (I = 0 mA) for stand-by
position. Negative state is activated when the intensity
of transmitted light exceeds the preselected value (col-
ouring requirement), while positive state is applied in
the case of too low intensity of light {bleaching require-
ment). When the intensity matches the preselected
value, the open-circuit state appears. To avoid the
continuous switching from bleaching to colouring or
vice versa, which may occur if the transmitted light
slightly deviates around the preselected value, we im-
plemented a hysteresis circuits in the regulator. There-
fore after the particular preselected value Jph transmitted
has been achieved the minor fluctuations of the light
intensity do not affect the regulator “s output if relative
deviations of transmitted |Ight (AJph transmitted /Jph trans-
mitted) are smaller than the negative (-5 %) or positive
(+5 %) hysteresis gap (Fig. 4).

Fig. 5 shows electrical circuit of the regulator. The basic
sub-circuits are: photodiode, the circuit for adjusting the
desired value of Jph transmitted, error circuit, low-pass
RC filter, an amplifier with adjustable gain, hysteresis
circuit, time limitation circuit and an output actuator.
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meas Ul’ed ‘]p/l transmitted
positive
preselected ™  hysteresis gap
ol transmitted negatl‘/b'
hysleresis gap
o

negative U/ open circuit

(colouring) positive U

(bleaching)

Fig. 4: Hysteresis behaviour of the regulator

Photodiode provides electrical current, Im, which is
linearly dependent on measured Jph transmitted. Im is
connected to the same node as lagj, which can be varied
by potentiometer P1a in the circuit for adjusting the
desired value of Jph transmitted, thus the difference be-
tween measured (Im) and desired (lagj) Jph transmitted
can be established. The error circuits transforms im —ladj
to voltage error signal, Uerror. If the current difference Im
~ladj is positive, negative or zero the error voltage Uerror
is higher, lower or equal to Vgo/2, respectively. To
smoothen the undesirable sudden short-term fluctua-
tions of Jph transmitted, voltage, Uerror is smoothened by
low-pass RC filter. Thus smoothening effect is neces-
sary in EC devices with faster colouring/bleaching tran-
sition times (e.g. gasochromic EC devices /6,7/). The
smoothened signal is then amplified by [Cza. The gain
of this amplifier is controlled by potentiometer P1g,
which is rotated simultaneously with potentiometer P1a
(for adjusting the desired Jph transmitted), therefore the
gain is light intensity dependent. In case of low

Crror circuit

adjusting the desired value of S panmmed

o7 L
r,,w__————ﬂ }————{(.Nn ;
LRI

] L3}
L S A
| 1

I
I LA {
; 2|
[ I S e I,
!
]

Jphtransmitted the gainis setto high value, while at higher
Jph transmitted @amplification is attenuated. This results in
relative error signal, Uerror rel, which means thate.g. 1%
deviation between measured and prescaled Jph ransmit-
ted cause the same Uerror rel regardless the absolute
value. Such relative form of the error signal is more
appropriate for regulation, because it shows signifi-
cance of the error with regard to the value of primary
signal.

Uerror rel is connected to the positive (IC1g, Re, Ry, D1)
and negative (IC1c, Rs, Rg, D2) part of the hysteresis
circuit, In case that Uerror rel exceeds the margin of
positive (negative) hysteresis - too high (low) value of
measured Jph transmitted -, the output of ICi (IC1¢)
becomes low (high) indicating colouring (bleaching)
request. If zero error is achieved (Uerror rel = 0) and
afterwards Uerror rel is found to be inside the hysteresis
margins, the open-circuit state is activated keeping the
transmittance of EC window unchanged.

Time limitation circuits restricts the duration of the active
output signal (negative and positive voltage state) to the
time period which is required for transition of EC device
from one saturated state (full coloured state) to the other
one (full bleached state). The application of the active
output signal longer than the transition time period
would increase power consumption but does not affect
the transmittance of EC device, therefore the limitation
is justified. In the circuit, maximum time duration of
positive and negative output voitage is determined by
(R1o0 + R12)Csz and (R11 + R13)Ca, respectively. In the
case of low, 0V, (high, Vco) output level of ICi8 (IC1c).
the capacitor Cg (C4) starts charging through resistors
Rio + Ri2 (R11 + R13), respectively. As long as the

amplifier

RC filter

Fig. 5: Electrical circuit of the regulator
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voltage of the activated capacitor does not exceed the
treshold voltage, determined by Ri4, R1s and Ryg, the
active output signal is applied to the EC device. High
output level of IC2p and the low of IC1¢ cause colouring
(LED1 lights), while low output of IC2p and the high
output of IC1¢ activate bleaching effect (LED2 lights). In
case of open-circuit state, both outputs are low.

The final actuator consists of four NPN transistors and
two trimmer potentiometers for adjusting output current
limitation. Voltage level of the active output signal is
determined by Ve potential. High output level of ICop
opens transistors T1 and T4, which applies negative
voltage state on EC device (colouring), while positive
signal of IC1c activates Tz and T2 resulting in positive
voltage applied to the EC device (bleaching).

To control larger EC windows, which exhibit slightly
different electrical characteristics than our EC samples
(3x3 cm?), some changes in actuator and power supply
of our prototype regulator would be necessary, but the
principle of the regulation and the basic regulator’s
structure would remain the same.

4, Results

Fig. 6 shows the results of regulation. We applied a
square pulse of incident light, Adph incident, to the EC
system, by switching on and off a light source (a 10 W
bulb positioned at a distance of 10 ¢cm in front of EC
device). The incident Jph incident and transmitted light,
Jph transmitted, were detected with two additional refer-
ence photodetectors. The output signals of the regula-
tor, U and |, as well as photodstectors” electrical
outputs were measured by digital oscilloscope HP
54601B. The measurements show that sudden in-
crease of Jph incident, results in sudden increase of Jph
transmitted, which is determined by multiplication product
between Adph incident and initial transmittance, Ti, of EC
window. After the increase of Jphtransmitted, the regulator
applies negative voltage (- 2 V) to the EC device, which
activates colouring effect resulting in exponential decay
of ph transmitted. The output current, |, rapidly increases
toward fimitation of -15 mA when the switching occurs,
afterwards it decreases significantly. The negative volt-
age is applied until Jph transmitted approximately reaches
the preselected value Jphadj. Then the open-circuit state
is activated until the pulse Adph is not finished. After the
back front of the pulse EC window is found to be in
coloured state, therefore Jph transmitted is t00 low. This
activates the positive output state (+ 2 V) of the regula-
tor, which causes bleaching effect and consequent
exponential increasing of Jph transmitted towards Jph adj.

Measurements show that positive voltage (+2 V) is
switched off a little bit earlier before the exact value of
Jph transmitted IS achieved. This deviation occurs be-
cause the photodiode of the regulator and the photode-
tector for independent measurement of Jph transmitted
were not mounted exactly at the same position of the
EC device. Thus, small non-homogenity in illumination
level of the light source as well as slight non-homo-
genity of the layers of the EC device cause small spatial
deviations in Jph transmitted. Considering an average
value of Jph transmitted Over the whole device area, meas-
ured by many dislocated photodiodes, would decrease
the effects of non-homogenity and render more precise
regulation.
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Fig. 6: Results of the regulation
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Fig. 7: EC glasses and handy ECW regulator

For demonstrational purposes we made glasses with
one EC lens and one customary glass lens, for com-
parison between transmittances. To control the EC
lens, a handy battery powered regulator was devel-
oped. Fig. 7 shows the regulator and glasses with EC
lens in coloured state. The miniature photodiode for
measuring the transmitted light was mounted directly
on the back side of the EC lens, nearby the frame, so
that the visual field is insignificantly restricted.



Informacije MIDEM 30(2000)1, str. 32-36

J. Kré, M. Topi¢, F. Smole, U. Opara Krasovec et al.
Analog Regulator for Electrochromic Windows

6. CONCLUSION

A prototype of three-state regulator for controlling “all-
sol gel” EC devices was developed. It automatically
controls the transmittance of EC device assuring the
intensity of transmitted light on a constant preselected
value. Such regulation is required in different applica-
tions with EC devices such as "smart” EC windows and
demonstrational EC glasses.
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NEVARNOST KAOSA V DIGITALNEM SITU
DRUGEGA REDA

Matej Salamon, Tomaz Dogsa
Univerza v Mariboru, Fakulteta za elektrotehniko racunalnistvo in informatiko,
Maribor, Slovenija

Kljucne besede: sistemi digitaini, filtri eiektri¢ni, filtri digitalni, kaos, aritmetika komplementa dvojiskega, hiperobé&utljivost na pogoje zadetne,
odpoved sistema, vezja mikroelektronska, filtri reda drugega, modeli linearni, modeli nelinearni, strukture 16-bit

Povzetek: Nekateri digitaini sistemi se lahko v dologenih razmerah zaénejo obnasati kaotiéno, kar lahko privede do zadasne odpovedi sistema.
V skupino kaoti¢no potencialnih vezij spadajo tudi digitaina sita, ki so sestavni del mnogih mikroelektronskih vezij. V prispevku obravnavamo
nevarnost kaotiCnega obnadanja digitainega sita drugega reda. Z radunalnisko simulacijo (programski paket Matiab) smo analizirali obnaganje
linearnega in 16-bitnega nelinearnega modela. Ugotovili smo, da se linearni model nikakor ne more obnagati kaoticno. Nujna, vendar ne edina
pogoja za kaoticnost sta: 1. struktura sita mora biti vsaj 16-bitna, 2. na vhodu ni prisoten noben signal. Kaotiénost je pogojena tudi z ustreznim
izborom zacetnih stanj in vrednosti koeficientov, ki zagotavljajo, da sito deluje na robu stabilnega obmodja. Kaoticno digitalno sito je mozno tudi
koristno uporabiti kot generator psevdokaoti¢nih sekvenc, ki ga potrebujemo pri razvoju ¢ipov na podrodju kriptografskih sistemov.

Danger of Chaos in a Second-order Digital Filter

Keywords: digital systems, electrical filters, digital filters, chaos, binary complement arithmetic, sensitive dependence on initial conditions, system
failure, microelectronic circuits, second-order filters, linear models, non-linear models, 16-bit structures

Abstract: Under certain circumstances some digital systems can exhibit chaotic behaviour resulting in a temporary system failure. Digital filters
are very often building blocks of microelectronic circuits. They belong to the group of potentially chaotic circuits. In this paper we discuss the
danger of chaos in a second-order digital filter. With the computer simulation program (Matlab) we analysed the behaviour of linear and non-linear
16-bit model. We found that the chaotic behaviour is impossible in the linear model. In order to exhibit chaotic hehaviour, a digital filter has to be
at least of 18-bit structure and no signais must be present on input, and filter ‘s coefficients must guarantee that filter operates on the boundary
of the stable region. The chaotic digital filter can be used as a generator of chaoctic sequences that are needed in the cryptographic systems.

1. Uvod Namen tega prispevka je v osvetlitvi problema kao-

,v ) _ . . ticnosti, ki lahko nastopa pri digitainih sitih. Prvo po-
Kaoticne sisteme srecujemo na razlicnih znanstvenih glavje opisuje analizo linearnega modela digitalnega
podrocjih kot so: matematika, fizika, astronomija, biolo- sita, katere rezultati potrjujejo znano dejstvo /2/, da
gija, medicina, meteorologija itd. Ti sistemi imajo vec kaos v popolnoma linearnih sistemih ni mogoé. Ker so
skupnih znacilnosti kot so npr. determiniranost, hiper- konkretna digitalna sita samo v doloenem obmodju
obcutljivost na zacetne pogoje, disipativnost, bifur- linearna, je potrebno ugotoviti, ali se lahko obnasajo
kacije, mehanizem raztezanj? in zvijanja ter Kaottcm kaoti¢no. Ta problem je prikazan v naslednjem po-
atraktorji /1/. Ker je kaoticno obnasanje sistema glavju, ki obravnava analizo 16-bitnega nelinearnega
povezano z ozkim in tezko napovedljivim obmocjem modela digitalnega sita, ki se ob ustreznem izboru
raznih sistemskih parametrov, lahko kaos postane v koeficientov ter zacetnih pogojev, obnasa kaotiéno. V
dolocenih primerih nepredvidljiv. Za vezje, ki je imple- zadnjem poglavju govorimo o vplivu oziroma posledi-
mentirano vintegrirani izvedbi, lahko pomeni naknadno cah omejenosti dolZzine besed na obnasanje realnega
ugotovljena kaoticnost, dodatne stroske. digitalnega sita. Ugotovili smo, da o kaoti¢nosti digital-

V zadnjih dvajsetih letih je bilo odkritih nekaj kaotignih o923 Sta lanko govorimo e, ce je struktura vsa) 16-

elektronskih vezij. VeCinoma gre za preprosta neline-
arna vezja, kot je npr. kaoti¢ni oscilator (avtonomni
zvezni sistem tretjega reda), ki ga je leta 1983 odkril 2. Analiza linearnega modela digitalnega
Leon O. Chua /2,3/. Kaos se lahko pojavija tudi v sita drugega reda

digitalnih elektronskih sistemih kot je npr. digitalno sito
drugega reda /4/. Digitalna sita se zelo pogosto po-
javljajo kot sestavni del mikroelektronskih vezij za ob-
delavo podatkov v realnem casu. Obnasanje digital-
nega sita lahko postane ob doloCenih pogojih nepred-
vidljivo, kar lahko vodi do odpovedi celotnega sistema.

Digitalni sistem drugega reda lahko obravnavamo kot
osnovni blok kaskadne ali paralelne strukture poljubnih
digitalnih sit /5/. Obravnavali bomo digitalno sito druge-
ga reda v t.I. direktni obliki (slika 1a). Na vhodu naj ne
bo prisotnega vhodnega signala.

Taksno nezazeljeno kaoti¢nost uvrséamo v kategorijo Sistem je linearen, zato ga lahko v prostoru stanj
logicnih (nacrtovalskih) napak, ki naj bi jih odpravili e opisemo s pomodjo naslednje matri¢ne enacbe:

pred implementacijo mikroelektronskega vezja. Moz-

nost morebitnega kaoti¢nega obnasanja lahko ugo- ‘ ) oy
tovimo s podrobno analizo digitalnega sita. Ker je to- {anH)J:{ >‘<2(n) J:!io 1}[&(@}
vrstna analiza zelo zahtevna, je simulator edino orodje, xp(n+1) | [b-xy(n)+a-x,(n)| [b a]|x,(n)

ki ga ima nacrtovalec na razpolago. (1)
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1
+ e /a] X,(n) ; / \ ; N
\! -2/‘1 0 1\2 a
7! }
<} X1(n)

a)

b)

Slika 1: a) linearni mode! digitainega sita drugega reda; b) obmocje stabilnosti digitainega sita

Dokazano je /4/, da je ravnotezno stanje x = [x1, Xg]
diskretnega sistema, opisanega z enacbo 1 asimp-
toticno stabilno, &e se vrednosti koeficientov a in b
nahajajo znotraj trikotnega obmocja v ravnini a-b, pri-
kazani na sliki 1b. Zelo zanimivo pa je obnasanje
sistema na meji, . na spodnjem robu trikotnega
obmodja, kjer je b = -1 in Jaj]< 2. Na robu stabilnega
obmodja sistem opisemo z enacbo:

_ 0 11| x%(n)
x(n+1) {_1 a} [xz(n)} A-x(n) )
S pomodjo matemati¢ne analize, opisane v /4/, pridemo
do zakljuéka, da je obnasanje obravnavanega sistema
okarakterizirano z druZino koncentricnih elips s 45°.
naklonom. Vsaka trajektorija poteka po elipsi Q{p) (slika
2) s premeroma:

py=p-v1+cose (3)
in
pzzp-ﬁwoose (4)

pri cemer je p vrednost, odvisna od zaCetnega stanja
x(0) in jo izradunamo po enacbi 5, 6 = 2nr pa kot, ki je
odvisen od Stevila .

o ) 5 7112
N [X1(0>"X2(O)]

2-2a

(5)

Trajektorija bo sestavljena iz konénega stevila tock, Ce
bo r racionalno stevilo, v kolikor pa bo r iracionalno
stevilo, bo trajektorija predstavljena z neskoncno
mnogo tockami, razvrs€enimi po elipsi Q(p). |z slike 2
je razvidno, da se trajektorija vedno nahaja znotraj
kvadrata s stranicami, katerih dolzina znasa 2p(x(0)).
Ce torej trajektorija starta iz zaCetnega stanja x(0) in
izpolnjuje neenacho

p(X(0)) <1 6)

velja, daje:
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Slika 2: Trajektorija linearnega diskretnega sistema
drugega reda

xi(n<p<1, [xe(n)]<p<t zavsakn (7)

Povzemimo ugotovitve pravkar obravnavane analize:
obnasanje linearnega modela digitalnega sistema
drugega reda opisuje trajektorija, ki lahko poteka le po
elipsi.

3. Analiza nelinearnega modela
digitalnega sita drugega reda

Kakor hitro digitalno sito prakticno realiziramo, vne-
semo vanj nelinearnost, ki se ji ne moremo izogniti.
Oglejmo si primer realizacije digitalnega sita v aritmetiki
dvojiskega komplementa. Za tovrstno aritmetiko je
znacilna modularna nelinearnost, ki jo prikazuje slika 3.
Ta karakteristika kaZe, da je izbrana vrednost x v
sestevalniku zmeraj predstavijena s stevilom f(x), ki leZi
le na intervalu [-1,1).
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Slika 3:  Za dvojiski komplement znacilna nelinearna
karakteristika
Vhod=( © ‘L‘;(*) I I » [zhod
Z‘l
] ,
\“\J Xa(n)
Z‘l
b | } x(n)
\J N

JY - seStevanje v aritmeliki dvojiskega komplementa

Slika 4:  Nelinearni model digitalnega sita drugega
reda

Na sliki 1a oba sestevalnika zdruzimo in upostevamo
nelinearnost aritmetike dvojiskega komplementa, do-
bimo nelinearni model digitalnega sita, ki ga prikazuje
slika 4.

Ce na vhodu sita signal ni prisoten, lahko nelinearni
model opisemo z naslednjo nelinearno diferenéno
enacho

X{n+1) ®)

xg(n+1)J.“

,r Xa(N)
i‘f(b Xq(nj+a-x,(n)

kjer je f(*) funkcijska odvisnost, prikazana na sliki 3. Za
zaCetna pogoja x1{0) = x2(0) naj velja, da sta iz
mnozice:

(9)

. [x ]
:-]X: :--—15x,<1,—~1£><2<1}

X

Ker se bomo v nadaljevanju, podobno kot prilinearnem
modelu, osredotocili na obnasanje nelinearnega
modela na meji stabilnosti, tj. prib = -1 inljal < 2, zapi-
Simo ustrezno diferenéno enacho:

x(n+1) = o)

[ x,(n+1) - _
J‘ f(-tx,(n)+ 2 xo(m) |
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Na osnovi analiziranega linearnega modela sklepamo,
da se bosta linearni sistem opisan z enacbo 2 in
nelinearni digitalni sistem, opisan z enacbo 10 ocbnasala
identi¢no, ¢e bo zacetni pogoj izbran tako, da bo:

X(0) e Iy = {x:p(x) < 1} (11)

V tem primeru namre¢ v nelinearnem modelu ne bo
prihajalo do prekoracitev prisestevanju, kar pomeni, da
se bo nelinearni model obnasal popolnoma enako kot
linearni. Trajektorija bo tore] potekala po elipsi, pri-
kazani na sliki 2. In kaj se zgodi, ¢e zacetni pogoj
x(0) lezi izven obmocja I10? Izkaze se, da trajektorija
nelinearnega sistema ne poteka vec¢ po elipsi, pac pa
njeno gibanje postane zelo kompleksno. Ker je analiza
takSnega obna$anja matemati¢no izredno zahtevna,
smo model analizirali s pomocjo simulatorja. S pro-
gramskim paketom Matlab smo razvili orodje, ki
omogoca simulacijo 16-bitne strukture digitainega sita
drugega reda.

3.1 Trajektorije nelinearnega modela

Ker smo pricakovali, da se bo nelinearni model obnasal
kaoticno za p(x)>1, smo dolociti interval, znotra]
katerega se v tem primeru smeta spreminjati zacetni
stanjix1(0) inx2(0). Ob upostevanju enacbe 5, vrednosti
koeficienta a = 0.5 in enakosti x1(0) = -x2(0) = xg, sMo
prisli do zakljuCka, da mora biti

(12)

Kakor hitro bo torej xo > 0.612372435695, bosta zadet-
na pogoja lezala izven obmodja 11p, kar pomeni, da bo
pri operaciji sestevanja prihajalo do prekoraditev.

Oglejmo si podrobneje analizo 16-bitne strukture digi-
talnega sita (slika 5), ki smo jo izvedli s programom
Simulink. Koeficientaain b smoizbralitako, daje sistern
deloval na robu stabilnosti, kar pomeni, da smo izbrali
ze omenjeni vrednosti: a = 0.5, b = -1.

Z namenom, da bi opazovali gibanje trajektorije pri
razlicnih zagetnih pogojih xo = x2(0) = -x1(0), smo xo
spreminjali na intervalu med O in 1. Dobili smo rezultate.
na osnovi katerih smo trajektorije razvrstili v tri razliéne
skupine, in sicer;

» Tip I: trajektorija poteka po elipsi.

e Tip ll: trajektorija potuje periodi¢no po konénem
Stevilu elips.

* Tip NI trajektorija poteka po neskonéno mnogo
elipsah in pri tem izkazuje kaoti¢no obnasanje ter
fraktalno geometrijo.

Pri izboru zacCetnih pogojev na intervalu

0 < xo < 0.61232 smo dobili pricakovano trajektorijo
tipa | (slika 6a), saj velja, da je xo ¢ llo. Razlog za
nekoliko nizjo zgornjo mejo intervala, ki bi morala biti
po analiticnem izracunu 0.612372435685, je 16-bitna
omejenost binarnega zapisa stevil. S prekoraditvijo
vrednosti zacetnega pogoja xo > 0.61232 postane ob-
nasanje sistema zelo nenavadno. Pri zadetnem pogoju
xo = 0.615 se pojavi kaoticna trajektorija - trajektorija
tipa HI, ki jo prikazuje slika 6b. Ta trajektorija poteka pe
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mnogih elipsah, ki tvorijo fraktalne vzorce. Med njimi
obstaja samopodobnost preko vseh meril, kar je znadil-
nost fraktalnih podob.

Ce vrednost zadetnega pogoja $e povecamo, lahko pri
xo = 0.6634 opazimo, da se gibanje trajektorije nekako
umiri oziroma omeji na gibanje po 10 razlicnih elipsah
(slika 6¢). Ker je tak8no gibanje trajektorije periodi¢no,
mu pravimo perioda 10, sicer pa velja, da $tevilka
periode oznacuje stevilo elips, po katerih se trajektorija
giblje.

Jloor(u*2°15)/271 5

Cyep| tom iy Am,u ,,,,,,, ,v__‘_‘.‘.__,@
fot | I 2 aatt
Tram fan Te
Fced-Foint Ficed: Point
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2 la »(1)
Q
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Slika 5:  16-bitna struktura digitalnega sita,
uporabliena pri racunalniski simulaciji s
programom Simulink

Spreminjanje zacetnih pogojev in posledicne spre-
membe trajektorij lahko strnemo v tabeli 1. Oznacba
“spremenljiv’ pomeni, da gre za trajektorijo tipa Il ali
trajektorijo tipa ill. Vsak interval z omenjeno oznako bi
lahko razdelili Se naprej v manjSe intervale, znotraj
katerih bi se pojavljale trajektorije tipa Il, in intervale z
oznako “sprementjiv”.

Tabela 1: Tip trajektorije glede na izbran zacetni pogoj
xg = x2(0) = -x1(0)

Zacetni pogoj Tip trajektorije

0 < xy<0.61232 l

| 0.61232 < %, < 061550
0.61550 < X < 0.66448

~ spremenljiv
I, perioda = 10

- 0.66448 < x5 < 0.67757 sprementjv
0.67757 < xg < 0.92237 Il; perioda = 2
0.92237 < x; £ 0.94932 spremenljiv

0.94932 < x;<0.98780 II; perioda = 18

0.98780 < x,<1.0 spremenljiv
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Slika 6: Trajektorija: a) tipa I; b) tipa lll;
c) tipa Il - perioda 10
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Slika 7: Razlika med dvema kaoticnima sekvencama izraza hiperobcutijivost kaoti¢nega digitalnega sita

3.2 Hiperobcutljivost na zacetne pogoje

Kaoticnost sistema je povezana s hiperobdutljivostjo na
zacetne pogoje, lahko patudi na dolo¢enet.i. bifurkacij-
ske parametre. Glede na to smo pri¢akovali, da bo
digitalno sito, ki je lahko kaoti¢no, hiperobcéutljivo. S
simulacijo smo ugotovili, da je obravnavano sito
hiperobcutljivo na zacetni stanji x1 (0} in x2(0), medtem
ko hiperobd&utljivosti na katerega izmed drugih para-
metrov nismo odkrili.

Z namenom, da bi prikazali hiperoblutljivost kaoti¢-
nega digitainega sita, smo v skladu s tabelo 1 izbrali
dva zacGetna pogoja, pri katerih se sito obnasa kaoti¢no.
Poiskali smo pripadajoca poteka trajektorij A in B, ki sta
startali iz izbranih zacetnih stan;j:

* Trajektorija A:
x2a(0) = 0.987884521484; x1a(0) = -0.987884521484

¢ Trajektorija B:
x2p{0) = 0.987915039062; x1(0) = -0.987884521484

Kljub minimalni razliki med zacetnima pogojema’ sta
se trajektoriji A in B zelo hitro oddaljili ena od druge.
Razlicnost njunega gibanja oziroma razli¢nost sekvenc
spremnljivke xpa in xzp prikazuje slika 7.

Sekvenca spremenljivke xea je predstavljena s polno
¢rto, sekvenca spremenljivke xzop pa s prekinjeno érto.
Do priblizno 27. iteracije se sekvenci zelo dobro uje-
mata, takoj za tem pa se pri¢neta druga od druge vse
bolj oddaljevatiin se nikoli vec ne ujameta. To kaze, da
je kaoticno digitalno sito zares hiperobdutljiv sistem.

1 Zacetna pogoja smo izbrali tako, da sta se raziikovala v enem
samem bitu.
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4. Vpliv dolzine binarne besede na
kaoticnost digitalnega sita

Ceprav se digitalna sita uporabljajo Ze vec¢ kot dve
desetletji, je bil kaos v njih odkrit razmeroma pozno.
Razlog zato je prav gotovo uporaba prekratkih binarnih
besed pri prakticnih implementacijah. Znano je nam-
re¢, da imajo kaoti¢ni sistemi teoretiéno neskoncéno
mnogo stanj, kar pa za realizirana digitalna sita, ome-
jena s konc¢no dolzino binarne besede, ne drzi. Zaradi
tega so se vedno znova pojavijali dvomi o kaoti¢nosti
realnih digitalnih sit.

Pri analiticnih obravnavah digitalnega sita drugegareda
smo privzeli, da se digitalno sito obnasa kaoti¢no, ¢e
so stanja v situ predstavijena s stevili, ki imajo lahko
neomejeno stevilo decimalnih mest /4/. V praksivemo,
da to ni mogoce, saj so v digitalnih strukturah Stevila
vedno omejena z doloCenim konénim $tevilom bitov.
Pojavi se vprasanje, ali je taksna “omejena” struktura
digitalnega sita torej sploh lahko kaotiéna.

Ker vemo, da so pravi kaotiéni sistemi zvezni sistemi,
lahko v primeru digitalnega sita drugega reda govorimo
le o psevdokaoticnem obnasanju /6/. Za prakti¢no re-
alizirano sito velja, da je psevdokaoti¢no le, ¢e je kvan-
tizacija dovolj natanc¢na, kar pomeni, da morajo hiti
Stevila predstavljena z dovolj dolgo binarno besedo. Ce
je le-ta prekratka, se zgodi, da je kaoti¢nost sita prikrita.

Glede nato, da sta v obravnavanem sistemu prisotni le
dve razli¢ni sprementjivki stanj x1 in x2, lahko na osnovi
vseh moznih kombinacij in dolZine binarne besede L
izraCunamo Stevilo vseh moznih stanj N po enadbi:

N =2t ob =02t (13)
V kolikor uporabimo 16 in vec bitov, se kaoti¢no ob-

nasanje sita na videz ne razlikuje ve¢ od obnasanja sita
s teoreticno neomejeno dolzino binarne besede. O tem
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smo se prepri¢ali z racunalnisko simulacijo 16-bitne
strukture in strukture, kier so bile obravnavane vred-
nosti s plavajo¢o vejico. Ugotovili smo tudi, da 8-bitna
struktura ne more biti kaoti¢na, saj je Stevilo razlicnih
stanj premajhno. To je razvidno tudi s slike 8, ki kaze,
datrajektorija 8-bitne strukture, za razliko od trajektorije
16-bitne strukture, ne izriSe za kaos znacilne fraktalne
podobe. T. Lin in L. Chua pravita, da kaos v manj kot
16-bitni strukturi ni mogo¢ /6/.

5. Zakljucek

Eden od razlogov za odpoved mikroelektronskih vezij
je lahko kaotiéna narava, skrita v njegovih osnovnih
gradnikih. Kljub temu, da je odkrivanje obmocja kao-
ti¢nosti sistemov v splodnem zelo zahtevno, je kaotic-
nost kompleksnega sistema smiselno preveriti s simul-
atorjem Ze na konceptualnem nivoju in se na ta nacin
izogniti nezazeljenim in nepredvidljivim tezavam pri de-
lovanju.

]

b)

Slika 8: Trajektorija a) 8-bitne strukture; b) 16-bitne
strukture

Ker je osnovni gradnik mnogih mikroelektronskin vezij
lahko tudi digitalno sito drugega reda, smo se odlocili
za njegovo podrobnejso analizo. S pomocjo program-
skega paketa Matlab smo ugotovili, da v nelinearnem
sistemu drugega reda obstaja nevarnost kaosa, ce je
vhodni signal nic¢eln in, ¢e sistem ob primerno izbranih
zadetnih pogojih, deluje na robu stabilnega obmocdja.
Trajektorije, ki smo jih dobili pri analizi nelinearnega
modela smo razvrstili v tri skupine: nekaoti¢ne trajekto-
rije tipa | in Il ter kaoticne trajektorije tipa llI, ki izrazajo
zanimivo fraktalno podobo, sestavijeno iz razlicno
velikih elips.

Opazovali smo tudi kaotiéne sekvence spremenljivke
stanja in ugotovili, da lahko minimalna sprememba v
zadetnih stanjih povzroéi povsem razlicni kaoticni
sekvenci, kar kaze na hiperobcutljivost obravnavanega
sistema oziroma na znan metuljev efekt.

Vsak kaoti¢ni sistem ima teoreti¢no neskoné¢no mnogo
razliénih stanj, kar pri praktiéni realizaciji kaoticnega
digitalnega sita ne moremo doseci, saj je digitalna
struktura zmeraj omejena s konéno dolzino binarne
besede. Rezultati simulacij so pokazali, da je kaoticnost
pogojena tudi z zadostnim Stevilom bitov oziroma do-
volj dolgim binamim zapisom $tevil. Digitalno sito
drugega reda bo lahko kaoticno le, ¢e bo njegova
struktura vsaj 16-bitna /6/.

Analiza digitalnega sita drugega reda nas je privedla do
ideje, da bi lahko tovrstno hiperobcutljivo strukturo
koristno uporabili kot generator tokovnega kljuca, pri
razvoju Cipov na podrocju kriptografskih sistemov /7/.
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GENERAL INFORMATION

The 36t International Conference on Microelectronics,
DEvices and Materials, MIDEM 2000, continues the
tradition of annual international conferences organized
by the MIDEM Society. These conferences have always
attracted a large number of Slovene and foreign expetrts
working in these fields.

The topics covered by the conference are quite diverse,
and presenting about 60 papers in five sessions over
three days seems rather demanding. However, once a
year scientists and engineers have the opportunity to
present their work to the international public and to
meet and discuss trends, news and problems related
to their field of work. We believe that this at least
balances the effort required by the attendees and the
organizer.

The conference is very well known in the electronics
community. Hundreds of distinguished scientists from
all over the world have taken part in previous MIDEM
conferences. The goal of establishing contacts, col-
laboration and friendship among scientists and their
companies remains the main aim for the organizer.

Therefore, you are kindly invited to take part in the
forthcoming:

36th international Conference on
Microelectronics, Devices and Materials -
MIDEM 2000 Conference

The conference will be held in Hotel Jama,
Postojna, Slovenia, October 18 - 20, 2000

ORIGINAL PAPERS RELATING TO THE

FOLLOWING AREAS ARE INVITED FOR

SUBMISSION:

» Nlovel monolithic and hybrid circuit processing tech-
niques

* New device and circuit design

* Process and device modeling

* Semiconductor physics

* Sensors and detectors

* Electromechanical devices

¢ Microsystems
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* QOptoelectronics

* Photovoltaic devices

* New electronic materials and applications

* Electronic materials science and technology

e Materials characterization techniques

* Reliability and failure analysis

e Education in microelectronics, devices and materials

As with previous years each session will be introduced
by distinguished invited speakers giving an overview
presentation on a related field.

INVITED CONFERENCE PAPERS

Pavel Mach, Czech Technical University in Prague,
Faculty of Electrical Engineering

“Diagnostics of Nonlinearity of a Current vs. Voltage
Characteristic - Theory and Application”

Abstract: Contemporary development in the area of
electronic and microelectronic materials and processes
is very quick. New components with ever-rising quality,
smaller dimensions andlower price are developed, new
materials as well as new technologies are invoived
every day into standard technological processes, envi-
ronmental aspects limit the use of some typical materi-
als. Together with the development in this area new
types of diagnostics have to be developed, too.

Generally, diagnostic methods can be divided in two
basic groups: the methods, which are based on inves-
tigation of macro physical properties of components or
materials and the methods, which reflects microphysi-
cal properties. Both the basic types of diagnostics are
complementary.

The measurement of nonlinearity of a current vs. volt-
age characteristic of nominally linear components is
used as a diagnostic tool for many years. For the first
time it was used for thin metal films, butit was soon used
for investigation of other types of films and for different
types of components, too. With respect to the mecha-
nisms of conductivity, which take part in composite
materials, such as thick resistive films or electrically
conductive adhesives, this method seems to be espe-
cially convenient.
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There are many theories of nonlinearity. Overview of
different theories of nonlinearity with their deeper de-
scription will be presented.

The results of diagnostics of nonlinearity will be shown
on three examples: on optimization of a shape of thick
film resistors, on evaluation of quality of electrically
conductive joints prepared of more types of isotropic
electrically conductive adhesives after their thermal
storing and on properties of lines with a very low width
(20-200 um)} manufactured of two types of special thick
film material systems,

Equipment for nonlinearity measurement which are
available on the market (of a type CLT) are constructed
for one frequency only, powering frequency is 10 kHz,
measuring frequency 30 kHz. At the Department of
Electrotechnology of the CTU it was developed an
equipment which makes the measurement of non-
linearity in the frequency range of 30 kHz - 900 kHz
possible.

The results obtained in this range allow to validate or to
negative theory, which is based on assumption that a
source of nonlinearity and noise is the same. Results,
which were still obtained, show a poor mutual similarity
of dependence of these parameters on frequency. For
final decision about validity of this theory more meas-
urements will have to be made.

G.U.Pignatell!), M.Boscardin(?), G.-F.Dalla Betta(?),
(ODipartimento di Ingegneria dei Materiali, Universita
di Trento, Hltalia,

(@ITC-IRST, Divisione Microsistemi, Povo, Italia
“Recent Developments in Silicon Radiation Detec-
tors at IRST”

Abstract: In the last few years, the Institute for Re-
search, Science and Technology (IRST) has been in-
volved in a research program, supported by the ltalian
Institute of Nuclear Physics (INFN}, aimed at setting up
the technological capabilities for the production of dou-
ble-sided silicon microstrip detectors suitable as parti-
cle tracking devices in high energy physics
experiments as, for example, “ALICE” at LHC. In this
paper the most relevant achievements of this techno-
logical development will be presented. In particular, the
main design and processing issues will be discussed
and some selected results from the characterization of
detectors and related test structures will be reported.
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WORKSHOP on ANALYTICAL METHODS
in Microelectronics and Electronic Materials

Begining in 1998, to the programme of the MIDEM
Conferences specialist workshops were added. During
the workshop, four to six invited speakers present pa-
pers on the chosen topics from different aspects, thus
offering the audience valuable information. Time for
thorough discussions is provided between invited pres-
entations, and the Conference attendees are encour-
aged to present their research resuits in the Conference
session dealing with the same topic. For Conference
participants, attendance at the workshop is covered by
the Conference registration fee. For the year 2000, we
are pleased to announce a

Workshop on ANALYTICAL METHODS
in Microelectronics and Electronic
Materials

Selected topics associated with advanced analytical
methods like AFM, SEM, TEM, EDX, AES, ESCA, XPS,
etc. will be presented, covering the basic physical prin-
ciples, as well as actual and possible applications of
these methods in microelectronics and in the analysis
of electronic materials.

The workshop is organized by the Ceramics Depart-
ment of the Jozef Stefan Institute.

The programme committee is pleased to announce the
following invited speakers, who will give their presenta-
tions on the following subjects:

Igor Musevic, Jozef Stefan Institute, Ljubljana,
Slovenia

“Atomic Force Microscopy”

Abstract: Since the invention of the Scanning Tunnel-
ing Microscope (STM) by G. Binnig and H. Rohrer in
1982, a number of related surface probing techniques
have been developed, capable of resolving single at-
oms or molecules at a free surface. In particular, the
Atomic Force Microscopy (AFM) is well recognized as
a promising tool for observing the nanometer-scale
structures of non-conductive surfaces, soft matter ob-
jects like single organic molecules, polymers, biologi-
cal tissues, etc. At present we are able to observe
individual atoms using the AFM technique and the goal
is to resolve the chemical structure of surfaces and
large macromolecules. We shall discuss the basic prin-
ciples of operation of various Surface Probe Micros-
copy techniques and review various fields of
application.

H.Peter Karnthaler, Institute of Material Physics,
University of Vienna, Austria

“High Resolution TEM Analysis of Atomic Struc-
tures of Metals, Alloys and Ceramic Materials”

Abstract: Transmission electron microscopy methods
are used to get insight into the inner structures of the
materials. In addition to the direct atomic resolution of
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the structures as interfaces and precipitates chemical
information can be gained. Itis important that the struc-
tural data can be correlated with the chemical ones on
avery localized level. Since the specimens mustbe very
thin to be penetrated even by 300 kV electrons special
preparation techniques are required.

Slavko Bernik, JoZef Stefan Institute, Ljubljana,
Slovenia

“Inversion Boundaries in ZnO-based Varistors”

Abstract: The non-linear current-voitage (I-V) charac-
teristic of ZnO-based varistor ceramics is a grain bound-
ary phenomenon and results from an electrostatic
barrier at the grain boundaries. The breakdown-voltage
of varistor ceramics depends on the number of non-
ohmic grain boundaries per unit thickness and can be
controfled by the size of the ZnO grains. However,
overall electrical and energy characteristics of the varis-
tors, which are important for their use in the protection
of electronic components and circuits against voltage
surges, results from the synergetic effects of many
elements of their complex microstructure. Inversion
boundaries are the subject of this study. ShoOg3 is a
powerful grain-growth inhibitor and is a standard addi-
tive to high-voltage varistor ceramics with fine grained
microstructure. The influence of SboOg-doping on mi-
cro structural development and electrical behaviour of
varistor ceramics by the formation of spinel and pyro-
chlore secondary phases has been studied extensively
in the past. The mechanism whereby spinel grains
serve as pinning centers for grain boundaries is gener-
ally accepted as being responsible for the inhibition of
grain growth. The addition of Sh203 induces the for-
mation of inversion boundaries in ZnO grains as well as
some other spinel-forming dopants like TiO2 and SnO2.
Our studies of the influence of SnO2-doping showed
that inversion boundaries may play an importantrole in
the process of ZnO grain growth, indicating that they
might significantly influence the final characteristics of
the varistor ceramics.Electron microscopy methods
(SEM/EDS, TEM, STEM/EDS, HAADF, HRTEM) are
useful tools for studying the structure and composition
of inversion boundaries and their influence on the grain
growth in ZnO-based varistor ceramics.

Anton Zalar, Institute of Surface Engineering and
Optoelectronics, Ljubljana, Slovenia
“Materials Characterization by Auger
Speciroscopy Sputter Depth Profiling”

Electron

Abstract: Depth profiling by ion sputtering in combina-
tion with Auger electron spectroscopy (AES) has be-
come a valuable analytical tool in microelectronics and
those areas of research and technology where the
chemical composition of surfaces, interfaces and thin
films is of importance. Its application range from funda-
mental surface and interface studies to thin-film struc-
tures for electronic and microelectronic devices.
wear-and corrosion-resistant coatings, surfaces modi-
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fied by plasma technique or ion implantation, etc. Re-
actions at surfaces and interfaces as well as the result-
ing electrical and mechanical properties can only be
understood if the relevant chemical and structural
changes in the investigated thin-film structures are
known. This requires a quantitative spatially resolved
analysis and in-depth distribution of chemical compo-
sition with a high depth resolution. However, ion sput-
tering is not an ideal layer-by-layer erosion but is the
result of a complex ion beam-sample interaction proc-
ess. Various phenomena, the most important of which
are due toion beam induced changes of surface rough-
ness and composition, limit the experimentally achiev-
able depth resolution. The principles of the method and
its fundamental capabilities and limitations will be dis-
cussed. The applicability of the AES depth profiling in
microelectronics and some other technical fields will be
illustrated by depth profiles of the characteristic sam-
ples.

Ladislav Kosec, Faculty for Natural Sciences,
Ljubljiana, Slovenia

“Metallographic Analysis of Materials in Electrical
Circuits”

Abstract: Metallographic analysis with optical micro-
scope is classical research and testing method for
materials characterization. It includes techniques of
specimen preparation for direct observation uinder op-
tical microscope at small magnifications ranging from
several times to 1000 times. It enables us to identify all
constituents of macro- and microstructure whose mini-
mal size is in the range of 1um. The microstructure
constituents of this size are responsible for majority of
useful properties of materials. With this research
method wide range of materials can be effectively in-
vestigated in relatively short time and with small costs.
This is also a reason why it is often used for quality
control of production in industry. Often further chemical
and other analysis or characterization is obsolete if one
has enough experience in applying this method.

With the development of various modern methods of
surface and bulk materials characterization the impor-
tance of traditional metalography remains the same.
Classical metallographic specimen preparation s
needed for effective analysis prior to most modern ways
of characterization - which are enabling us to reach new
understanding of materials structure and properties.

In this presentation the application of various metal-
lographic technigues in microstructure analysis of the
materials for electrical circuits will be given.

H.Bender, IMEC, Leuven, Belgium

“Application of focused ion beam for failure
analysis”

Abstract: The focused ion beam (FIB) technique is an
important tool for failure analysis studies on devices. It
allows the site-specific cross-section imaging at failure
spots. Examples will be discussed of the identification
of failure sites previously localized by emission micros-
copy. On the other hand can in unpassivated devices
the failure sites be localized directly inthe FIB by voltage

contrast. Subsequently cross-section imaging can be
done on these locations. The focused ion beam tech-
nique can also be used for the preparation of speci-
mens for transmission electron microscopy. Some
examples related to failure analysis will be discussed.

CONFERENCE PROCEEDINGS

Invited and contributed papers will be published in the
Conference Proceedings and distributed at the Confer-
ence registration.

LANGUAGE
The official Conference language is English.

IMPORTANT DATES

Abstract deadline: June 18t
Notification of acceptance: June 25t
Preliminary Program: September 25th

Only on Conference Web page
http://paris.fe.uni-lj.si/midem/conference2000.htm

Paper deadline: September 20th

Final conference program:
on registration, October 18th

ACCOMODATION

The Conference will take place in the Hotel Jama,
situated very close to the main Cave entrance. Coming
to Postojna, please follow the signs for Postojna Caves
(http://www.postojnska-jama.si)

Postojna is a town situated 45 km south-west of
Liubljana. It is'very well known for its cave, the most
famous Karst cave in Europe. The Postojna caves con-
sist of 20 km of sculpted galleries, chambers and halls
into which over the last 180 years have come some 28
million visitors, each year driven here by curiosity, a
devotion to nature or the need for mystery and beauty.

Please send your rocm reservations indicating “for
MIDEM 2000 Conference”, directly to:

POSTOJINSKA JAMA TURIZEM D.D.
Prodaja - HOTEL JAMA

Jamska cesta 30

6230 Postojna

SLOVENIA

tel.+386 (0)5 70 00 103; +386 (0)5 726 58 89
fax.+386 (0)5 700 00 130, +386 (0)5 70 00 107

Email: postojnska.jama@siol.net
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SOCIAL EVENTS

A welcome cocktail party will be held on Wednesday,
October 18 at 20:00, after the guided tour through
Postojna Caves. Do not miss this opportunity to admire
the natural wonder of the underground world. For the
MIDEM 2000 Conference participants this tour is in-
cluded in the Conference fee. The guided tour starts at
18:30.

The Conference dinner will be held on Thursday, Octo-
ber 19 at 20:00 in the beautiful Restaurant Jamska.

REGISTRATION

The registration fees are as follows:

° FULL registration fee: 300 US$

* Employees of MIDEM or
Conference sponsors: 250 US$

» MIDEM Society members: 250 US$

° MIDEM members who are also employees of MIDEM
or Conference sponsors: 200 US$

Domestic participants must add 19% VAT to the listed

prices.

The fee includes Gonference Proceedings and free

access to all Conference events (Welcome cocktail

party, Guided tour through Postojna Caves and Confer-
ence dinner).

Undergraduate students have free access to all Confer-
ence sessions on submitting their study papers. For
other Conference events there will be an additional
charge.

Programme and Organizing Committee, MIDEM
2000 Conference
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MIDEM at MIKROIKS

Mrs Meta Limpel

Stegne 11

1521 Ljubljana, SLOVENIA

tel.+386-61-1512 221,
fax.+386-61-1512 217

emall: Iztok.Sorli@guest.arnes. si

Conference Web page:
http://paris.fe.uni-lj.si/midem/conference2000.htm

Contact person for the Workshop on ANALYTICAL
METHODS in Microelectronics and Electronic Materials

Dr.Marija Kosec, workshop chairperson
Jozef Stefan Institute,

Ceramics Department,

Jamova 39

1000 Ljubljana, Slovenia
tel.+386-61-1773 368,

fax.+-386-61-126 3126

Email: marija.kosec@ijs.si
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PREDSTAVLJAMO PODJETJE Z NASLOVNICE
REPRESENT OF THE COMPANY FROM FRONT PAGE

RLS

Podijetje RLS, d.o.o. je bilo ustanovljeno decembra 1989. Usmerjeno je v razvoj in proizvodnjo
novih izdelkov in tehnologij na podrocju senzorike in naprav za brezkontaktno dimenzijsko
kontrolo. Vecino svojih izdelkov izvozimo v drzave Evropske unije in v Zdruzene drzave Amerike.

Od ustanovitve pa do danes je podjetje povecCevalo obseg svojega poslovanja. V podjetju je
skupaj z lastnikom podjetja zaposlenih 15 strokovnjakov z razlicnih podrocij tehnike, tehnologije
in ekonomije. Nas zadnji razvojni dosezek je druzina integriranih senzorjev pomika in zasuka, ki
so nastali v sodelovanju z laboratorijem za mikroelektroniko Fakultete za elektroniko v Ljubljani.

Za potrebe razvoja in prenosa izdelkov v proizvodnjo iSCemo strokovnjake z znanji iz elektro-
tehnike, fizike in strojnistva.

RLS d.o.o.

Cesta ll. grupe odredov 25
1261 Dobrunje

tel.: (0)61 1429 580

fax: (0)61 1429 612

September 3-6, 2000

ELECTROCERAMICS VIi-2000

7t Int. Conference on Electronic Ceramics and Their Applications,
Portoroz, Slovenia

Contact: Electroceramics VI-2000 Secretariat, Ceramics Department,
Jozef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia

Tel.: + 386 61 1773 353

Fax: + 386 61 1263 126

E-mail: ele-ceram@ijs.si

Homepage: www2.ijs.si/ele-ceram/welcome.html.
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PRIKAZ MAGISTRSKIH DEL IN DOKTORATOV V LETU 1989

M. S. and Ph. D. AB

STRACTS, YEAR 19889

MAGISTRSKA DELA

Naslov naloge: Realizacija etalona za gosioto mag-
netnega pretoka na osnovi jedrske magnetne reso-
nance

Avtor: Gregor GERSAK, dip. ing.
Mentor: prof. dr. Anton JEGLIC

Univerza v Ljubljani, Fakulteta za elektrotehniko

Ze leta 1924 je Pauli objavil dva teoreti¢na koncepta,
kako z jedrskim kotnim momentom in jedrskim magnet-
nim momentom pojasniti hiperfine strukture, ki so jih
nasli v nekaterih opti¢nih spektrih atomov /30/. Eksperi-
mentalni dokaz $e ni bil moZen s tedanjimi opticnimi
tehnikami. Sele leta 1933 sta Sternin Gerlach (Nemcija)
predlagala tehnike, ki so jih kasneje nadgradili Rabi,
Millman, Zacharias in Kusch z Univerze Colombia
(1939). S tem je bilo mozno definirati jedrski magnetni
moment. Jedrski magnetniin jedrski kontni moment sta
osnovi za eksperimente z jedrsko magnetno reso-
nanco.

Med drugo svetovno vojno so razvili ve¢ tehnik, ki so
omogodile, da sta bila leta 1946 neodvisno objavljena
dva eksperimenta. Purcell, Torrey in Pound s Harvard-
ske univerze so prvi zaznali resonanco atomskega je-
dra s pomodjo jedrske magnetne absorpcije. IstoCasno
so Bloch, Hansen in Packard s Stanfordske univerze
zaznali resonanco s svojim principom jedrske mag-
netne indukcije.

Bloch in Purcell sta leta 1952 prejela Nobelovo nagrado
za fiziko za svoje delo na podrocju jedrske magnetne
resonance /31/.

Metoda jedrske magnetne resonance ali NMR metoda
(Nuclear Magnetic Resonance) se je v petdesetih, Sest-
desetih in sedemdesetih letih razvijala predvsem v
analiticno orodje fizikalnih meritev, na primer za mer-
jenje magnetnih polj ali v organski kemiji za analize
vzorcev. V zadetku sedemdesetih se je v medicini
zacelo obdobje prostorskega slikanja CT (Computer-
ized Tomography) na podlagi NMR /27/. Vse bolj se je
uveljavila spektroskopija makroskopskih lastnosti snovi
kot standardni pripomaocek v kemijski in prehrambeni
industriji. Raziskovalno delo na podrocju NMR se je
usmerilo v §tudij mikroskopskih lastnosti snovi, kot so
kemijski premiki v okolici jedra, anizotropije v trdnih
snoveh in tekodéih kristalih in druge mikroskopske in-
terakcije /30/.

Danes so glavna podroc¢ja uporabe principa NMR na
podrocju spektroskopije v kemijskih in bioloskih anali-
zah in na podrodéju MRI (Magnetic Resonance Imaging)
v klini¢ni medicini.

Manjsi del predstavljajo tudi precizijska merjenja mag-
netnih polj na podrocju metrologije. NMR magne-
tometri delujejo na podlagi principa jedrske magnetne
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resonance in predstavljajo najtoc¢nej$o metodo za
dolocevanije gostote magnetnega pretoka.

V uvodnem delu magistrske naloge so predstavijene
fizikalne osnove jedrske magnetne resonance. Te-
meljni lastnosti atomskih jeder, kotni moment ali spin /
in magnetni moment u, definirata giromagnetno raz-
merje, kot temeljno konstanto eksperimentov jedrske
magnetne resonance.

Na mikroskopskem nivoju so predstavijene kvantne
lastnosti posameznih spinov, Zeemanov razcep 0S$-
novnega stanja spina in medsebojne interakcije v
skupini spinov. Podane so Blochove enacbe za di-
namicne relaksacijske razmere v spinskem sistemu.
Definiran je resonancni eksperiment in sicer kot ek-
speriment, pri katerem spini od dodatne visokofrek-
vencne elektromagnetne motnje absorbirajo energijo
in preskocijo na visji energetski nivo. Preskok je najbolj
izrazen, ko se frekvenca elektromagnetne motnje
izenadi z resonancno frekvenco spinov. Takrat go-
vorimo o jedrski magnetni resonanci.

Delovanje NMR magnetometrov temelji na fizikalnem
principu jedrske magnetne resonance.

Vzorec, ki je del sonde NMR magnetometra, vsebuje
atomska jedra, oz. protone. Protone lahko obravna-
vamo tudi kot mikroskopske magnetne dipole. V
termiénem ravnovesju brez zunanjih magnetnih polj so
magnetni dipoli nakljucno porazdelieni po prostoru in
precesirajo v nakljuénih smereh. Do pojava jedrske (ali
protonske) resonance pride, ko vzorec izpostavimo
zunanjemu enosmernemu  magnetnemu  polju  Bo.
Nekateri protoni se postavijo v smeri tega polja, nekateri
v obratni smeri. V novi smeri magnetni dipoli pre-
cesirajo, pravimo, da imajo spin. Teorija jedrske mag-
netne resonance pravi, da je frekvenca precesiranja ali
vitenja okoli nove smeri odvisna samo od viste jedra in
od gostote magnetnega pretoka zunanjega polja Bo.
Frekvenca precesiranja se imenuje tudi Larmorjeva
frekvenca L.

oL =vBo,

kjer je ygiromagnetno razmerje, Bo pa gostota magnet-
nega pretoka zunanjega magnetnega polja. Giromag-
netno razmerje je razmerje med jedrskim kotnim
momentom (spinom) in jedrskim magnetnim momen-
tom in predstavlja snovno konstanto, oz. osnovno fizi-
kalno konstanto, ki je znacilna za atome dolocenih
kemicnih elementov.

Neznano magnetno polje gostote magnetnega pretoka
Bo tako lahko merimo z merjenjem Larmorjeve frek-
vence w(, pri cemer moramo poznati konstantno giro-
magnetno razmerje v. Odnos med gostoto magnet-
nega pretoka in frekvenco je linearen.

V nadaljevanju sta predstavljena oba principa merjenja
gostote magnetnega pretoka s pomocjo metod jedrske
magnetne resonance. Prikazane so znacinosti de-
lovanja absorpcijskih NMR magnetometrov in magne-
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tometrov, ki delujejo na principu proste precesije. Pri-
kazane so glavne razlike obeh principov.

V okviru projekta Vzpostavitve slovenskega nacional-
nega etalona za veli¢ino gostote magnetnega pretoka
Ze tretje leto poteka sodelovanje Laboratorija za mag-
netna merjenja Fakultete za elektrotehniko Univerze v
Ljubljiani z Laboratorijem za Sibka magnetna polja (Lab.
2.24 Signalspeichertechnik und schwache magneti-
sche Felder, vodja dr. Kurt Weyand) nemske institucije
Physikalisch-Technische Bundesanstalt (PTB) iz
Braunschweiga, Nemdija. V okviru tega projekta je bil v
PTB tudi izdelan protonski magnetometer Laboratorija
za magnetna merjenja.

Glavni del magistrske naloge obravnava zgradbo in
delovanje protonskega magnetometra. Prikazana je
modularna zgradba magnetometra ter predstavijen
vsak modul. Najvaznejsi del predstavijata vezje mej-
nega oscilatorja in modul fazno obcutljivega detektorja
za locevanje Suma od koristnega signala. Mejni oscila-
tor (marginal oscilllator) je oscilator, katerega notranja
povratna zanka regulira njegovo ojacenje tako, da delu-
je namejisvojega delovanjainje zelo obcutljiv na vsako
spremembo kvalitete nihajnega kroga. Kvaliteta nihaj-
nega kroga, ki je sestavljen iz detektorske tuljavice z
vzorcem in kondenzatorja, se najbolj spremeni v reso-
nanci, ko se frekvenca oscilatorskega signala izenaci z
jedrsko magnetno resonanéno frekvenco. Sprememba
kvalitete se izkoris¢a za detekcijo oscilatorske frekven-
ce, v kateri je zakodirana gostota magnetnega pretoka
merjenega polja. S pomoc¢jo amplitudne modulacije
merjenega polja, faznega detektiranja in metode skle-
njene zanke lahko opazujemo sicer mo¢no posumljen
izhodni signal mejnega oscilatorja in izmerimo reso-
nan¢no frekvenco.

Prikazano je tudi delovanje drugih sestavnih delov mag-
netometra, in sicer princip delovanja resonanc¢nega
diskriminatorja in frekvenénega preleta, delovanje frek-
venénega Stevea in ¢asovne baze.

Sledi podroben opis nacrtovanja sond magnetometra.
Sonde NMR magnetometra so sestavljene iz detektor-
ske tuljavice z vzorcem (vodna raztopina bakrovega
sulfata) in modulacijskega navitja. Razlozen je posto-
pek izdelave detektorskih tuljavic.

Posebno poglavie je namenjeno uvrstitvi protonskega
magnetometra v metrolosko piramido. Prikazan je
primer izracuna merilne negotovosti magnetometra, ki
je v osnovi sestavljena iz dveh negotovosti tipa B in
dvehtipa A. Negotovostitipa B sta negotovost giromag-
netnega razmerja in negotovost zaradi kemi¢nega pre-
mika. Negotovost giromagnetnega razmerja je vred-
nost, ki je bila definirana na CODATA 86 konferenci,
negotovost zaradi kemi¢nega premika pa je dolo¢ena
izkustveno. Negotovost detektiranja centra resonancne
krivulje je odvisna od strmine prehoda disperzijske
krivulje ez niclo, negotovost frekvencéne kvantizacije s
frekvencnim stevcem pa je doloCena z napako zadnje-
gadigita Stevca pridolocenem ¢asu merjenja. Relativha
negotovost magnetometra je odvisna od gostote mer-
jenega polja in znasa tipi¢no 10 ppm.

V zadnjem poglavju je prikazano nekaj tipi¢nih prak-
ticnih poskusov s pomoéjo absorpcijskega NMR mag-
netometra. Predstavijeno je enostavno iskanje reso-
nancnega pojava za neznano magnetno polje. Pri-
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kazane so osnove poljskega preleta resonancne
frekvence in direktnega opazovanja disperzijske kri-
vulje vzorca. Podan je poskus ugotavijanja optimalne
koncentracije bakrovega sulfata za najbolj ugodno
razmerje signal-Sum.

Prikazan je tudi postopek razsiritve merilnega obmodja
obstoje¢ega magnetometra. V zacetni fazi je bilo meril-
nc obmocje magnetometra precej ozko, od 4 mT do 20
mT. Prakticna uporabnost takega magnetometra je
omejena. Zato smo izdelali nove detektorske tuljavice
in jih uporabili skupaj z novo zgrajenim oscilatorskim
modulom. S tem smo dvignili zgornjo mejo merilnega
obmocja nad 20 mT. V PTB je bilo mogoce generirati
samo polja do 240 mT, zato je bil protonski magne-
tometer preizkusen do 240 mT. Spodnjo mejo meril-
nega obmodcja smo s pomodjo tuljavice z najvecjo
induktivnostjo (Sp 5) spustilina 2 mT.

V prihodnje je nacrtovana razsiritev merilnega obmocdja
magnetometra tudi na merilno tocko 307 mT, ki bi jo
lahko generirali s permanetnim magnetom, ki je Ze
postavljen na Fakulteti za elektrotehniko.

Na drugi strani merilnega obmoéja je nadértovana
primerjalna meritev med absorpcijskim magnetome-
trom in magnetometrom na principu proste precesije v
PTB. Tako bivzpostavili neposredno sledljivost absorp-
cijskega magnetometra na primarni etalon za gostoto
magnetnega pretoka, ki ga hranijo v PTB.

Naslov naloge: Elektricno in magnetno polje v okolju
elektroenergetskih vodov

Avtor: Breda CESTNIK, dipl. ing.
Mentor: prof. dr. Peter ZUNKO
Somentor: doc. dr. Anton SINIGOJ

Univerza v Ljubljani, Fakulteta za elektrotehniko

Naloga z elektrotehni¢nega - in deloma tudi s Sirsega
vidika - obravnava elektricno in magnetno polje firek-
vence 50 Hz, ki sta prisotni v naravnem in zivljenjskem
prostoru okoli elektroenergetskih vodov kot objektov
elektroenergetskega sistema.

Naloga v zacetnem delu zajema pregled priporoci,
standardov in zakonske regulative razlicnih drzav glede
mejnih dopustnih vrednosti za elektricno poljsko jakost
in gostoto magnetnega pretoka. Predstavijena je spe-
cifika slovenske zakonodaje s podrodja elektromagnet-
nega sevanja in iz nje izhajajocih konceptov ugotav-
ljanja jakosti polj. Nadalje je v nalogi opisana analiticna
metoda za izracun elektriCnega in magnetnega polja v
okolici linijskih vodov. Predstavljeni so rezultati izracu-
nov za izbrano mnozico tipskih glav daljnovodnih ste-
brov in tipskih polaganj kablovodov nazivne napetosti
nad 1 kV, skupaj z izbranimi vrednostmi vplivnih para-
metrov. lzvedena je analiza dobljenih rezultatov s
stalisCa dolocil slovenske zakonodaje s podrodja elek-
tromagnetnega sevanja - to je prevedba mejnih vred-
nosti polja v ustrezajoCe razdalje. Iz dostopne literature
je povzet pregled tehnicnih resitev za znizanje jakosti
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elektricnega in magnetnega polja. {zpostavljene so
ugotovitve analize in nakazane posledice dolocil zako-
nodaje za obstojeCe in predvidene elektroenergetske
vode kot vire elektricnega in magnetnega polja.

Naslov naloge: Sistem za avtomatizirano opti¢no
odc¢itavanje elektricnih stevcev

Avtor: Bostjan MUROVEC, dipl. ing.
Mentor: prof. dr. Stanislav KOVACIC

Univerza v Ljubljani, Fakulteta za elektrotehniko

Pricujoce delo podaja rezultate raziskav in razvoja avto-
matiziranega odc¢itavanja elektriénih Stevcev s pomocjo
kamere in osebnega raCunalnika. Potreba po sistemu,
ki bi opravijal to nalogo, se je pcjavila v tovarni, Kjer
elektricne Stevce izdelujejo. Preizkus teh naprav je
skoraj v celoti avtomatiziran, glavno oviro do popolne
avtomatizacije pa predstavlja konéni preizkus proizvo-
dov, sestavni del katerega je odcitavanje njihovih vred-
nosti, ki ga v odsotnosti ustreznega sistema za odcita-
vanje opravlja ¢lovek. Tak nadin kontrole je Ze v osnovi
manj zanesljiv od avtomatiziranega, saj je rutinsko in
ponavljajo¢e se odc¢itavanje vrednosti Stevcev utrud-
liivo in zahteva od ¢loveka veliko koncentracije. 1z tega
sledi, da se je prakticno nemogocle izogniti doloce-
nemu Stevilu napak pri kontroli proizvodov, ki so tezko
ugotovljive in niso naknadno dokazljive. Postopek avto-
matskega oddéitavanija elektricnih Stevcev, kot ga v tem
delu predlagamo, izpolnjuje pricakovanja industrij-
skega okolja po hitrem, robustnem, ponovljivem in toc-
nem delovanju. S tem se odpira moznost popoine
avtomatizacije proizvodnje teh naprav. Laboratorijski
testi kaZejo, da bodo konc¢ni produkt lahko uporabljali
tudi serviserji elektricnih Stevcev z uporabo rocnih
odditovalnikov, kjer so delovni pogoji manj predvidljivi
kot v sami proizvodniji.

Delo podrobno opisuje strukturo sistema ter postopke,
ki nas od zajete slike pripeljejo do koncnega rezultata.
Poleg prijemov, ki smo jih pri od¢itavanju uporabili, so
opisane $e alternativne resitve, ki smojih vtokuraziskav
preizkusili in zavrnili, ker so se izkazale za manj
uspesne. Kljub temu nam pomagajo bolje razumeti
delovanje sistema ter nam omogocajo popolnejsi
pregled nad obravnavano problematiko.

Naslov naloge: Razvojno mikrokrmilniSko okolje
M68HC11 za pedagoske potrebe

Avtor: Robert ROSTOHAR, univ. dipl. inz.
Mentor: prof. dr. Franc BRATKOVIC

Univerza v Ljubljani, Fakulteta za elektrotehniko

Ta magistrska naloga predstavija integrirano razvojno
okolie "HC11 IDE” za mikrokrmilnik Motorola
M68HC11. Naloga obsega izdelavo samega vecna-
menskega mikrokrmilniSkega sistema (Development
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Board) s pripadajoéim BIOS-om in izdelavo program-
ske opreme za osebnirac¢unalnik, ki predstavlja integri-
rano razvojno orodje {IDT).

Mikrokrmilniski sistem je zelo univerzalen, zato ga lahko
v kombinaciji z razvojnim orodjem uporabljamo za izde-
lavo najrazli¢nejsih aplikacij. Ko pa je aplikacija oz.
program razvit, pa lahko sistem deluje tudi samostojno
in sluzi kot prototipni sistem.

Mikrokrmilniski sistem sestavljajo nastednje enote:

* mikrokrmilnik Motorola M68HC11A1

* 8 kBytes EPROM (pomnilnik za BIOS ali samostojni
program)

* 8 kBytes RAM (uporabniski programski pomnilnik)

* 8 kBytes RAM (uporabniski podatkovni pomnilnik)

* paraieini vmesnik PIA6821

» prikljucek R5232 s pretvornikom nivojev za serijski
vmesnik

¢ prikljucek za vhodno / izhodne enote (Input/ Output
Connector)

e prikljucek za razsiritev (Expand Connector)
* prikljucek za napajanje (Power Supply)

* stabilizator napajanja in blokiranje pri podnapetosti
(LVh

* tipka za reset (Manual Reset)

Sistem je zasnovan na 8-bitnem mikrokrmilniku
M68HC11A1 (Single-Chip Microcontroller), kiima vgra-
jenih Ze celo vrsto enot. Na vezju je dodanih se nekaj
enot oz. gradnikov, ki se dodatno povecajo zmogljivosti
samega mikrokrmilnika in omogocajo prikijucitev se
raznih dodatnih zunanjih enot, za katere se odloci upo-
rabnik. Zaradi tega je celoten sistem zelo odprt in

predstavija ucinkovito orodje za razvoj aplikacij.

Za nalaganje programov (Download) v mikrokrmilnik in
bralno - pisaini dostop do poljubne pomnilniske lokacije
ter za zagon programov in moznost izvajanja progra-
mov po korakih skrbi “Basic Input Output System”
(BIOS). To je poseben strojni program, ki je zapisan v
EPROM-u mikrokrmilniskega sistema in omogoca hitro
komunikacijo med sistemom in nadzorno enoto, ki
poteka preko serijskega vmesnika RS232. Mikrokrmil-
nik sprejema ukaze od nadzorne enote in se ustrezno
odzove. Nadzorna enota je obi¢ajno osebniracunalnik.

Glavne znacilnosti mikrokrmilniskega sistema:

* mikrokrmilnik M68HC11A1 v razsirjenem nacinu de-

lovanja (Extended Mode)

~ 8-bitni CPU z izboljsanim M6800/M&801 naborom
ukazov (Instruction Set)

~ 256 Bytes RAM

-~ 512 Bytes EEPROM

- 12 vhodno / izhodnih linij z dodatnimi funkcijami

— 8-kanalni analogno / digitalni pretvornik (ADC)

- 16-bitni ¢asovnik (Timer) s posebni funkcijami
(Input Capture, Output Compare)

— sinhroni serijski vmesnik (SPI)
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- asinhroni serijski vmesnik (SCI)
— prekinitveni sistem
e pomnilnik in naslovni prostor

- 8 kBytes EPROM
- 16 kBytes RAM
- 4* 8 kBytes za zunanje enote (moznost razsiritve)
¢ paralelni vmesnik PIA6821
- 2 * 8-bitha dvosmerna vrata (Bi-directional Port)
- 4 dodatne vhodno / izhodne linije s posebnimi
funkcijami
- prenos podatkov s protokolom (Handshake Con-
trol)
- linije z visoko impedanc¢nim stanjem (High Imped-
ance 3-State Lines)
e Basic Input Output System - BIOS
- nalaganje uporabniskih programov
- zagon programov in moznost izvajanja progra-
mov po korakih
- bralno / pisalni dostop do celotnega naslovnega
prostora (64 kBytes)
—- komunikacija preko RS232 asinhronega serijske-
ga vmesnika (SCI)

Za nacrtovanje aplikacij je dodatno narejen posebni
programski paket “HC11 IDT” (integrirano razvojno
orodje), ki je graficni vmesnik za komunikacijo z upo-
rabnikom in deluje na osebnem racunalniku z Windows
95/98/NT operacijskim sistemom. To je uporabnigko
prijazen programski paket, ki predstavija zelo moéno
razvojno orodje in vsebuje vse, kar je potrebno pri
razvoju programov. Razvojno orodje je povezano z
mikrokrmilniskim sistemom preko RS232 serijskega
vmesnika in uporablja funkcije, ki jih nudi njegov BIOS.

Z razvojnim orodjem lahko piSemo programe, jih ure-
jamo, odpravljamo morebitne napake v sintaksi in jih
prevajamo v strojno kodo ter jih nato nalozimo v mikro-
krmilniski sistem. Nalozene programe nato lahko poze-
nemo ali pajih izvajamo po korakih. Lahko uporabljamo
tudi posebne prekinitvene tocke tam, kjer Zzelimo, da se
program ustavi. Poleg tega lahko pregledujemo in ure-
jamo celotni naslovni prostor, v katerem so poleg po-
mnilnikov tudi notranji registri mikrokrmiinika, para-
lelnega vmesnika in morebitnih dodatnih zunanjih enot.
Vse to nam omogoca, da lahko preverimo, ali napisani
program deluje, kot je bilo nacrtovano.

Glavne znacilnosti razvojnega orodja “HC11 IDT”:

e vgrajen urejevalnik teksta (Editor)

* vgrajen makro-zbirniski prevajalnik (Macro Assem-
bler)

* vgrajen inverzni prevajalnik (Disassembler)

* podpora simbolov (Symbols)

° nalaganje programov (Download)

° zagon programov (Run)

* izvajanje programov po korakih (Single Stepping)

* prekinitvene tocke (Breakpoints)

* opazovalni elementi (Watches)

¢ pregled in urejanje vsebine vseh registrov

¢ pregled in urejanje celotnega naslovnega prostora
(64 kBytes Memory Map)

* podpora osnovnih Stevilskih sestavov (DEC, BIN,
OCT in HEX)

° vgrajen serijski terminal
» sprotna pomo¢ (Online Help)

Blok shema strojne in programske opreme integrira-
nega razvojnega mikrokrmilniskega okolja “HC 11 IDE”
je prikazana na sliki 1.1.

PC

HC11IDT

&' HC11 Board {
i BIOS |

Windows 95/98/NT

Slika 1.1: "HC11 IDE” - strojna in programska oprema

Mikrokrmilniski sistem skupaj z BIOS-om in zmogljivim
programskim razvojnim orodjem omogoda celotno raz-
vojno okolje za mikrokrmilnik M68HC 11, Po svojih last-
nostih in zmogljivostih se priblizuje podobnim pro-
fesionainim razvojnim okoljem, po ceni pa spada med
cenene izvedbe.

Razvojno mikrokrmilnsko okolje M68HCT1 je predvi-
deno predvsem za pedagosko delo, saj ga odlikuje
univerzalni in enostavni mikrokrmilniski sistem ter pri-
jazen graficni vmesnik, ki omogoéa enostavno delo.
Namenjeno je Se posebej Studentom, da si z majhnimi
stroski izgradijo svoj lastni sistem, ki ga lahko upo-
rabljajo v najrazlicnejse namene.

Naslov naloge: Sirokopasovna opticna transportna
omrezja

Avtor: Petra VOVK, dipl. ing.
Mentor: doc. dr. Matjaz Vidmar

Univerza v Ljubljani, Fakulteta za elektrotehniko

Sirokopasovno transportno omrezje mora zagotoviti
pogoje za prenos razlicnih storitev. Podpirati mora
razlicne prenosne nacine in zagotavijati zascitne me-
hanizme za odpravo napak.

Ob uvajanju novih tehnologij, ki jih zahtevajo nove
storitve in strmo narascanje podatkovnega prometa, je
najprej potrebno postaviti temelje, doloditi standarde,
da bo omrezje enotno povezano in da bo oprema
razlicnih proizvajalcev usklajeno delovala.

V opticnem omreZju se uporabljajo razliéni naéini mul-
tipleksiranja: ¢asovno (TDM), valovnodoizinsko (WDM)
in morda v prihodnosti tudi kodno (CDM) multiplek-
siranje. Pri TDM-u so v laboratoriju dosegli prenos 640
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Gb/s, kar je do danes najboljsi dosezek. Tudi z WDM
na¢inom dosegamo zelo dobre rezultate, saj je zmo-
gliivost WDM sistemov $e vecja kot zmogljivost TDM
sistemov, predvsem na racun velikega Stevila valovnih
dolzin, ki jih multipleksiramo v vlakno. Vsak kanal ima
svojo valovno dolzino, katere prenosna hitrost je enaka
hitrosti drugih kanalov (optimalna resitev), lahko pa se
prenosne hitrosti kanalov med seboj razlikujejo (neop-
timalna resitev, ki ima kljub temu veliko zmogljivost). V
delu sem obravnavala tudi sistem za nadzor, ki
omogoca hkratno merjenje valovne dolzine in opti¢ne

maoci WDM signalov.

WDM tehnologija omogoca prenos vecjega Stevila
moduliranih nosilcev na razli¢nih valovnih dolZinah.
Tako povecCuje zmogljivost prenosne poti, po kateri
strmijo nove storitve. Pri povecanju zmogljivosti mo-
ramo posebno skrb posvetiti fizikalnim omejitvam
vlaken kot so kromati¢na disperzija, polarizacijska dis-
perzija, stimulirano Ramanovo sipanje, S$tirivalovno

meSanje, lastna in krizna fazna modulacija.

Poleg povecane zmogljivosti prenosnega medija, ki
nam jo nudi WDM tehnologija, je za veliko prepustnost
celotnega sistema pomembno valovnodolzinsko us-
merjanje. To je omogoceno z uvedbo opticne poti.
Poznamo pot valovne dolzine (WP-Wavelength Path; v
literaturi se za tako omrezje uporablja tudiizraz omreZje
z valovnodolzinskim usmerfanjem) in navidezno pot
valovne dolZzine (VWP-Virtual Wavelength Path, tudi
omreZje z valovnodolZinsko pretvorbo).

Za realizacijo opticnih poti je nujno potreben sistem za
prevezovanje optiénih poti. Prevezovalniki morajo
izpolnjevati zahteve, kot so stroga neblokirnost zaradi
mehanizma “vzpostavitev delovanja”, imeti morajo re-
generatorske sposobnosti, ne smejo zmanj$evati ugas-
nega razmerja, omogocati morajo prehod med WP in
VWP, imeti morajo ¢im majSe opticne izgube.

WDM tehnologija in valovnodolzinsko usmerjanje pod-
pirata SDH in ATM prenos, ter omogocata usmerjanje
SDH in ATM signalov na nivoju opti¢ne poti. S tem se
izognemo elektricnemu procesiranju v prevezovalnikih,
kar poveca prepustnost omrezja in zmanjSa zakasnitve.
Uvedba opticne tehnologije v nivo poti omogoca
vzpostavitev delovanja omreZzja po napaki s pomocjo
nove optiéne poti in predstavija skupni vzpostavitveni
mehanizem za razli¢ne prenosne nacine.

Naslov naloge: Omejitvene lastnosti metaliziranih
folijskih kondenzatorjev

Avtor: Samoel MALNARIC, dipl. ing.
Mentor: prof. dr. Joze FURLAN

Univerza v Ljubljani, Fakulteta za elektrotehniko

Pricujoce magistrsko delo zajema tri obsirna poglavija
o delovanju kondenzatorja, ki so dobrodosla pri razu-
mevanju njegovega delovanja. Ta so: Enosmerno pre-
vajanje organskih dielektrikov, Prebojna trdnost
polimerov in Proces ionizacije v kondenzatorju. Vsa
poglavja vsebujejo uvodne teoreticne dele, ki so pri-
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dobljeni s pomocjo znanstvene literature, ter prakticne
dele, ki so podprti z merilnimi rezultati.

Poglavje Enosmerno prevajanje organskih dielektrikov
vsebuje obsiren pregled moznih prevajalnih meha-
nizmov, ki v delovanju kondenzatorja prispevajo svoj
delez k skupni prevodnosti. Znani prevajalni mehanizmi
so: ohmski tok, SCLC-tok, omejen s prostorskim nabo-
jem, Schottkyev efekt, Poole-Frenkelov efekt, tunelski
efekt ter ionsko prevajanje. Prevajalni mehanizmi slo-
nijo na dolocenih fizikalnih principih, ki so ustrezno
prikazani. Vsak ima svoj znacilen potek I-U karakteri-
stike, ki ga lahko primerjamo z izmerjenim potekom.
Tako ugotovimo, kateri prevajalni mehanizem previa-
duje. Kateri bolj vpliva na prevodnost in kateri najmanj,
je odvisno od tipa dielektrika ter kovine, od debeline
dielektrika, od vrste spoja med dielektrikom in kovino,
od velikosti enosmerne napetosti in temperature. Zato
je zelo tezko ali skoraj nemogoce podati za doloceni
material univerzalni prevajaini mehanizem, ker se pri-
spevek posameznega prevajalnega mehanizma spre-
minja zaradi prej nastetih vplivov. Pri dolocenih pogojih
delovanja kondenzatorja se da zelo lepo dolociti naj-
vplivnejsi enosmerni prevajalni mehanizem, velikokrat
paima izmerjena I-U karakteristika kondenzatorja zelo
nespecificen in to ni mozno. Takrat je prevodnost ma-
teriala odvisna od dveh alive¢ prevajainih mehanizmov.
Pridoblieno znanje pripomore Kk lazjemu razumevanju
rezultatov enosmernih testiran] kondenzatotjev, pri
razumevanju samega delovanja kondenzatorja ter
nenazadnje pri iskanju novih boljsih tehnolokih resitev
pri izdelavi.

Poglavie Prebojna trdnost polimerov zajema pregled
najverjetnejsih prebojnih mehanizmov v dielektriku ter
analizo samoozdravitvenega preboja v kondenzatorju.
Prebojna trdnost polimerov je zelo odvisna od zgradbe
materiala, njegove necistosti zaradi primesiin nenazad-
nje od samega postopka izdelave tako dielekirikov kot
kondenzatorjev. Samoozdravitveni preboj v kondenza-
torju je sestavljen iz dveh ¢asovno zaporednih dogod-
kov. Prvi je preboj samega dielektrika, kjer se ustvar
prevodni kanal skozi dielektrik zaradi lokalne prebojne
oslabitve materiala. Drugi pa je samoozdravitveni pre-
boj, kjer skozi prebojno mesto stece velik praznini tok
kondenzatorja. Zato je dano poglavje sestavljeno iz
dveh delov. V prvem delu so opisani najverjetnejsimi
prebojnimi mehanizmi, katere srecamo v organskih
dielektrikih. To so termicni preboj, preboj s plazovito
ionizacijo in elektromehanski preboj. V drugem delu pa
so prikazani izmerjeni poteki samoozdravitvenih prebo-
jev na razli¢nih kondenzatorjih ter analize njihovih po-
tekov.

V poglavju Proces ionizacije v kondenzatorjih smo si
ogledali fizikalno ozadje procesa ionizacije ter Kateri
parametri vplivajo na njegovo intenzivhost. Pridobljeno
znanje smo prenesli v okolje kondenzatorja in fizikalno
razlozili uc¢inke ionizacije v kondenzatorju. Prikazani sta
dve razlicni metodi merjenja procesa ionizacije, ki se
med seboj locujeta po nadinu in natancnosti detekcije.
Med seboj so primerjani enako veliki kondenzatorji, ki
so narejeni po razlicnih tehnoloskih postopkih. Tako
smo na analfticni in eksperimentalni nacin ugotovili
najbolisi tip kondenzatorja, ki je najbolj odporen proti
unicevalnim ucinkom ionizacije.
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Naslov naloge: Vloga germanija v bazi transistorja
Avtor: Branko FERK, dipl. ing.
Mentor: prof. dr. Slavko AMON

Univerza v Ljubljani, Fakulteta za elektrotehniko

Danasnja tehnologija i¢e hitre elemente, ki bazirajo na
ceneni tehnologiji, zato so v zadnjih desetletjih in-
tenzivno raziskovali viogo germanija v siliciju, Implan-
tacija germanija v silicij je Se pred desetletji pred-
stavljala najvecje probleme zaradi mehanskih napetosti
SiGe zlitine ter ne ujemanju kristalografskih struktur
polprevodnikov. Izdelava napetih plasti, ki se ujemajo v
kristalografski strukturi, je pripomogla k uveljavitvi
SifSit-xGex/Si heterospojnih  bipolarnih  tranzistorjev
(SiGe HBT). Hkrati imajo taksni SiGe HBT-ji visoko
koncentracijo primesi, da dosegajo boljSe elektricne
lastnosti. S strani modeliranja taksne strukture to pred-
stavlja izziv, saj je potrebno upostevati razlicne efekte,
ki pritem nastopajo, pri Cemer se omejimo na npn SiGe
HBT. Po drugi strani pa to povzroéa veliko truda pri
dolo¢itvi konkretnih modelov. Zaizradun kolektorskega
toka je potrebno upostevati mnogo odvisnih parame-

trov, ki nastopajo pri izracunu.

V 5. poglavju zapisemo enacbe za npn bipolarni tranzis-
tor ter izpeliemo izraz za kolektorski tok in tokovno
ojacenje. Pri izpeljavi upostevamo smiselne poenosta-
vitve realnih struktur ter moznosti danasnje tehnologije.
Upostevanje efektov visoke koncentracije v izpeljavah
ni zajeto neposredno, pac¢ pa moramo korigirati neka-
tere parametre. V nadaljevanju si ogledamo vpliv viso-
kih koncentracij na pn produkt, mobilnost nosilcev ter
navidezno ozenje prepovedanega podrocja. Omenje-
ne posledice kazejo na izjemno pomembnost visokih
koncentracij na modeliranje in optimizacijo bipolarnih
tranzistorjev.

6. poglavje je posveceno implementaciji germanija v
silicij ter studij efektov, ki nastanejo kot posledica. Pred-
stavljen je studij fizikalnih dogajanj v p tipu SiGe in Si
pri visoki koncentraciji primesi in Sirokem temperatur-
nem podrocju, ki vplivajo na statistiko nosilcev naboja.
Rezultati so pokazali, da je za modeliranje sistema
Si-SiGe v Sirokem temperaturnem podrocju potrebno
upostevati sledece efekte: efekt gostote stanj, degene-
riranost, dejansko ozenje prepovedanega pasu zaradi
visoke koncentracije primesi, premik Fermijevega
nivoja zaradi repa gostote stanj v pasu vecinskih nosil-
cev naboja in dejansko oZenje prepovedanega pasu
zaradi germanija in strukturne napetosti.

Studiju vplivov omenjenih efektov na izra¢un efektivne
mase vrzeli v SiGe sledi obravnava navideznega
ozenja. Definirana je kot vsota posameznih fizikalnih
efektov, ki vplivajo na pn produkt v opazovanem mate-
rialu glede na referenCni material. Navidezno oZenje
prepovedanega pasu je mozno doloéiti iz tranzistorskih
karatkeristik ter fotoluminiscenénih meritev. Tempera-
tuma odvisnost prepovedanega ozenjav siliciju je zane-
marljiiva, zato se ne uposteva. TaksSna zanemaritev pa
v SiGe materialu ni mozna, saj efekt gostote stanj in
degeneriranost bistveno vplivata na temperaturno od-
visnost navideznega ozenja prepovedanega pasu ze
pri koncentracijah primesi 1018-109 ¢m,
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Predstavljen je koncept modela za izracun navidezne-
ga ozenja prepovedanega pasu in pripadajoéih mode-
lov za obravnave SiGe HBT-ja pri visoki koncentraciji
primesi in Sirokem temperaturnem podrodéju. Programi
za numericno simulacijo polprevodniskih elementov
omogocajo hkratno pravilno modeliranje koncentracije
manjsinskih nosilcev ter upoétevanje pravilne lege Fer-
mijevega nivoja v degeneriranem polprevodniku.

Ob upostevanju specificnosti sistema Si-SiGe in vseh
pomembnih efektov visoke koncentracije primesi smo
dologili sploSne enacbe za modeliranje kolektorskega
toka SiGe HBT-ja. Izpeljane formulacije so primerne za
vkljucitev razliénih efektov, kot je efekt visokih koncen-
tracij primesi. Za primer polprevodnika SiGe s homo-
genim profilom koncentracije primesi in homogenim
delezem germanija izpeljemo analiticni izraz za izracun
kolektorskega toka SiGe HBT-a.

Modele, ki nastopajo pri numericnem in analiticnem
izraCunu, je potrebno preuditi in izbrati tiste, ki najbolj
odgovarjajo nasemu primeru. Temu se v celoti posve-
timo v 5. poglavju. V zacetku prouc¢imo moznosti simu-
lacije s programom za numericno simulacijo polpre-
vodniske strukture. Po detajinem pregledu pridemo do
ugotovitve, da program omogoca izraCcun in simulacijo
poljubne 2D strukture. Vendar smo pritem omejeni na
modele, vsebovane v programu, za katere menimo, da
v danasnjem Casu obstajajo boljsi. Poisé¢emo si svoje
modele ter utemeljimo njihovo primernost na konret-
nem primeru. Poseben poudarek posvetimo moznosti
vkljucitve modelov za izradun navideznega ozenja in
efektivne mase vrzeli v simulacijski program, za kar je
potrebno dolo¢ene modele predelati in tako pospesiti,
cemur se posvetimo v 8. poglavju. Predstavimo ¢asov-
no optimiziran algoritem za izracun efektivhe mase
vrzeli, ki nima bistvenega odstopanja od originalnega
modela, vendar je casovno ugodnejsi. Tako upora-
bimo:

° model za izracun efektivne mase vrzeli,

e model za izracun navideznega ozZenja

povedanega pasu,
° model za izracun mobilnosti v silicijevi strukturi in

pre-

° model za upostevanje difuzijske konstante v SiGe.

V 9. poglavju se ukvarjamo s proucevanjem in meritvijo
realnin struktur. 1z meritev profilov SiGe HBT-jev (z
razlicnim delezem germanija) z metodo SIMS, dobimo
potek profilov koncentracij primesi P, As, B in Ge.
Poteke uporabimo za dololitev Na Wg produkta ter
aproksimacijo profilov s homogenimi poteki za posa-
mezen SiGe HBT. Na podlagiizrazov za izracun kolek-
torskega toka SiGe HBT-ja in uporabljenih izradunov
izvedemo simulacijo poenostavljene realne strukture za
siroko podrocje temperature ter deleza germanija. V
enakih pogojih izvedemo tudi meritve realnih struktur,
predvsem baznegain kolektorskegatokater jin kasneje
uporabimo pri analizi. Poleg tega izvedemo $e meritve
poljakarakteristik Ic(Uce,Ip) inlc(Uce,Uge) ter prebojne
karakteristike Ic(Uck) za orientacijo skupni emitor v
Sirokem temperaturnem podrodju ter za razlicne deleze
germanija. Rezultate primerjamo z meritvami kolektor-
skega toka realnih SiGe HBT ob enakih pogojih. 1z
medsebojnih primerjav nato sklepamo o ustreznosti
modelov, uporabljenih pri izracunu, predvsem modela
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za izraéun efektivhe mase vrzeli in navideznega ozenja
prepovedanega pasu.

Naslov naloge: Nove metode za spremljanje bio-
tehnoloskih procesov

Avtor: Primoz KOSELJ, dipl. ing.
Mentor: prof. dr. DuSan FEFER

Univerza v Ljubljani, Fakulteta za elektrotehniko

Danasnje trzne zakonitosti zahtevajo od proizvodnega
procesa, da je le-ta z ekonomskega vidika ¢im bolj
optimalen in da je izkoristek vhodnih surovin ¢im boljsi.
To Se posebej velja za panoge, kjer imajo vhodne
surovine, pa tudi koncni produkt, visoko ceno. Med
tovrstne panoge spada tudi biotehnologija, Se posebej
farmacevtska industrija. Velika veéina biotehnoloskih
procesov se odvija v posebnih reakcijskih posodah -
bioreaktorjih, v katerih s pomodcjo mikroorganizmov ali
encimov  pridobivamo razlicne koristne izdelke.
Biotehnoloski proces se odvija v hranilnem mediju
(substratu), ki je fahko tekoC ali pa trden. V uvodnem
poglavju sta prikazana primera dveh biotehnoloskih
procesov, ki kaZeta na raznolikost uporabe biotehnolo-
gije v danasnjem svetu, proizvodnja antibiotikov in
proizvodnja piva. Kljub tako razli¢nim proizvodom pa
imajo biotehnoloski procesi precej skupnih tock in
problemov.

Tradicionalno vodenje bioprocesa s preprostim ca-
sovnim krmiljenjem v vecini primerov ne zadosdéa vec.
Za uspesno vodenje in optimizacijo bictehnoloskega
procesa potrebujemo vpogled v njegovo trenutno
stanje, kar vkljucuje sprotno spremljanje biomase, hra-
nilnih snovi, kljuénih intermediatov in koncnega pro-
dukta znotraj bioreaktorja. Spisek parametrov, ki bi jih
zeleli spremljati, je tako precejsen.

Zal nam klasi¢ne metode spremljanja predvsem fzikal-
nih (temperature, pretoki, tlak, mesanje,..) in kemijskih
spremenljivk (kislost, raztopljeni kisik in drugi plini,...)
omogodajo le posredne meritve prej omenjenih para-
metrov in ne zadoscajo vec sodobnim zahtevam. Za
spremljanje omenjenih, predvsem bicloskih in kemij-
skih parametrov, potrebujemo merilne metode, ki so
zadosti selektivne, da lahko v sicer kompleksnem
mediju razpoznajo iskani analit. Predstavijenih je tudi
nekaj razliénih metod za spremljanje biomase, organ-
skega bioloskega materiala enocelicnih mikroor-
ganizmov (celic, ki so sposobne rasti, delitve in
proizvodnije) in nekaj t.i. izvedenih (racunskih) para-
metrov, katere biotehnologi uporabljajo za spremljanje
koncentracije, snovnega prenosa hranil in kisika. Zaradi
razlicnih zahtev posameznih senzorjev in merilnih
sistemov so prikazane tudi mozne vkijucitve le-teh v
bioreaktorski proces, skupaj s prednostmi in po-
manjkljivostmi posameznih resitev. V naslednjem po-
glavju so opisani svojstveni problemi, s katerimi se
srecujemo pri merjenju v bioreaktorju. Nekateri procesi,
kot je npr. sterilizacija, zahtevajo od vkljucenih senzor-
jev vzdrzljivost na povisano temperaturo in tlak, drugi,
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kot so rast na tipalu, penjenje in raztopljeni plini v
mediju, motijo meritev. Zahteva vecine bioprocesov po
ohranjanju sterilnosti med delovanjem omejuje moz-
nost dostopa do senzorjev in njihove menjave.

Ucinkovito in ceneno moznost spremijanja bioloskih
parametrov nam ponujajo biocsenzorji, analitske napra-
ve, ki selektivno odgovarjajo na preiskovanec v dolo-
¢enem vzorcu s kembinacijo bioloskega razpoznavne-
ga elementa in ustreznega pretvornika v elektricni sig-
nal. Predstavljenih je nekaj primerov uspesnih biosen-
zorjev, ki delujejo na razli¢nih principih zaznavanja, za
spremljanje glukoze, laktata, etanola in imunskih kom-
pleksov. Spekter moznih bioloskih razpoznavinih ele-
mentov je sicer precejsen, spekter pretvornikov tudi, zal
pa posebne zahteve bioloskih elementov krepko ome-

jujejo uporabo v bioreaktorskih procesih.

Drug pristop k resevanju problema selektivnosti je, da

namesto selektivnih senzorjev uporabljamo univer-

zalne detektorje, selektivhost pa dosezemo drugje. Ta

pristop je temel] vecCine predstavijenih novih analitskih

tehnik. Od njih pricakujemo, da so:

* robustne, da omogocajo rutinsko delo,

» selektivne, kajti vecina hiotehnoloskih procesov so
kompleksne mesanice komponent s podobno struk-
turo in

* hitre, da lahko spremljamo tudi prehodne pojave.

Injekcijska analiza (FIA - Flow Injection Analysis) je
pravzaprav avtomatiziran sistem za izvajanje klasicnih
reakci] kemijske analize. Selektivhost sistema torej
dosezemo s selektivnostjo izbrane kemijske reakcije,
katere rezultat izmerimo s pretoénim detektorjem,
obi¢ajno s fotometrom.

Kromatografske metode so danes brez dvoma najbol]
razsSirjene metode separacije v kemijskih analizah. Z
njimi je mozno v kompleksnih mesanicah lociti, izolirat:
in identificirati iskano komponento preko interakcije
med mobilno in stacionarno fazo, katero zaznamo z

(navadno) univerzalnim detektorjem.

Pri visokokotla¢ni tekolinski kromatografiji (HPLC -
High Pressure Liguid Chromatography) vzorec
raztopimo v teko¢i mobilni fazi, ki jo potiskamo v kro-
matografsko kolono, napolnjeno s trdno stacionarmo
fazo. Predstavijena je obicajna konfiguracija HPLC
sistema, opisane so posamezne komponente in za-
hteve za delovanje. Na izhodu iz kromatografske
kolone komponente zaznamo z detektorjem. Opisani
so najpogostejsi tipi detektorjev in njihovi principi de-
lovanja: spektrofotometricni,  spektrofluorimetricni,
elektrokemijski, konduktometri¢ni in detektor optic-
nega lomnega koli¢nika.

Ker mora vzorec za HPLC analizo zadostiti nekaterim
kriterijem, Zal ni mozen neposreden priklop HPLC
sistema na bioreaktor, ampak potrebujemo posebne
vzoréevalnike oz. filtracijske enote, ki vzorec razplinijo
in fitrirajo.

Ker je HPLC analiza v osnovi dolgotrajen proces. v
osnovi to omejuje moznosti njene uporabe za sprem-
ljanje bioprocesov. Predstavljenih je nekaj moZnosti
pohitritve, od mozne miniaturizacije s t.i. mikro HPLC ali
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celo z izvedbo na silicijevi plosc€ici, do novih, hitrejsih
materialov za separacijo (stacionarnih faz). V obeh
primerih lahko ¢as ene analize zmanjsamo za toliko, da
je primerljiv z odzivnim ¢asom kemijskega senzorija.

Priplinski kromatografiji (GC - Gas Chromatography) je
mobilna faza inertni nosilni plin, ki s konstantnim pre-
tokom tece skozi sistem in kolono, v kateri je trdna
stacionarna faza. Predstavljena je obicajna konfigu-
racija GC sistema, opisane so posamezne komponente
in zahteve za delovanje. Ker z GC lahko dolo¢amo le
hlapne komponente, so moznosti uporabe omejene na
analizo plinov v mediju in nad njim in hlapnih kompo-
nent. Trajanje analize je podobno kot pri HPLC, prav
tako je mozZna pohitritev z miniaturizacijo kriticnih delov
sistema.

V sedmem poglaviju so prikazane nekatere manj razsir-
jene, vendar zanimive in obetavne nove instrumentalne
metode za spremljanje bioprocesov. To so masna
spektrometrija, katero je z razvojem vmesnikov in ion-
skih izvorov mozno uporabiti tudiza analizo komponent
v mediju, in preto¢ni citometer, s katerim lahko dobimo
pomembne informacije o stanju mikrobne biomase. Zal
obe navedeni metodi zahtevata kompleksno instru-
mentacijo in sta temu primerno dragi, tako daje njihova
uporaba zaenkrat omejena.

MetroloSka problematika v biotehnologiji je komplek-
sno podrocie, saj se tu stika ve¢ inzenirskih in bioloskih
ved, vsaka s svojimi predstavami in zahtevami glede
metrologije, svoje dodajajo $e razna nacionalna regu-
latorna telesa. Biotehnoloski proizvodi morajo ustrezati
doloCenim predpisom, zato je potrebno natancno in
sistematicno preverjanje vseh faktorjev, ki imajo viogo
v razvoju, proizvodnji in konéni kontroli nekega proiz-
voda. Taksno preverjanje zagotavlja varnost uporabe
nekega proizvoda in ga imenujemo validiranje.

Validiramo lahko proizvodni proces, za nas je boi]
zanimivo validiranje kromatografskih metod in instru-
mentov kromatografskega sistema, kar je opisano v
osmem poglavju.

Vecina meritev moderne kemijske analitike, tako tudi
kromatografske metode, uporablja primerjalne me-
tode, kijer se z doloCenim instrumentom primerja
neznan vzorec z vzorcem znane sestave in koncen-
tracije. Za zagotavijanje primerljivosti in merilne sled-
ljivosti potrebujemo torej t.i. referencne materiale (RM),
snovi, ki imajo za eno ali vec lastnosti ali snovi podano
vrednost, kije zadosti dobro opredeljena, da z njo fahko
kalibriramo merilno metodo. Kromatografsko metodo
lahko kalibriramo na ve¢ nacinov, opisani so vsi koraki
od ¢asovnega zapisa detektorskega signala do kvanti-
tativne analize in statisticne obdelave. Na primeru ZDA
je prikazana celotna metroloska shema nacionalnega
metroloskega sistema za analitsko kemijo. Prikazan je
razkorak med moznostmi merilne sledljivosti merilnega
rezultata kemijske analize in merilnih rezultatov fizikal-
nih ali elektriskih spremenijivk, dodatno pa so obdelani
metroloski problemi, ki nastopajo pri uporabi metod
kemijske analize v biotehnoloskih procesih.
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Naslov naloge: Moznosti zmanjsanja pomnilnika v
strukturi porazdeljene aritmetike

Avtor: Bojan JARC, dipl. inZ. el.
Mentor: doc. dr. Rudolf BABIC
Komentor: red. prof. dr. Bogomir HORVAT

Univerza v Mariboru, Fakulteta za efektrotehniko,
racunalnistvo in informatiko

V delu smo predstavili mozZnosti minimizacije pomnil-
nika za shranjevanje deinih vsot koeficientov v strukturi
porazdeljene aritmetike (PA). PA predstavlja postopek
izraCuna skalarnega produkta dveh vektorjev na bitnem
nivoju brez uporabe mnoziinikov. Izhodna vrednost
digitainega sita v PA se izracunava s postopkom seste-
vanjain enostavnega deljenja z dva vnaprej izracunanih
delnih vsot koeficientov shranjenih v pomnilniku tipa
ROM. Velikost potrebnega pomnilniskega prostora
narasca eksponentno s stevilom koeficientov N digital-
nega sita. Za digitalno sito z N koeficienti imgu!znega
odziva potrebujemo pomnilnik velikosti 2N besed
dolzine Bqy bitov, pri cemer Bav predstavija Stevilo bitov

jemo pomnilnik z 1M pomnilniskimi lokacijami.

V delu smo se omejili na analizo nerekurzivnin FIR
(Finite Impulse Response) sit. S FIR siti lahko
dosezemo linearni potek faze izhodnega signala, kar z
rekurzivhimi IR (Infinite Impulse Response) siti ne
moremo. Ome-njena lastnost FIR sit je aktualna vselej.
kadar faza vhodnega signala vsebuje koristno informa-
cijo. Za doseganje podobnega dusenja A in selek-
tivnosti potrebujemo pri FIR sitih tudi petkrat vedje
$tevilo koeficientovimpulznega odziva N kot pri IR sitih.
Zato smo preucili moznosti zmanjsanja potrebnega
pomnilni-Skega prostora.

Ugotovili smo:

1. Z nasprotno simetricnim nacinom zapisa delnih
vsot koeficientov prepolovimo potrebni pom-
nilniski prostor za zapis delnih vsot koeficientov.
Preostalo polovico delnih vsot koeficientov generi-
ramo iz obstojecih z zamenjavo predznaka in us-
treznim nastavljanjem. Tako dosezemo zmanjsa-

nje pomnilnika iz 2N na 2N pomnilnigkih lokacij.

2. Za FIR digitalna sita s simetri¢nimi koeficienti im-
pulznega odziva lahko zmanj$amo potrebni pom-
nilniski prostor iz 2N na 2N2 pomnilniskih lokacij.
Zaizracun ene delne vsote koeficientov naslovimo
zmanjsani pomnilnik dvakrat. Naslovljeni okrnjeni
delni vsoti koeficientov ustrezno utezimo in seste-
jemo. Sito v PA s tako zmanjsanim pomnilnikom
smo imenovali sito z zmanjsanim stevilom pom-
nilniskih naslovnih linij.

3. S postopkoma omenjenima v to¢kah 1 in 2 dose-
Zzemo maksimalno zmanjdanje potrebnega pom-
nilniskega prostora iz 2N na 2V21 pomnilniskih
lokacij. Nadaljnje zmanjsanje pomnilniskega pro-
stora dosezemo s paralelno, kaskadno ali kom-
binirano realizacijsko strukturo FIR sit.
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4. Razvilismo modificirano PA. Modificirana PA omo-
gota zmanjSanje kompieksnosti aparaturne iz-
vedbe digitalnega sita in povecanje dinami¢nega
obmodja izhodnega signala za primere nizkopre-
pustnih sit.

5. Za FIR sita s simetri¢nimi koeficienti impulznega
odziva v modificirani PA lahko lo¢eno uporabimo
oba (to¢ka 1in 2} omenjena nacina za zmanjsanje
velikosti  pomnilniskega prostora.  Nadaljnje
zmanj$anje pomnilniskega prostora dosezemo s
paralelno, kaskadno ali kombinirano realizacijsko
strukturo FIR sit.

V okolju Simulink matemati¢nega orodja Matlab smo
razvili modele za analizo posameznih realizacijskih
struktur FIR sit. Zajeli smo vplive posameznih kvanti-
zacij in opravili primerjalno analizo posameznih reali-
zacijskih struktur tako za direktho kot kaskadno
izvedbeno obliko. Primerjali smo osnovne frekvenéne
parametre in Sumne moci digitalnega sita. Z rezultali
simulacij smo potrdili pravilno delovanje posameznih
realizacijskih struktur. Ugotovili smo manjSo obcut-
livost osnovnih frekvenénih parametrov in izhodnih
sumnih modi sita v modificirani PA na zmanjSevanje
Stevila bitov za zapis delnih vsot koeficientov in bitov
aritmeti¢ne enote. Prav tako smo ugotovili, da strukture
z zmanjsano velikostjo pomnilniskega prostora dajejo
primerijive rezultate z rezultati struktur brez zmanjsane-
ga pomnilniskega prostora in so primerne za uporabo
v kaskadnih strukturah visjih stopen;.

Izdelaliin izmerilismo odzive digitalnega sita stopnje 29
v direktni obliki izvedbe in stopnje 57 v dveh kaskadah,
Uporabili smo strukturo z zmanjsanim Stevilom naslov-
nih linij v klasic¢ni in modificirani PA. Z meritvami smo
potrdili praviinost rezultatov simulacij.

Naslov naloge: Uporabnost kaoti¢nega digitalnega
sita v kriptografskih sistemih

Avtor: Matej SALAMON, univ. dipl. inz. el.
Mentor: doc. dr. Tomaz DOGSA
Komentor: doc. dr. Rudoli BABIC

Univerza v Mariboru, Fakulteta za elektrotehniko,
racunalnistvo in informatiko

Opisan je hiter tokovni simetricni kriptografski sistem,
ki temelji na izboljsani tehniki kaoticnega maskiranja.
Za generator tokovnega kljuéa smo izbrali kaoticno
digitalno sito Il. reda in s pomocjo programskega orodja
Matlab izvedli kriptografsko analizo zasnovanega krip-
tografskega sistema. Ugotovili smo, da nacrtovan
sistem izpolnjuje nacrtovalske aksiome in zahteve, zato
smo se odlogili tudi za njegovo prakticno implemen-
tacijo s signalnima procesorjema TMS5320C50.

Rezultati kriptoanalize in lastnosti realiziranega sistema
so pokazali, daje kaoti¢no digitalno sito Il. reda povsem
primerno za uporabo v kriptografske namene. Imple-
mentirani kriptografski sistem se namre¢ odlikuje s
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preprosto strukturo, veliko hitrostjo in vamostjo pred
napadom z grobo silo ter pred razli¢cnimi statisticnimi
napadi. Sistem omogoca Sifriranje in desifriranje
analognih in digitalnih sporocil v realnem ¢&asu in je
primeren za vgradnjo v naprave za Sifriranje audio
signalov, v telefonske aparate in naprave za zascito
podatkov v racunalniskin omrezjih.

Naslov naloge: Polnilec akumulatorskih baterij za-
snovan na strukiuri dveh pretvornikov navzdol in
pretvornika navzgor

Avtor: Milan AUDA, dipl. inz. el.
Mentor: red. prof. dr. Karel JEZERNIK
Komentor: izr. prof. dr. Miro MILANOVIC

Univerza v Mariboru, Fakulteta za elektrotehniko,
racunalnistvo in informatiko

V delu smo predstavili sinhronizirano delovanje vzpo-
redne vezave dveh pretvornikov navzdol in pretvornika
navzgor z zveznim vhodnim tokom. Z autoregresivno
metodo za identifikacijo sistemov smo dolocili dina-
mi¢no karakteristiko sestavljenega pretvornika in na
njeni osnovi dolocili parametre regulatorja. Na pre-
tvorniku smo izvedli meritve vhodnih in izhodnih velicin.
Rezultate meritev smo ocenili z vidika zahtev bremena
in iz vidika omejitev standarda I£C 1000-3-2.

DOKTORSKE DISERTACIJE

Naslov doktorske disertacije: Tuneliranje preko pasti
v energijski rezi v amorfnih polprevodnikih

Avtor: Zarko GORUP
Mentor: prof. dr. Joze FURLAN, univ. dipl. ing.

Univerza v Ljubljani, Fakulteta za elektrotehniko

V zadnjem desetletju se v svetu stalno pojavljajo novi
modeli za obravnavo polprevodniskih struktur, ki omo-
gocajo boljse nacrtovanje in procesiranje elektronskih
elementov. Ti modeli zajemajo vedno vec efektov in ra-
¢unainidki programi za modeliranje so ¢edalje bolj kom-
pleksni. Primerna poenostavijena fizikalna slika kom-
pleksnega modela lahko omogoca lazjo razlago fizi-
kalnih dogajanj v materialu in zadovoljivo opisuje to-
kovno-napetostne odvisnosti modeliranega elementa.

Meritve tokovno-napetostne karakteristike p*n* spoja
amorfnega silicija kaZejo na veliko odstopanje med
izmerjeno karakteristiko in odvisnostjo, ki jo dobimo
racunsko z upostevanjem zgolj injicirane komponente
toka. Predpostavili smo, da poleg te tokove kompo-
nente obstaja Se rekombinacijska komponenta toka, ki
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je v glavnem posledica tuneliranja nabojev iz prevod-
nega ali pa valencnega pasu na lokalizirana stanja v
energijski rezi in nazaj.

Rekombinacijske procese v polprevodniku obravnava
klasicna SRH teorija. Ta teorija pa ne daje zadovoljivih
rezultatov za primer p*nt spoja amorfnega silicija z
mocnim vgrajenim elektricnim poljem. Znano je, da
imajo amorfni polprevodniski materiali zvezno porazde-
litev lokaliziranih stanj v energijski rezi, pri kateri ni
prekrivanja roba prevodnega pasu na eni strani z
robom valencénega pasu na drugistrani p*n* spoja. Ce
je tak polprevodniski spoj izpostavijen moénemu elek-
tricnemu polju, lahko pride v prevodni smeri do pove-
¢anega transporta nabojev zaradi termi¢no vzbujenega
tuneliranja in Poole-Frenkelovega efekta.

Za izgradnjo izpopolinjenega modela amorfnega ptnt
spoja je najprej narejena povezava med klasicno SRH
analizo ujetij in emisij ter prediaganimi dodatnimi efekti.
Za izhodisCe je vzet en sam nivo pasti v reZi in zapisane
enache v klasi¢ni obliki. Analiza je razsirjena na zvezno
porazdelitev lokaliziranih stanj v energijski rezi, ki ji je
dodano na koncu e tuneliranje skozi bariero ter efekt
znizanja bariere zaradi vpliva mocnega elektricnega
polja. Pritem je ohranjena klasi¢na oblika zapisa enach
in vsi dodatni efekti, zdruzeni v nov faktor T. Ta faktor
predstavlja navidezno povecanje prereza ujetja opa-
zovanega lokaliziranega stanja, kar ima za posledico
povecanje lovijenj in emisij nabojev. Tako modificirani
izrazi za rekombinacije-generacije jasno kazejo na
delez, ki ga ima v rekombinacijsko-generacijskem pro-
cesu termi¢ni vpliv in delezZ, ki je posledica tuneliranja
in Poole-Frenkelovega efekta.

Pri analizi modela je privzeto konstantno elektricno
polje v podrocju p*n* spoja amorfnega silicija. Tran-
sparenca za trikotno obliko bariere je zapisana z WKB
aproksimacijo. S tem model ne izgubi na splosnosti,
ohranja pa razumljivo fizikalno predstavo in omogoca
sprotno numericno preverjanje.

Model je grajen brez predpostavke glede posamezne
vrste nabojev pasti, zato je enako uporaben tako za
nabita, kot za nevtraina stanja. Ker obstajajo v energijski
reziamorfnegasilicija pasti akceptorskega in donorske-
ga tipa, so koncni izrazi za rekombinacije-generacije
predstavljeni kot vsote dveh ¢&lenov, v katerih so upo-
stevani mehanizmi lovijenj in emisij elektronov in vrzeli
v akceptorskih stanjih ter elektronov in vrzeli v donor-
skih stanjih.

Gostota rekombinacijskega toka je izracunana kot inte-
gral posameznih rekombinacijsko-generacijskih pri-
spevkov preko celotne zaporne plastiod roba nevtralne
plasti na p* strani do roba nevtralne plasti na n* strani
spoja. lzkaze se, da je delez te komponente tokove
gostote v celotni tokovi gostoti dale¢ previadujo¢ nad
delezem injiciranega toka na robu zaporne plasti.

Model je preizkusen na primeru preprostega ptnt
spoja amorfnega silicija, za katerega smo razpolagali
tudi z eksperimentalnimi vzorci. Podrocje prostorskega
naboja je po energijski osiin po krajevni koordinati raz-
deljeno na ekvidistantne segmente. Sestete so posa-
mezne komponente rekombinacijskega toka in ob upo-
Stevanju injiciranega toka izrac¢unana celotna tokova
gostota preko p™n*t spoja. Tokovo gostoto smo nato
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izmerili na procesiranih eksperimentainih vzorcih in na-
redili primerjavo med izra¢unano in izmerjeno tokovno-
napetostno karakteristiko. Ob upoStevanju serijske
upomosti, ki jo izkazujejo merjeni vzorci, je doblieno
dobro ujemanje izracunanih in izmerjenih rezultatov.

Predstavljeni model p*¥n* spoja amorfnega polprevod-
nika podaja sliko fizikalnega dogajanja v osiromase-
nem podrociju pri prevodni napetosti in omogoc¢a raz-
meroma preprost izradun tokovno-napetostne karak-
teristike. Tako analiticno kot tudi eksperimentalno nam
kaze na konsistentnost analitiénih in izmerjenih rezulta-
tov ter potrjuje hipotezo o eksistenci termi¢no vzbu-
jenega tunelskega toka, ki predstavija glavno kom-
ponento pri prenosu nabojev v analizirani strukturi.

Naslov doktorske disertacije: Splosni sekvenéni diag-
nosticni postopki za digitalne sisteme

Avtor: Anton BIASIZZO
Mentor: prof. dr. France BRATKOVIC

Univerza v Ljubljiani, Fakulteta za elektrotehniko

S hitrim razvojem kompleksnih digitainih sistemov je
problem uspesnega testiranja in diagnosticiranja ved-
no bholj perec¢. Novi razvojni sistemi omogocajo naérto-
valcu hiter razvoj kompleksnih sistemov istoCasno pa
te sisteme zaradi kompleksnosti vedno teZje testiramo.
Na podrocju testiranja in diagnosticiranja namreé ni-
mamo ustreznih orodij, ki bi uspesno sledila razvoju
nacértovalskih orodij. Doktorska disertacija predstavlja
posplositve sekvencnih diagnosticnih postopkov za
digitaina vezja.

V uvodu disertacije so opisane osnove testiranja digi-
talnih sistemov. Celoten proces nacCrtovanja testiranja
ter diagnosticiranja lahko v grobem razdelimo na:
modeliranje napak sistema, dolocanje testnih vektor-
jev, vrednotenje doblienih testov ter dolocanje diag-
nosticnih postopkov. Podanih je nekaj osnovnih metod
dolocanja testnih vektorjev tako za kombinacijska kot
tudiza sekvencna vezja. Sledipregled postopkov simu-
lacije napak, s katerimi vrednotimo dobljene teste ter
gradimo slovarje napak.

V nadaljevanju je podan pregled postopkov diagnos-

ticiranja sistemov. Postopke diagnosticiranja delimo

na:

° postopke na osnovi modelov sistema, kjer model
sistema uporabimo za sklepanje o izvoru napaénega
delovanja,

¢ postopke na osnovi slovarja napak, kjer vnapre
dolo¢imo in shranimo mozne odzive sistema ter jih
kasneje pri postopku diagnosticiranja primerjamo z
merjenimi odzivi.

Podrobno so obdelani sekvencni diagnosti¢ni postop-
ki. Predstavijene so metode doloc¢anja sekvenénin di-
agnostic¢nih postopkov na osnovi simetriénih binarnih
testov, Se posebej grajenje optimalnih postopkov.
Opisan je postopek AO* ter izbrana hevristicna ocena.
ki temelji na Huffmanovemu kodiranju. Pokazano je, da
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ta hevristicna funkcija zagotavlja optimalnost doblje-
nega diagnosti¢nega postopka.

Osrednji del doktorske disertacije je posvecen posplo-
Sitvi predstavitve testov ter metod dolocanja optimalnih
diagnosti¢nih postopkov. V praksi se namrec pogosto
srecamo s testi, ki imajo vec izidov oziroma imajo
asimetriéne lastnosti. Klasiéne metode doloéanja
sekvencnih diagnosticnih postopkov takih testov pri
optimizaciji niso zajele, zato dobljeni diagnosti¢ni po-
stopki niso najcenejsi. Pokazali smo, da nam tudi v
primeru posplosene predstavitve testov izbrana hevri-
sticna ocena zagotavlja optimalnost dobljenega diag-
nosticnega postopka. V metodo dolocanja diagno-
sti¢nih dreves smo vkljucili tudi mozZnost sprotne zame-
njave posameznih modulov sistema.

V zadnjem delu disertacije smo opisane metode pre-
izkusili na zgledih iz razlicnih podrodij. Diagnosticne
postopke, ki upostevajo teste z ved izidi, smo uporabili
pri diagnosticiranju kombinacijskih vezij ter pri dolo-
Canju napak povezav pri testiranju z razmejilno testno
linijo. Izkaze se, da se pri kompleksnih sistemih ne
moremo izogniti asimetricni naravi testov. Ker simetricni
testi zahtevajo uporabo dragih namenskih testnih
naprav, s tem bistveno podrazijo postopek diagnostici-
ranja. Upostevanje asimetricnih testov se je zato izka-
zalo kot zelo uspesno. Na podrocju vzdrzevanja siste-
mov pa diagnosti¢ne postopke z upostevanjem mozno-
sti sprotnih zamenjav modulov Se dodatno izboljsamo.

Naslov doktorske disertacije: Spodbujevano ucenje z
nevronskimi mrezami pri problemih vodenja

Avtor: Branko STER
Mentor: prof. dr. Andrej DOBNIKAR

Univerza v Ljubljani, Fakulteta za racunalnistvo in infor-
matiko

V zadnjih letih potekajo intenzivne teoreti¢ne in aplika-
tivne raziskave na podrocju umetnih nevronskih mrez
kakor tudi na podrocCju avtomatskega vodenja di-
namiénih procesov. Zdruzevanje teh dveh podrocij
izgleda obetavno in v mnogih pogledih $e vedno neraz-
iskano podrocje.

Umetne nevronske mreze se uporabljajo na mnogih
podrocjih sodobnega razpoznavanja vzorcev, vodenja,
predikcije, modeliranja, procesiranja slik in na drugih
podrocijih. Ker so nevronske mreZe relativho robustne
in ker uporabljajo malo ali celo ni¢ apriornega znanja,
so primerne za procesiranje negotovih in nepoznanih
sistemov. Ze po svoji naravi so primeme za hitre
paralelne izvedbe. Zaradi relativne kompleksnosti niso
zlahka dostopne teoreti¢ni analizi. Zato so za uspesno
uporabo nevronskih mrez pogosto potrebne izkusnje.

Tukaj obravnavamo spodbujevano ucenje z uporabo
razli¢nih aproksimacijskih arhitektur, ve€inoma nevron-
skih mrez, Spodbujevano ucenje temelji po eni strani
na psiholoskin modelih vedenja Zivih bitij, po drugi
strani pa na dobro osnovani teoriji dinamic¢nega pro-
gramiranja. V nasprotju z nadzorovanim ucenjem na eni
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strani, pri katerem je na voljo uciteljevo znanje, in
nenadzorovanim ucenjem na drugi strani, kjer je
poznan samo doloéen funkcionalni kriterij, je spodbu-
jevano ucenje na sredini. Pri spodbujevanem ucéenju je
na voljo uceCemu sistemu neka majhna koli¢ina
povratne informacije; ne kako izvesti nalogo, ampak
kako dobro je bila izvedena v prejsnjih eksperimentih.
Torej je naloga pri spodbujevanem ucenju izvesti krmil-
nik izklju¢no na temelju relativno majhne koli¢ine vred-
nostne informacije. Pri "one-step” problemih je ocena
na voljo po vsakem koraku, mnogo bolj zanimivi pa so
“multi-step” problemi, prikaterih je povratna informacija
v obliki krittke oz. ocene na voljo Sele po vsakem
poskusu, tj. po mnogo korakih. Naloga adaptivhega
sistema je najti ustrezno obnasanje, kivodi do zelenega
cilia. Ocitno je, da je potrebno veliko eksperimentiranja.

Na kratko opiSemo osnove Markovskih odlocitvenih
procesov in teoreticne osnove dinamicnega programi-
ranja, ki predstavljajo temel] metodam spodbujeva-
nega ucenja. Opisemo osnovne pojme dinami¢nega
programiranja, kot so vrednostna funkcija, problemi s
koncnim in neskonénim horizontom, problemi naj-
krajse poti itd. Nadaljujemo z opisom temeljnih metod
dinamicnega programiranja kot sta iteracija vrednosti
in iteracija strategije. Opisemo tudi dve najbolj znani
metodi spodbujevanega ucenja: Q-ucenje. ki ne potre-
buje modela in ga gradi implicitno v toku ucenja, in
TD(%) metode. Te pojme osvetlimo z nekaj preprostimi
primeri.

Po drugi strani opiSemo osnovne modele umetnih
nevronskih mrez, ki jih uporabljamo v tem delu. To so
vecnivojski perceptron z vzvratnim u¢enjem, nevronska
mreza z radialnimi baznimifunkcijami, ucenje vektorske
kvantizacije in zemljevid znacilk s samo-organizacijo.

Metode spodbujevanega ucenja in dinamic¢nega pro-
gramiranja dokazano delujejo dobro pri problemih,
predstavijenih s preslikovalno tabelo, medtem ko je
uporaba aproksimacij (posebno nelinearnih) mnogo
resnejsi problem. Najprej obravnavamo linearne aprok-
simacijske arhitekture in navedemo nekaj teoreticnih
rezultatov. Pokazemo, da je ta problem mozno obrav-
navati analiticno in dejansko izracunamo rezultale za
nekatere preproste probleme.

Nadalje opisemo nelinearne aproksimacijske arhitek-
ture v obliki nevronskih mrez: posebno veénivojski per-
ceptron in mreze z radialnimi baznimi funkcijami.
Najprej razisCemo osnovno obnasanje teh arhitektur na
nekaj preprostih primerih. Ugotovimo, da te metode s
pomocjo nekaj dodatnih trikov v splosnem konvergi-

rajo.

Nato predstavimo izboljSave treh obstojecih metod.
Najprej ugotovimo, da algoritem z zdruzevanjem stan;
lahko ucinkovito uporabimo kot temelj novemu algo-
ritmu, tj. algoritmu s projekcijami v omejeno mnozico,
Ta algoritem uporablja metodo vzvratnega ulenja,
kombinirano s projekcijami v omejeno mnozico, ki je
definirana z algoritmom z zdruzevanjem stanj. Nadalje
vpeljemo “on-line” samo-organizacijo v RBF mrezah.
To je koristno, kadar uporabljamo “on-policy” metode,
kajti radialne bazne funkcije se razmescajo v bolj po-
membne in pogosteje obiskane dele prostora stanj.
Tretja izboljSava pa je vpeljava momenta v model Adap-
tivne hevristicne kritike (AHC). Privzeto je, da je pr
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mnogih problemih vodenja optimalna strategija prece;
konzervativna v smislu, da se zaporedne akcije ne
razlikujejo dosti. Eksperimentalno je pokazano, da v
takih primerih vpeljava momenta znatno pospesi AHC
algoritem. Za preverjanje metod so uporablieni razni
primerjalni problemi. Nas temeljni cilj je bil torej raziskati
uporabo aproksimacij z nevronskimi mrezami pri spod-

bujevanem ucenju.

Naslov doktorske disertacije: Raziskava obratovanja
sinhronskega motorja s trajnimi magneti v rezimu
slabljenja polja

Avtor: mag. Bojan STUMBERGER, dipl. inz. el.
Mentor: red. prof. dr. Bozidar HRIBERNIK

Univerza v Mariboru, Fakulteta za elektrotehniko,
racunalnistvo in informatiko

Sinhronski motorji s trajnimi magneti se uporabljajo v
najrazlicnejsih industrijskih aplikacijah, kjer je pogosto
zazeleno delovanje s konstantno oddano modjo v
Sirokem podrodju spreminjanja vrtljajev. Razsiritev po-
droc¢ja delovanja s konstantno oddano modjo je pri
naras¢anju hitrosti vrtenja mogode dosedi z usmerja-
njem statorskega toka tako, da reakcija statorja naspro-
tuje vzbujanju trajnega magneta. Koncéna hitrost pri
delovanju s konstantno oddano mocjo je pri visjih
hitrostih vrtenja omejena z naraséanjem izgub v Zelezu,
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ki tako omejijo konéno hitrost stroja, pri kateri oddana
moc¢ pade na vrednost ni¢, kar poveda zahtevo po
natan¢nem izracunu izgub stroja Ze v fazi nadrtovanja.

V doktorski disertaciji je opisan postopek izracuna sta-
cionarnih karakteristik sinhronskega motorja s trajnimi
magneti s postprocesiranjem rezultatov izracuna mag-
netnega polja z dvodimenzionalno metodo konénih
elementov (2D MKE). Z namenom verifikacije predla-
ganih metod izraduna, so bile na testnem sinhronskem
motorju s potoplienimi trajnimi magneti, ki je deloval v
rezimu slabljenja polja, opravijene meritve obremenitev
v Sirokem podrocju spreminjanja vrtljajev. Stacionarne
karakteristike testnega sinhronskega motorja s trajnimi
magneti so bile doloCene z izracdunom energetske bi-
lance stroja. Iz rezultatov meritev izgub uporabijene
magnetne ploCevine v izmeniénem in krozno rotacij-
skem magnetnem polju so bili doloceni koeficienti
modela za izracun izgub v Zelezu. Informacije o spre-
minjanju vektorjev gostote magnetnega pretoka v
posameznih delih stroja, dobljene iz rezultatov izracuna
magnetnega polja stroja z 2D MKE, so bile uporabljene
za izracun izgub v zelezu skupaj z izpeljanimi izrazi za
spreminjanje histereznih, vrtincnih in preseznih kompo-
nentizgub v razmerah izmenicnega, kroZzno rotacijske-
ga in eliptiéno rotacijskega magnetnega polja. Potrebni
vhodni podatki za numericni izrac¢un magnetnega polja
motorja so bili dobljeni iz rezultatov meritev obre-
menitev testnega motorja v podrocju spreminjanja
vrtljajev 3000-10000 vrt/min. Pravilnost in natacnost
predlaganih metod izracuna stacionarnih karakteristik
SMTM |e verificirana s primerjavo ra¢unskih in merilnih
rezultatov testnega motorja.
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V SPOMIN - IN MEMORIAM

Prof, dr. Drago Kolar

Ob siovesu

Trdni koraki se izgubljajo v temi.
Ugasnjena Juc.

Na mizi odpria knjiga in listek za jutri.
Koledar, skrit spodaj,

pod kupom papirfev,

ne sluti, da jutri ne bo.

Koraki zamrejo,

ura okleva.

Obstane.

V topotu danasnjega dne
neslisen a trden korak odmeva.

Sasa Novak

Ko pride cas, clovek odide. In neko noc je za vedno odsel nas ucitelj, kolega in prijatelj, prof.
Kolar, ustanoviteljin dolgoletnivodja Odseka za keramiko na Institutu Jozef Stefan in redni profesor
na FKKT Univerze v Ljubljani. Prepricana sem, da ni bilo med nami nikogar, ki bi samo pomislil,
da se to lahko zgodi. Pa je res.

Rojen je bil 15. septembra leta 1932. Na ljubljanski univerzi je leta 1957 diplomiral za inZenirja
kemije in leta 1964 dosegel naziv dr. kemijskih znanosti. Takoj po diplomi se je zaposlil na Institutu
Jozef Stefan, leta 1965 ustanovil Odsek za keramiko, ga ustvarjal in ga vodil skoraj do konca
Zivljenja.

Leta 1972 je postal izredni profesor na Oddelku za kemijo FNT Univerze v Ljubliani, se lam tudi
zaposlil in na Institutu ostal v dopolnilnem delovnem razmerju. Leta 1977 je postal redni profesor
za anorgansko kemijsko tehnologijo. Na Institutu je ponovno zacel delati s polnim delovnim casom
lansko leto. Nihc¢e med nami ni pomislil, da manj kot za leto.
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Bob, kot smo mu rekli vsi, je bil eden vodilnih strokovnjakov za keramicne materiale. Mednarodno
uveljavljen znanstvenik in njegov prijatelj Petzow je dejal: A Pioneer and Ambasador of Science
of Ceramics. Se posebej se je ukvarjal z raziskavami keramicne mikrostrukture in sintranja. O tem
je objavil preko dvesto clankov.

Iz Ljubljane je obcasno odhajal v svet. Bil je gostujoci profesor na Univerzi v Notre Damu v Indiani,
ZDA, na Univerzi Lomonosov v Moskvi, vodil je tecaj UNESCA v Trstu, pomagal je pri ustanovitvi
Centra za keramicne tehnologije v Bangaloreju.

Izjemen je bil tudi njegov doprinos k razvoju celotnega raziskovalnega podrocja, ne le v Sloveniji,
pac pa tudi nekdanji Jugoslaviji, saj je deloval na razlicnih odgovornih polozajih v Raziskovalni
skupnosti Slovenije in kasneje na MZT.

Bob je vseskozi trdno verjel, da je potrebno znanje iz raziskovalne sredine prenasati v industrijo.
Veliko truda je viozil v razvoj novih izdelkov, posebej elektronskih keramicnih komponent. Pokazal
je, kako se lahko vrhunska spoznanja iz temeljnih raziskav prenasa v industrijo.

Bob je bil zelo dober profesor. Ob tem, ko je vse stvari jemal resno, mislim, da je delo s Student
smatral za najpomembnejse in to so studentje cutili. Vzgojil je Stevilne diplomante, 52 magistrov
in 34 doktorjev.

Dobil je vrsto nagrad, med katerimi sta mogoce najbolj Zlahtni priznanje za Ambasadorja znanosti
Republike Slovenije leta 1995 in Kidriceva nagrada za vrhunske raziskovalne dosezke leta 1982.
S sodelavcei je dobil tudi 8 nagrad Sklada Borisa Kidrica za patente in inovacije.

Kot mednarodno priznan strokovnijak je bil sprejet v ¢lanstvo uglednih zdruzZenj kot npr. Academy
of Ceramics in Academia Europaea ter izbran za titularnega clana Komisije IUPAC za kemijo
trdnega stanja in visokotemperaturno kemijo. Amerisko keramicno zdruzenje mu je kot edinemu
Slovencu in redkemu Evropejcu podelilo naziv “fellow”.

Bob si je vseskozi prizadeval za ¢im boljse sodelovanje med univerzo, institutom in industrijo.
Verjel je, da ja tako prav. Vso svojo energijo je viozZil v to. Le z iziemnim delom, garanjem, je bil
lahko leta vzoren profesor in velik znanstvenik. Je izgorel?

Zdaj ga ni vec. Odsel je trden in pokoncen ¢lovek. Nenadoma, brez umiranja, kot da se je odlodil,
da je tako prav. Pokoncna smirt za pokoncnega cloveka.

Mi na Odseku pa se vedno ne verjamemo. Takole, kakSen vecer, ko bomo vsak v svojem kolu kaj
delali, boste, Bob, prisli nazaj. Kam pa naj bi 8li drugam, kot tja, kamor ste hodili skoraj vsak vecer.
Mivas Cakamo, trmasto in vzirajno, kot ste nas ucili. Do takrat pa, kot smo si vedno rekli, “adijo”
Bob.

V Ljubljani, 16. 2. 2000
prof. dr. Marija Kosec

Institut JoZef Stefan
Jamova 39, 1000 Ljubljana
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KOLEDAR PRIREDITEV - CALENDAR OF EVENTS

MARCH

MARCH 14-15, 2000

11TH FRENCH MICROELECTRONICS FORUM,
VERSAILLES, FRANCE

Contact IMAPS France

Tel: +3313967 1773

Fax: +33 1390271 93

e-mail: imaps.france@wanadoo.fr

MARCH 17, 2000

MICRODISPLAY AND SMART-PIXEL
TECHNOLOGIES,

LONDON, UK

Organised by IEE professional group E13

{Optical technology and applications).

Contact Dr Marc Desmuiliez, Herriot-Watt University
Tel: +44 131 451 3340

Fax: +44 131 451 3327

e-mail: m.desmulliez@hw.ac.uk

MARCH 27-30, 2000

DESIGN, AUTOMATION AND TEST IN EUROPE,
PARIS, FRANCE

Conference and exhibition bringing together design
automation researchers, users and vendors, as well as
specialists in the design, test and manufacturing of
electronic systems and circuits.

Contact Conference Secretariat, European
Conferences, Edinburgh

Tel: +44 131 225 2892

Fax: +44 131 225 2925

e-mail: sue.menzies@ec.u-net.com

web: www.date-conference.com

APRIL

APRIL 4-8, 2000

SEMICON EUROPA 2000, MUNICH, GERMANY
Contact Kathleen Hauwaert, SEMI Europe

Tel: +32 2289 64 90

Fax: +322 511 43 45

e-mail: khauwaert@semi.org

web: www.semi.org

SEMINVEST EUROPA, MUNICH, GERMANY
Contact Margaret Kindling, SEMInvest

e-mail: mkindling@semi.org

APRIL 6-7, 2000

MICRO ENGINEERING & NANOTECHNOLOGY 1,
LONDON, UK

Conference bringing together industry, research and
venture capital, with an emphasis on practical applica-
tions across disciplines.

Contact Johanna Karmano,

Access Conferences International

Tel: +44 171 840 2700
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Fax: +44 171 840 2701
e-mail: look@access-conf.com
web: www.access-conf.com

APRIL 18-20, 2000

EXPO ELECTRONICA 2000,

MOSCOW, RUSSIA

International trade fair for electronic components and
production equipment industries.

Contact Daniel Thurlow, ITE Group

Tel: +44 20 7596 5213

Fax: +44 20 7596 5111

e-mail: dan.thurlow@ite-exhibitions.com

web: wwyv . ite-exhibitions.com/ind

APRIL 25-28, 2000

22ND ANNUAL INTERNATIONAL CONFERENCE,
SSA 2000,

ARLINGTON, VA, USA

Contact Lori Strong

Tel: +1 703 790 1745

e-mail: Istrong@burkinc.com

web: www.semiconductorsafety.org

APRIL 26-28, 2000

INTERNATIONAL CONFERENCE & EXHIBITION ON
HIGH DENSITY & SYSTEMS PACKAGING,

DENVER, CO, USA

Contact Angela Johnson

Tel: +1 703 758 5160

Fax: -1 703 758 1066

e-mail: ajohnson@imaps.org

web: www.imaps.org

MAY

MAY 1-4, 2000

2000 GAAS MANTECH CONFERENCE,
WASHINGTON, DC, USA

Contact GaAs Mantech

Tel: +1 202 234 0700

Fax: +1 202 265 5333

web: www.gaasmantech.org

MAY 22-24, 2000

FIFTH INTERNATIONAL SYMPOSIUM ON PLASMA
PROCESS-INDUCED DAMAGE (P21D00),

SANTA CLARA, CA, USA

Technical co-sponsors: IEEE/Electron Devices Society
American Vacuum Society and Japan Society of Ap-
plied Physics. Contact Northern Californian Chapter of
the American Vacuum Society

Tel: +1 408 246 3600

Fax: +1 408 246 7700

e-mail: della@vacuum.org

web: www.vacuum.org/nccavs/p2id.html



