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Nadaljna internacionalizacija drustva MIDEM in njegovih aktivnosti

Ze v uvodniku prej$nje Stevilke revije “Informacije MIDEM”, 25(1995)4, sem napravil kratek
presek dela drustva MIDEM v letu 1995.

V tej Stevilki bi rad dopolnil napisano $e z nekaterimi novimi podatki, ki nam vzbujajo optimizem
in potrjujejo na$o idejo internacionalizacije drustva, zacrtano leta 1992.

Drustvo MIDEM je mednarodno drutvo ne samo zaradi tega, ker so ¢lani organov drustva tudi
tuji drzavijani, temvec ker je mednarodno tudi njegovo clanstvo. Vec kot 32% nas$ih ¢lanov prihaja
iz drugih drzav. Resda jih je najvec iz sosednjih drzav, vendar konferenca MIEL-SD in revija
“Informacije MIDEM” pritegneta tudi strokovnjake iz oddaljenej$ih dezel, ki se ob tej priloZznosti
vclanijo v drustvo.

Tudi zacetni pesimizem glede prihodnosti konference MIEL-SD pocasi plahni ob podatku, da
Stevilo udelezencev in referatov iz leta v leto nara8ca in, da se tudi delez tujih referatov povecuje
(leta 1993 24%, leta 1996 pa pricakujemo 40% delez tujih referatov).

Vec dela smo viozili v popularizacijo konference in drustva. Med drugim smo ob pomodi Dejana
Krizaja s Fakultete za elekirotehniko, Ljubljana, Laboratorij za elekironske elemente, koncem
meseca aprila ‘96 postavili dve MIDEM strani na INTERNETU in tako predstavili svojo dejavnost
globalnemu obcinstvu.

Further Internationalisation of MIDEM Society and its Activities

In the last issue of the Journal “Informacije MIDEM”, 25(1995)4, | presented the work of MIDEM
Society in the year 1995. Now, | would like to add some fresh data which excite optimism and
confirm our idea of Society internationalisation launched in 1992,

MIDEM Society is an international society not only because its bodies members are also
foreigners but because about 32% of its members come from foreign countries. It is true that
most of them are from neighbouring countries but participants of MIEL-SD Conferences, as well
as contributors to our Journal “Informacije MIDEM” originate also from far away countries and
become MIDEM members.

The pessimism present a few years ago regarding the future of MIEL-SD Conference is slowly
melting away since the number of participants and papers from foreign countries is slowly
increasing (in 1993 it was 24% and in 1996 we expect 40% foreign papers).

More work has been inputted in the presentation of the Society and its activities. Among other
actions and with the help of Mr. Dejan KriZaj, Faculty for Electrical Engineering, Ljubljana,
Laboratory for Electron Devices, MIDEM Society has, since end of April ‘96, two pages on

INTERNET which present our activities to global community.
m

Editor inv Chief
[ztok Sorli

INTERNET ADDRESSES
1. Presentation of MIDEM Society and Journal “Informacije MIDEM”:
http://pollux.fer.uni-lj.si/MIEL/MIDEM.htm
2. Presentation of the Conference MIEL-SD:
http://pollux.fer.uni-lj.si/MIEL/miel96.htm
3. Email can be sent to:

Iztok.Sorli@guest.arnes.si
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DRIVER CIRCUIT FOR AN AUTOMOTIVE SMART
POWER SYSTEM CHIP

Heinz Zitta, Siemens EZM, Villach, Austria

Key words: microelectronics, automotive electronics, smar power technology, semiconductor chips, system chips, reliable operation, electronic
circuits, driver circuits, warning lamps

Abstract: A driver circuit is presented as part of a system chip fabricated in a smart power technology. In automotive applications like anti brake
control systems or airbag control units any malfunctions, detected by internal diagnostic circuits, are reported to a warning lamp. The requirements
for this lamp driver and the circuit realization are presented in detail. Special efforts are done to keep the driver circuit operational also under worst
case supply voltage conditions.

Krmilna elektronika za inteligentno moc¢nostno
sistemsko integrirano vezje avtoelektronike

Kljuéne besede: mikroelektronika, elektronika avtomobilska, tehnologija moc¢nostna inteligentna, Cip-i polprevodniski, Cip-i sistemski, delovanje
zanesljivo, vezja elektronska, vezja gonilna, lu¢ke opozoriine

Povzetek: V prispevku predstavim krmilno elektroniko kot del sistemskega integriranega vezja izdelanega v inteligentni moénostni tehnologiji. Pri
uporabiv avtoelektroniki, npr. za nadzor delovanja ABS ali za nadzor delovanja sistema zracne blazine, mora biti vsaka napaka, ki jo odkrije notranje
diagnosticno vezje, signalizirana z opozorilno lucko. V tem prispevku natancno opisem zahteve, kakor tudi izvedbo elektronike za krmilnik iucke
kot dela veCjega sistemskega integriranega vezja, Posebno pozornost sem posvetil obnasanju krmilnega vezja pod najhujsimi pogoji delovanja

napajalne napetosti.

1. INTRODUCTION

Today’s suppliers of automotive electronic units are
going to prefer a system-on-a-chip approach to achieve
the ever increasing reliability requirements. Smart
Power technologies make it possibie to combine parts
ofthe logic, the power drivers and the analog diagnostic
functions on one chip. Special efforts are necessary to
obtain the right diagnostic functions also under external
failure conditions. A bad condition - from the point of
view of the circuit designer - is the condition of broken
supply wires. How to consider this restriction in design-
ing a driver circuit for a warning lamp is described in
detail.

DMOS-Transistor

NPN-Transistor

2. SMART POWER TECHNOLOGY

The system chip is realized in a power BiCMOS Tech-
nology. The cross section of some devices is shown in
fig. 1.

Based on a p'substrat and a n'doped epitaxial layer it
offers a combination of a high voltage DMOS device and
low voltage bipolar (npn and pnp) and CMOS devices.
The current path in the power device is vertical but the
drain connection is brought to the surface via a buried
layer and sinkers, also called an updrain configuration.
The low voltage p-channel and n-channel transistors
allow the integration of medium complexity CMOS logic

PMOS-Tr. NMOS-Tr.

SGD
N
!

i i

i T

S R

Fig. 1: Cross section of the Smart Power Technology
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parts into the power switches. The bipolar transistors
are provided for the analog circuits due to their better
characteristics like noise, offset and drift behavior.

The use of this technology enables the system integra-
tion of the airbag power chip. The DMOS is used as
power device to switch currents in the range of few
amps, the low voltage CMOS components enable the
realization of logic parts. The bipolar components are
important for designing the analog functions where
maximum precision is required.

3. BLOCK DIAGRAM OF AN AUTOMOTIVE
SYSTEM CHIP

The typical configuration of an automotive system chip
is shown in fig. 2. The smart power technology allows it
to integrate all functions except the microprocessor on
one chip. Itincludes power outputs to drive the applica-
tion specific loads and analog diagnostic circuits which
are responsible for testing the internal circuits and the
external components. All diagnostic information are
summed up and lead to an output which drives a lamp.
This warning lamp is suited in the dashboard ofthe car.
It is switched on for a short time when you start the car
and then - if everything is okay - it will be switched off.
In case of any error of the system this warning lamp will
be switched on again. Because the driver circuit of this
warning lamp has to do its job very reliably, it was
chosen to be presented in more detail.

]
T2 J

= :
—t oo WARNING .
I T, JOWER DIAGNOSTIC AP |
TTTReET OUTPUTS CIRCUITS SRVER —{3_ ‘
r—"'——_k..r I
e |
}

MICRO
CONTROLLER

Fig. 2: Block diagram of a smart power system chip

4. REQUIREMENTS FOR THE LAMP
DRIVER CIRCUIT

The purpose of the warning lamp is to report any mail-
function of the electronic system to the car driver. The
summary of the status from all internal diagnostic cir-
cuits is used as logic input for the lamp driver. In case
of an error the lamp has to be switched on. Under
normal supply voltage conditions this task is not a
challenge to the circuit designer but it is the no-supply-
voltage condition which results in a new circuit design:

loosing the battery connection (VS in fig.2) to the mod-
ule should result in an activated lamp. The driver circuit
itself has also to be short circuit protected. Therefore
current limiting and overtemperature protection are re-
quired.

5. CIRCUIT REALIZATION

A block diagram of the lamp driver circuit is shown in
Fig. 3. Under normal supply voltage conditions the load
RL is fed by the voltage VBAT, whereas the logic and
the gate driver circuits are supplied with VS. Now we
assume the following error condition: The voltage VS is
missing but the voltage VBAT exists. In that case the
famp should be switched on. This would report the error
condition of the missing VS because all errors are
reported by switching on the lamp - normally by the
logic circuit. But the logic circuit is now missing its
supply voltage! To achieve the desired function, the
gate voltage has to be captured from VBAT via the load.
[t would be no problem when the DMOS is switched off.
But the switched on DMOS does not provide a sufficient
voltage VD at its drain to supply the circuits. The target
is to develop a gate driver circuit which can manage this
condition. This is done by two essential steps: First a
charge pump is used to multiply the low voltage VD to
an adequate level. And second a regulation circuit con-
trols the saturation voltage VD in that way, that it will not
drop below a minimum value which is necessary as
operation voltage for the charge pump. Additionally the
design of the overload protection circuit has to accept

a low voltage VD as supply voltage.
VBAT
é RL

vs VD
ON/OFF GATE Overload —
—— Loglc DRIVER [>T Protection = DMOS

[ [ 11

Fig. 3: Block diagram of the lamp driver circuit

A more detailed circuit diagram is shown in fig. 4. The
gate voltage of the DMOS is supplied either via VS or
via VCP, the output voltage of the charge pump. The
input voltage of the charge pump is supplied from VD,
the drain voltage of the power DMOS. A bias circuit,
formed of the devices Q1 to Q4 generates a stabilized
current IB which is mirrored to supply the charge pump
and the regulation circuit. To keep the bias circuit oper-
ating, the voltage VD should not drop below the value
of two VBE-voltages. The regulation part controls it in
that way: The DMOS gate is charged by the current 18
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ER?_ Q9

Bias Ga
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Q10 [ | R3
[ ]

te voltage regulation circucit

Fig. 4: Circuit diagram of the lamp driver circuit

and discharged by the current 110. The discharging
current is cut off by means of Q10, so the DMOS will
remain switched on. If the drain voltage VD decreases
a point will be reached where the current 12 becomes
zero. Then the current 19 and -correspondingly - 110 will
increase. This leads to a state, where 18 is equal to {10
as a stable operating point. The relative huge gate
capacitance of the DMOS acts as a sufficient loop
compensation of this regulation circuit. The final voltage
of VD is defined by the voltage drops of M11 and Q9. In
practice it is about 2 V which is high enough to feed the
bias circuit and the charge pump. On the other hand it
is low enough to be accepted as a drain to source
voltage drop of the DMOS.

The charge pump circuit is shown in fig. 5. To achieve
the required gate voltage a multiple stage design was
chosen. The five inverter stages are directly connected
in a feedback loop as a ring oscillator, therefore no
additional oscillator is necessary.

The overload protection circuit is shown in fig. 6. It
provides current limiting and temperature protection of

h 4

vCcP

VIN 4 S (R S G

ST S I e
i ﬁ%—ﬁ{a

Fig. 5: Charge pump circuit

the DMOS. The bias generator is the same as shown in
fig.4. The current [2 is defined by 12 = AVBE/R2.

A VBE is given by comparing Q1 + Q4 with Q2 + Q83:
A VBE = Vt. [In(AreaQ1) + In(AreaQ4) - In(AreaQ?2) -
In(AreaQ3)]

Vi = ki/q depends on the absolute temperature, so the
bias circuit actually is a so called PTAT source, that
means the current is proportional to the absolute tem-
perature. Adding the current mirror Q7, Q11 and the
devices R4, Q14 completes the circuit o a temperature
shutoff block. The voltage drop across R4 is increasing
with temperature. Compared with the decreasing VBE-
characteristic of the bipolar device Q14 itresults in a well
defined temperature switch off point.

Current limiting is the second task of the shown circuit.
The current threshold is defined by the A VBE of Q15

and Q16, compared with the voltage drop on R3. The
shunt resistor R3 is part of the metal interconnect layer,

VBAT
Temperature Current RL
Bias Shutoff Limiting

LE” Jon sz Jms
12

W
11 | bmos
Q3

Q14

Q1s |
R4 Qe

Fig. 6: Overload protection circuit
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this leads to a first order temperature compensation of
the current threshold.

6. MEASUREMENT RESULTS

Measurement results are shown in fig. 7. When the
supply voltage VS is interrupted, the lamp is turned on.
¢ — For the first 20 ms the high inrush current of the lamp is

: limited, then the output voltage VD is stabilized to a
value of 2 V.

VS 5v/div

CONCLUSION

A new lamp driver circuit was realized in a smart power
system chip for automotive application. The require-
ments of reliable operation could be fulfilled also in a
situation, where the chipitself has no supply voltage and
only the lamp is supplied. This was done by using a
charge pump to feed the gate of the power DMOS by
¢ — its own drain voltage in the on-state. Additionally over-

2Bmsd iy load protection circuits were designed which work un-
der very low supply voltage conditions.

Fig. 7: Measuring result: VS drop from 12V to 0OV
results in switching on the lamp

Heinz Zitta

Siemens-Entwicklungszentrum fur Mikroelektronik
Siemensstrasse 2, A-9500 Villach, Austria

Phone: + 43 42 42 305 360

Fax: +43 42 42 305 223
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THE CONTROL OF AN AC TO HF-AC RESONANT
LINK CONVERTER

Miro Milanovi¢, Robert Kovacic¢, Franc Mihali¢, Rudi Babic¢
University of Maribor,
Faculty of Electrical Engineering and Computer Science, Slovenia

Keywords: voltage converters, HF-AC AC resonant link converters, UPS, uninterruptible power supplies, DC-DC converters, circuit modelling,
circuit analysis, injected-absorbed current method, pulse width modulation, analog control, resonant circuits, high efficiencies

Abstract: The term HF-AC Resonant Link Converters usually denotes a circuit, whose main part is a resonant tank circuit. The main goal of designers
of such circuits is to reach a constant magnitude of output voltage with constant frequency and independence of load conditions. In this paper the
possibility of maintenance of the constant HF-AC voltage on parallel resonant circuits ( frequency 25 kHz) from main supply will be considered. In
the family of AC to HF-AC Resonant Link Converters the proposed circuit is quite new. This goal has been reached by providing the energy from
main supply by using the accordance between the serial and paraliel resonance of the chosen circuit.

Analogna regulacija visokofrekven¢nega AC-AC
resonancnega pretvornika

Kijuéne besede: pretvorniki napetostni, HF-AC AC pretvorniki s povezavo resonanéno, UPS napajalniki brez prekinitve, DC-DC pretvorniki,
modeliranje vezij, analize vezij, metoda toka injiciranega-absorbiranega, modulacija impulzno Sirinska, regulacija analogna, krogi resonanéni,
izkoristki visoki

Povzetek: Pretvorniki. ki so danes v Siroki uporabi, delujejo v stikalnem reZimu ter preklapljajo pri polni napetosti in toku, se pogosto uporabljajo
v mnogih aplikacijah, npr. UPS (viri za neprekinjeno napajanje), v reguliranih elektromotornih pogonih, DC/DC pretvornikih itd. S ciljem eliminacije
nizkofrekvencnih spektralnih komponent v izhodni napetosti sistema UPS, nizkofrekvenénih motenj v momentu elektriénih motorjev in valovitosti
v izhodni napetosti DC/DC pretvornikov, potrebujemo visokofrekvenéni napajaini vir. Tak3en visokofrekvendni vir pa ima zaradi dokaj velikih
frekvenc delovanja znatne stikalne izgube. Problem reSujemo z vpeljavo resonanénih oz. kvaziresonanc¢nih principov delovanja v obstojece
pretvornike. Pri uporabi omenjenega principa so mnogi avtorji prediagali vezja, ki v svojih strukturah vsebujejo dvosmerna stikala. V predlaganem
vezjuresonancnega pretvornika bodo za pretvorbo, ki jo izvede mrezni pretvornik, uporabljena enosmerna stikala. Pretvornik bo deloval s frekvenco
25kHz. Energija bo iz mreznega dela posredovana paraleinemu resonanénemu krogu skozi serijski resonancni pojav. Ob prehodu napetosti in/ali
toka skozi ni¢elno vrednost izklapljamo polprevodnidka stikala v teh pretvornikih. Pretvorniki, zgrajeni na tem principu, se imenujejo “resonanéni
pretvorniki”. S resonanénimi pretvorniki lahko dosezemo izkoristek pretvorbe nad 90%.

1. Introduction

Hard switch converter/inverter technigue with high fre-
quency switch is often utilised for many applications
(UPS, Variable Speed FElectrical Motor Drives, DC-DC
Power Supply ect.). In order to get low harmonics
contains in output voltage for UPS, low harmonics dis-
turbance in torque of Electrical Motor Drive and low
ripple in DC-DC supply units the high frequency is
required. Unfortunately, on the contrary the con-
verter/inverter switching losses increase enormously
with higher frequency. Introducing resonant or quasi-
resonant operation principle into known converters/in-
verters topology represents the possible solution of this
problem. A lot of authors reported about the utility of
such principles in wide at the area of Power Electronics
/1, 2, 3/. The essential idea of our approach to resonant
tank circuit problem is to provide the energy through
serial resonant circuits into parallel resonant tank cir-
cuits in order to maintain the constant value of output
voltage.

2. The novel circuit

The basic scheme for “evolution” of the proposed new
circuits is shown in Fig. 1. The circuit represents a “half

wave” configuration which is known from the rectifier's
theory. Operation of such circuit is not too complicated.
in steady state conditions (the parallel resonant circuits
L1 and Cy operate and provide the energy to the resistor
RL), transistor Q1 should be switched on when the
parallel resonant link voltage crosses zero as shown in
Fig. 5 (not necessary condition). Then L11 with elements
of parallel resonant tank circuits L1 and C1 establishes
serial resonant tank circuits. The current through tran-
sistor Q1 is supposed to be in sinusoidal wave shape.
When the current crosses zero, diode D1 switches off
and transistor Q1 can be switched off as well. The soft
switch operation is evident. ’

. Unidirectional switch

____fﬁﬁml.__/c >t
L1 Qq D1

— Vd L1 C1 RL

Fig. 1: The "half-wave” resonant link converter con-
figuration



Informacije MIDEM 26(1996)1, str. 7-13

M. Milanovi¢, R. Kovaci¢, F. Mihali¢, R. Babic:
The Control of an AC to HF-AC Resonant Link Converter

Operation of the circuit from Fig. 2is quite similar. In that
case the conducting losses are lower. In that circuit the
energy is providing from DC supply to paraliel resonant
link in both half periods of AC high frequency voltage.

B
%‘—1*[@ R

! .;;,L'\unidirectional switch
J

T (111 PPN >

L1 Qq Dy

b

|

’

Lizp Qy Dy
00900/ ° 0 <l

Fig. 2: The “full-wave” resonant link converter con-
figuration

The 3rd circuit (Fig. 3) has been done like the last step
of “evolution” of the first circuit (Fig. 1) which we would
like to present in this paper. The voltage sources Vd1
and Vdz have been simply replaced by diode bridge and
main supply. The new circuit consists of a diode rectifier,
two serial inductance (L11 and Lgp), two transistors (Q4
and Qg2) and two serial diodes which are not necessary
for circuit operations because their functions can be
taken over by diodes from rectifier bridge.

The converter which in first step operates like DC to HF
Resonant Link Converter, in the last step becomes the
converter which converts Three Phase Main supply into
AC-HF voltage. For tests and operations the voltage of

b

*..“§ unidirectional switch

W A N

Ly @ Dy }
Bli==Cy| Ry
A A
Ly Q D
o g 0, o —

Fig. 3: The AC to HF-AC resonant link converter con-
figuration

HF link, Vout = 1000 Vp-p, frequency, fout = 22 kHz and
Pout = 500 W has been chosen.

3. The start-up procedure

The most convenient way to analyse the start-up behav-
iour is to find out the equivalent circuit from circuit in Fig.
3. It is not difficult to see that the circuit in Fig. 1.
represents that circuit. The circuitin Fig. 1 can be cailed
a DC/(half wave) HF-AC resonant converter, because of
the similarity in structure with AC/DC diode rectifier. The
only difference between these two circuits is in wave
shape of supply voltage. In regard to simplify analysis,
the response of DC voltage will be discussed. The DC
voltage on “+" terminal of diode bridge (Fig. 3) can be
computed from the following equation.

Vg =;V1 0]

The original circuit (Fig. 1) will be described by a set of
equations (2). These equations describe the behaviour
of circuitin Fig. 3 as well. Let us suppose that the voltage
V4 is constant and the step response of the circuit can
be observed. The current responses are shown in Fig.
4.

The response where zero current crossing has been
reached is very interesting because there is any free-
wheeling diode needed which should correspond with
the energy in inductance L11. If the zero crossing con-
dition trough L11 has not been reached there can be a
voltage spike on the transistor Q1 and the circuit can not
operate.

digqy 1

=—(Vy-v
dt Lﬂ( a=ve)
diiy 1

e 2
dt "L, ' )
dip;y, 1

. ) 1
at E‘(‘m =l —’§Vc)

The above system can be solved for two different time
intervals. Equations (3), (4) and (5) represent the solu-
tion of system of equations (2) in time interval (to, t1),

(Fig. 5)

Vg [ Li4 te

L1y = Dog
®osbi1lLig+1lq

t
L11 TARE
m‘e 2RC sm(mostﬂp)}— (3)

t
L4 “5RE
o e, {‘I—e 2RC cos(wostﬂp)}

+lcoe_ 2RC cos{mggt + ¢)
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t
Lqq “5RC
Vo = Vy Lo+l [1 —e 2RC cos(wygt +cp)jl

t

g 2RC sin(oggt + @)

+
Wos
and equations (6) and (7) represent the solutions of
system of equations (2) in time interval ({1,t2) (Fig. 5):

t t
ity = Imef?RC cos(ogpt +¢) - VgCogpe 2RC sin(wypt+ o) (6)
t t
——— i o
Vg = Vge RC cos(mopt+cp)+;c—1ce RC sin(oopt +9) (7)
. op

where;

1 Lgls 1

Mo = , by = , Wop = ==
s e N Lusl TP c

_ Zs LN
(p—arctg{ﬂ) Zg = C

If the appropriate value for L11 has been chosen, the
currentiL11 should not exceed the transistor current limit
and the parallel resonant tank circuit gets enough en-
ergy and oscillation starts with its own paraliel resonant
frequency.

The currenti_11 starts to flow when the switch Q1 is ON.
That current has a sinusoidal wave-shape because of
the resonance behaviour of serial resonant tank circuit
(L11//L4, Cy, RL). When current crosses zero the diode
D1 switches OFF the serial resonant tank circuit. The
paraliel resonant tank circuit (L1, C1) relaxes itself on
resistor RL. When the output voltage v crosses zero the
diode D1 becomes switched ON (it has been supposed
that triggering puise on Q1 is present all the time). The
wave-shapes of currents i_11 are shown in Fig. 4.

The values of L11 and L1 have been chosen with inten-
tion that the parallel resonant frequency mustbe 21 kHz,
andthe serial resonant frequency should assure the soft
switching operation in start up procedure.

Fig. 4: The soft start analysis.

The wave forms of iL11 in Fig. 4 which are marked with
“a, b, ¢, and d” enable the soft switching operation with
respect to transistor’s current limitation. In steady state
there are no problems with soft switching operation
because the HF AC link voltage is pregsent. The results
inFig. 4 have been computed by using'SPICE simulator.

4. The energy balance cosideration

Equations (3) to (7) which describe currentiL11, iL1 and
v are very complex. Because of that the design proce-
dure based on energy balance will be described in next
lines.

4.1. The Load Requirements

Let us suppose the load is resistance whose power is
denoted by P. The peak value of the output voltage is

denoted by Vm, the frequency of the output voltage is
fp and the peak value of the current through inductance

L1 is denoted by I,. The energy which will supply the
load for half of period of the output voltage can be
expressed by the next formula;

-
Wigad = PE

(8)

where T = 1/fp.

v

Fig. 5: The waveforms of current and voltage in reso-
nant link converter

That amount of joules has to be stored in parallel reso-
nant tank circuit and in ideal case the energy store in
capacitor is:

We = IVcic = Wicad (9)
0

We can calculate the capacitance C1, by using (4):

0:2%20— (10)

m

The inductance L1 has been calculated by using the
expression:

1

=y 11
4n?Cf? an

Ly
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If the parallel resonant tank circuit has been relaxed (no
power supply is connected on circuit), the resistor RL
would be connected on parallel resonant tank circuit.
The energy which will be dissipated on the load, can be
computed by formula:

T Tsj
B 12
Woiss P(z 5 (12)
At the some time that amount of joules is exactly the
quantity which has to be provided from DC power
supply to parallel resonant tank circuit for each half of
period of the output voltage (Fig. 5) in order to get
constant output voltage on parallel resonant tank circuit.
That yields:
WiN = Woiss (13)
where W_n describes the energy stored in serial equiva-

lent inductance. This energy WiN has been computed
by using the expression:

t

Wiy = j‘VLNiLNdT

0

(14)

For current which will be flown into serial equivalent
resonant tank circuits a sinusoidal wave-shape has
been supposed (Fig. 5). After time t=Tgs/2 the energy
flow has been stooped.

Expressions for inductor current and voltage yield from
next formulas:

N = b Sin(ogt) (15)
VLN = Oshiln COS{wgt) (16)

The equations (15) and (16) have been substituted into
(14) and yields:

72

\NLN:LN% (17)

From eq. (17), the equivalent inductance can be de-
fined:

2WiN

Ly=—= (18)
b
Using (18) we can express the inductance L11:
Latg
= 19
Ly [ -Ln (19)

Such computed values for all elements of circuits (Fig.
3) has to be proofed by equations (3) to (7) in order to
get soft switch behaviour for current iL11. In the case
when the soft switch operation has not been reached, it
is necessary to change the ratio between inductance
L11 and Ly, which means changing of ratio between
energy WiN and We.

10

4.2. The Power Supply Requirements

The above sections show the way of designing the
elements of serial and parallel resonant tank circuit from
load requirements. In many applications the DC power
supply voltage has been forced by mean supply, eq.

(1). On the other hand the peak value of current fm has
been proposed for energy balance consideration.

b = f(Va) (20)

This two facts can not be considered together because
of connection between that two quantities. The expres-
sion (10) has to be found in regard to get a small signal
model of such converter as well /5/.

iD= msin(o)
e

Vo oo Lg% R
o . T l
Fig. 6: The equivalent circuit for injected-absorbed

current method

Let us suppose that the current iL11 and vc have the
wave-shape as shown in Fig. 5. The main current injec-
ted from L11 into parallel resonant tank circuit (L1-C4-R0)
is supposed to be sinusoidal.

1= I’nsm(wost) (21)

where wos is the serial resonant frequency.

On the other hand the derivative of inductance current
iL11 should be described with the next set of equations:

gy _ -1—[vd — Vg sin(wgst)] (22)
t Ly
{ T4 ;
Tdiw - —L—[Vd—vdsin(most)]dt (23)
11
0 0
Which gives us the expression forfm:
w2
= Vgl 1-— (24)
“n 4[.11 d n

The equation (14) connects the supply voltage Vg with

the magnitude of inductance current Tm
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5. The small signal model

According to the classification of analysing methods /5/,
the injected-absorbed-current method belongs to the
class of the simplest linear methods whose validity is
limited to low-frequency, small-signal phenomena. The
basic idea that leads to linearization is the introduction
of the notation of average values of quantities of interest
(usually voltages and currents). Their average values
are determined by averaging over a period (duration T)
of the switching frequency:

1
Gav =7 J At)at (25)

{1

where q represents any quantity of interest and t1 rep-
resents the time at which the averaging process begins.
The averaging eliminates the influence of the exact wave
forms during the period of the switching frequency, on
mathematical relationships among averaged quantities.
The result is a dramatic simplification of mathematical
expressions in the analysis. Fig. 7 shows the switching
cell as a black box.

A . . A I
i Switchig Cell o
Y e i % T ¢R
+ .
2 i1 i iay
Vo = Vn

Fig. 7: The switching cell

Five quantities are marked at it's ports: the input voltage
and current, the output voltage and current and a fifth
quantity x, which is a controlled quantity. Assume now
that the average values of the input current iL11 can be
expressed as functions of the average value x of con-
trolled quantity and the average values of the cell input
voltages. The relations:

LAV = iLAV(X,Vd) (26)
define these functions.

The average value of currentiL11 will be denoted by iLav.
From Fig. 5 and 6 follows the next expression:

Ts2
=2 T 3002
LAV = T o 4L11 T s

DV (1 gj
 Lyq(k+ Do T

(27)

11

In a linear model of the cell, a simple proportional
relation among small quantities exists:

, 3 hav 9 av
diay =5 9D+ Ve (28)

= AdD +BdVy

Coefficients A and B are:

o dav _ Vy (1 gj
T D Lyg(k+ Mg T

i .
B= AV _ D (1—3)
Ng  Lig(k+Toes L

where k = 2Ty/T (fig. 5).

Unfortunately there is no term to connect the small
changing of average value of the input current with the
peak value of the output voltage in eq. (28). An inaccu-
rate method is published in /4/. The more accurate
method requires that the average vaiue of the output
voltage on resonant tank circuit has to be introduced in
analyses procedure. From Fig. 5 the half period average
value of the output voltage can be evaluated:

’ Tsi2 T
T f\?dsin(most)dw f\?msin(mopmp)dt (29)
o Te/2
2Vgb Vin 2 2 2
md M4 2kD +D
n(k+1)+2n(K+1)[ w2 +2k0+ )]

where ¢ =wopTx, is a phase angie.

The total differential of the output average voltage was
calculated by (30):

d Veay dVy + d Veav oV,

dVeav =57y, 2V,
0 Veavy
dD 30
30 (30)
=DdVy +EdV,, +FdD

Where the coefficients D,E, and F are as follows:

oo Meav _ 2Vy
vy | mk+1)
Neay 1 2 2
=B e 14 2k“ +2kD-D
v 27t(k+1)( w2 + )
v 2V, v
F o YCAV d m™ (k+D)

D mk+1) (k+1)

Instead of diferential quantities dx the small perturba-
tions X has been introduced.
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In Fig. 8 the connection between the changing of aver-
age current iLay and it's response - changing of the
output voltage vcav is shown wich means that there is
connection between the small perturbations as well.

The Parallel resonant circuit excited by cur-
rent generator instead of voltage source, se-
rial inductance and semiconductor switch

Fig. 8:

The voltage on the parallel resonance tank circuit is:

~ sL. ~
Veav(s) = ﬂL Lav(s)
sZL11C+s(41~j+1 (31)
R
= Z(s){av(S)
After taking the Laplace transform of eq. (28) and (30)

and eq. (28) into (31), regarding to eliminate T ,, and
Vea » We get the following equation:
(32)

Vi = =[(Ad+BVy)Z (s)~DVy—Fd]

ml_x

Vi (s)

The transfer function -
d(s)

was calculated by using eq.

(32) with presumption that V, =0 , which yields:

FLCs? (L AL ]+1
~ 1 S + = 1
T 1 1R .

B )
&) . 52L1C +SL§1J+1

From eq. (33) the magnitude and phase of the transfer
function can be computed. Fig. 10 (a), (b) show the
magnitude and phase frequency responses.

The control object (Fig. 9) consist of PWM block as well.
A frequency responce of PWM was published in /4/.

From eq. (34) the magnitude and phase of the PWM
transfer function can be computed. The frequency re-
sponse of PWM and of whole object are shown in Fig.
10 (¢},(d) and (e),(f) respectively. A design of control
parameter has been done in frequency domain.

12

d(s) _ K
Uer(S) Vi sT +1 (34)
where K——~cos [ J

5. The experimental results

The experimental results confirm our theoretical model
of the AC to HF-AC Resonant Link Converter where a
control of the peak value of the high frequency output
voltage was achieved. The proposed control scheme is

described in Fig. 9.
Ly % Ci Ve

f
i
sinhronizaion ||

’ OL‘IWJ\—C/D—{>§

[

Liz
mom,o\,_m_

zero |

current
b PWM G crossing
=
%"9951!.( ............. - Voo v
| L i <+—~{sample|
“{controller | sum & .
' -« | hold |

Y3

Fig. 9: The control sheme

The S&H circuit is used instead of the peak detector.
The capacitor current ic has a delay versus voltage vc
exactly 90° el. If the voltage is sampled in that time
instant (when the current ic crosses zero), the peak
value of voltage vc will be measured. That simple phe-
nomena helped, that there are any filter in measuring
circuit. The delay will be one period of the output volt-
age.

6. Conclusion

The main idea which has been discussed in this article
is providing the energy through serial resonant tank
circuit into parallel resonant tank circuit. By substitution
the diode rectifier and main supply instead of DC volt-
age the “new” circuit was introduced. In order to use
snubberless circuit the start up problem has to be
solved by manipulations with values of L11 and L+1. The
main effort has been done at the efficiency analysis and
consequently the efficiency increases up to 92%. There
are no switching losses, but there are core and copper
losses in inductance and conducting losses in transis-
tors and diodes. With introduction of the Injected-Ab-
sorbed-Current method of analysis the linearized
transfer function has been developed for AC to /HF-AC
resonant link converter.



M. Milanovi¢, R. Kovadi¢, F. Mihali¢, R. Babic:
The Control of an AC to HF-AC Resonant Link Converter

Informacije MIDEM 26(1996)1, str. 7-13

40

20

30

-30

Fig. 10:

Refe
1/

12/

13/

/4/

5/

60 J/ /\

o) <l .

10% 10° 10°

10* 108 108

(d}

m ? T

Veontr

10 108

10* 10°
(f)

The frequency responses

rences

P.K. Sood, T.A. Lipo, “Power Conversion Distribution System
Using a Resonant High Frequency AC Link”, IEEE IAS Trans.,
vol. 24, pp. 586-596, March/April 1988.

D.M. Divan, “The Resonant Link Inverter, a New Concept in
Power Conversion”, IEEE-IAS Annual Meeting Conf. Rec. 1986
pp. 648-656.

S.K. Sul, T.A. Lipo, "Design and Performance of a High Fre-
guency Link Induction Motor Drive Operating at Unity Power
Factor”, IEEE |AS Annual Meeting, Proc., pp. 308-313, Oct.
1988.

M. Milanovi¢, D. Zadravec, A. Hren, F. Mihali¢, “DC to HF-AC
Resonant Link Converter by Using Serial and Parallel Reso-
nance”, IEEE PEDS Conference, Singapore Feb. 1995.

A.S. Kislovski, R. Redl, N.O. Sokal, Dinamic Analysis of Switch-
ing-Mode DC/DC Converters, Van Nostrand Reinhold, New
York 1991,

Fig.11:

(b} experiment

(a) simulation results; currents ir11, iL12 and

voltage vc, (b) experimental results ir1,ir 11
(1 Aldiv) and voltage vc (60 V/div), time axis

10 us/div

R =460

4+ R=800
|
|
1

Fig 12:

The experimental results: ir, x-axis 100 us/div,
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TANKOPLASTNI KAPACITIVNI SENZOR
RELATIVNE VLAZNOSTI

L.l. Beli¢, K. Pozun
Institut za elektroniko in vakuumsko tehniko, Ljubljana, Slovenija

Kljuéne besede: merjenje vlage, senzorji viage organski, senzorji kapacitivni, vlaznost relativna, plasti tanke,nanasanje plasti tankih, elektrode
prepustne za paro vodno, ¢asi odzivni, karakteristike senzorjev, polietersulfon snov, merjenje debelin plasti tankih

Povzetek: Pospedene raziskave na podroéju merjenja zrane vlage so pripeljale do zamenjave mehanskih detektorjev s senzorji, ki v odvisnosti
od zra&ne viage spreminjajo svoje elektricne karakteristike in so zato primerni za vgradnjo v elektronske merilnike. V grobem lo¢imo uporovne in
kapacitivne senzorje. Kot material za izdelavo senzorjev uporabljajo razli¢ne soli, v zadnjem &asu pa predvsem keramiéne in polimerne materiale.

V delu predstavijamo kapacitivni polimerni senzor viage. Glavne prednosti takega senzorja so majhne dimenzije, velika obCutljivost, kratek reakcijski
&as, majhen temperaturni koeficient in skoraj zanemarljiv vpliv pretoka zraka na meritev. Toénost meritev, ki jo lahko dosezemo z omenjenim tipom
senzorja, znasa +1% relativne vlage.

Ena od bistvenih lastnosti tankopiastnega kapacitivnega senzorja je kratek odzivni ¢as. Podrobnieje bomo opisali hitrost odziva senzorjav odvisnosti
od razliéno naparjene zgornje elektrode.

Capacitive Thin Film Relative Humidity Sensor

Keywords: humidity measurement, humidity sensors, capacitive sensors, relative humidity, thin films, thin film deposition, water vapour permeable
electrodes, response times, characteristic of sensors, polyethersulphone substance, thickness measurements of thin films

Abstract: The rapid research in the field of humidity measurements enabled the replacement of the mechanical humidity sensors with electrical
sensors where the change of relative air humidity influences the sensor electrical properties. Such sensors are suitable for use in various
electronically supported applications. Humidity sensors can be divided into two major categories - resistive and capacitive sensors. As the humidity
sensors active substances different salts were most often used. Nowadays the different ceramic and polymer materials are used instead.

The article describes capacitive relative humidity sensors with polymer dielectric material.

Such sensors can be produced very small and sensitive. They have short response time, very small temperature coefficient and the capacitance
is almost independent on the air flux. The accuracy of the relative humidity measurements is within =1%.

One of the most important properties of the relative humidity sensor is its very short response time. The response time as the function of the different
upper electrode sputtering mode is presented.

uvobD tivnost, doloCena s preprosto linearno zvezo C = Cogr
je z geometrijo dologen koeficient, e je relativna dielek-

Znanih je ve¢ nadinov merjenja relativne vlaznosti: tridnost snovi med elektrodama.

meritve mehanskih sprememb, psihrometricne meritve

in meritve spremembe elektri¢nih lastnosti kot sta spre- Mehanizem vezave adsorbiranih vodnih molekul na

memba upornosti in kapacitivnosti /1-4/. polimer omogodajo Sibke vodikove vezi med moleku-
lami vode in zna&ilnimi skupinami na povrsini polimera.

V kapacitivnem tankoplastnem senzorju relativne viage Cim vedje je Stevilo aktivnih mest, na katere se vezejo

predstavija osnovo za dolo¢anje vlage sprememba last- vodikove vezi, tem bolj strma je adsorpcijska izoterma.

nosti tanke polimerne plasti pri interakciji z vodno paro.

Pri interakciji vodne pare s polimerom prihaja do kom- EKSPERIMENTALNI DEL

binacije mehanskih, kemic¢nih in elektri¢nih pojavov.

Adsorpcija vodnih molekul in vezava vodnih molekul Na$ tankoplastni polimerni kapacitivni senzor relativne

preko vodikovih vezi na polimer povzroci spremembo vlaznosti zraka deluje v temperaturnem obmocju od

dielektrine konstante. Nastala sprememba kapaci- 0-100°C, podrodje relativne viaznosti RH pa med 0 in

tivnosti senzorja je v idealnem primeru odvisna samo 100% relativne viage.

od koliine adsorbirane vodne pare. Senzor vlage iz-

kori$ca nekaj desstkrat vecjo relativno dielektri¢no kon- Osnovo senzorja predstavija steklena podlaga. Na do-

stanto vode, ki je cca 80 v primerjavi z relativno die- bro odisceno podlago skozi maske v visokem vakuumu

lektrino konstanto uporabljenega polimera, ki znasa naparimo spodniji elektrodi (NiCr). Nato nanesemo plast

med 3-4. polimera.

Osnovna lastnost kondenzatorja in v naSem primeru Uporabljamo polimer na osnovi polietilen sulfona, ki je

senzorja relativne vlaznosti, ki jo izkoriSéamo, je kapaci- stabilen in omogoda zgoraj omenjene pogoje delovanja

14
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senzorja. Velik problem predstavlja nanos polimerne
plasti. Plast mora biti tanka (1 um), enakomerno debela,
tezava pa je tudi v ponovljivosti nanosa. Minimalna
debelina polimerne plasti je omejena z zahtevo po
primarni prebojni napetosti senzorske strukture.

Pred nanosom vrhnje elektrode polimerni film aktivi-
ramo v rahlo oksidativni atmosferi za dosego boljSe
adhezije med obema plastema. Hitrost nanasanja plasti
kontroliramo s kvar¢no tehtnico, debelino nanocsa
vrhnje elektrode merimo z mehanskim merilnikom
vis$ine stopnice. Zgornjo ektrodo nanasamo pod
razliénimi koti, in tako dosezemo razli¢no morfologijo
elekirode.

[zdelane senzorje najprej umerimo z uporabo kalibrov
nasic¢enih raztopin po DIN 5008 /5/ za umeritve senzor-
jev viage in umerjanje merilnikov vlage. Umerjenim
senzorjem izmerimo elektri¢ne lastnosti: kapacitivnost,
izgubni kot, hitrost odziva in impedanco pri frekvenci 10
kHz, z RCL merilnikom Promax MZ- 705,

REZULTATI IN DISKUSIJA

Vedplastno senzorsko strukturo obcutljivo na zracno
vlago sestavljata dve elektrodi na steklenem nosilcu z
vtaljenimi provodi (sl.1).

Senzorska struktura (plast polimera in elektrodi) tvorijo
~ dva serijsko vezana kondenzatorja (sl.1a).

Zgornja elektroda

Presek
i Plast polimera
r‘?ﬂ . AV ; y Elektri¢ni kontakt
V4 <+ <
TN

Spodnja elektroda

Steklena podlaga

Elektri¢na shema

Senzor
—
Kontakt l Kontakt
Parazitne kapacmvnosu
(e}
Kontakt
la

Slika 1:  Shematski prikaz tankoplastnega kapaci-
tivnega senzorja relativne viaznosti zraka,

1a) elektri¢na shema senzorja
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Kondenzator torej sestavljata dve galvansko logeni
elekirodi in dielektrik, ki zapolnjuje prostor med njima.
Uporabljen polieteresulfon (PES) ima naslednjo struk-
turno formulo /6/:

1O = OO0

Molekule vode se z vodikovo vezjo vezejo na SOz
(sulfonsko) skupino. Mozna, a manj verjetna je vezava
tudi na -O- skupino.

Na sliki 2 je SEM posnetek povrsine polimera. Meritve
hrapavosti polimerne plasti so pokazale, da hrapavost
zelo niha. Celotna debelina polimera je 1000 nm, hra-
pavost polimera, izmerjena z mehanskim merilnikom
vidine stopnice TENCOR Alfa Step 100, pa odstopa tudi
0d 0.1 do 0.3 um. To pomanijkijivost smo delno odpravili
s spremenjenim susenjem polimera.

Slika 2:  SEM posnetek povrsine polimera, povecava

200X.

Zveza med kapacitivnostjo in relativno vlago pri kon-
stantni temperaturi mora biti pri senzorju viage ¢im bolj
linearna. Na sliki 3 je prikazana izmerjena histereza, ki
nastane med naras¢anjem relativne vlaznosti - krivulja
a in pri njenem padanju b. Nastala histereza je mini-
malna, kar je pri senzorju vlage zazeleno. Spremembo
kapacitivnosti senzorja v obmodju 0-98% relativne viage
smo doloéali v nasi¢enih solnih raztopinah. Parni tlak
vodne pare je pri uporablienih nasi¢enih raztopinah
znan in konstanten. Meritve so potekale pri konstantni
temperaturi 23°C.

Ena bistvenih lastnosti senzorja je &im krajsi odzivni ¢as.

Za doseganje zadostne hitrosti odziva senzorske struk-
ture je potrebna primerna prepustnost vrhnje elektrode
za vodno paro. Vrhnja elektroda mora poleg prepust-
nosti (je porozna) imeti tudi dovolj visoko elektri¢éno
prevodnost, obenem pa je treba zagotoviti primerno
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majhne notranje napetosti in zadostno elasti¢nost, da
pri mocénej§em nasienju polimera ne pride do poru-
$itve spoja polimer - kovina.

280
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Slika 3:  Sprememba kapacitivnosti senzorja viage v

odvisnosti od relativne viaZnosti. Krivulja 1 je
bila posneta med nara$anjem vlage, krivulja
2 med njenim padanjem. Temperatura je bila
konstantna 23°C.

Depozicija vrhnje elektrode poteka z naparevanjem pri
razliénih kotih. Kot je definiran kot kot med normalo
substrata in normalo uporovne ladjice.

Elektrodo naparevamo v vakuumskem sistemu, ki ga
izérpamo do 10°® mbara. NiCr (80-20) elektroda mora
biti debela cca 100 nm. Maso naparjene plasti dologimo
s kvaréno tehtnico. V sistemu isto¢asno naparevamo
NiCr plast tudi na referenéni stekleni substrat, ki ga
uporabimo za merjenje debeline naparjene plasti.
Zgornjo elektrodo smo naparevali pod kotom 0, 30, 45,
60 in 75°.

C/Co

! kot naparevanja f
0
-+ 30
| % 45 !
- 60
g* 75 !

1.05-_//’/

|
i

‘ ¥ ¥ i v T h T ¥ T i
0 5 10 15 20 25 30 35 40 45 5O 55 60
t (s)
Prikaz odzivnega ¢asa v odvisnosti od kota
naparevanja zgornje elektrode

Slika 4:
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Razlicen kot nanasanja pomeni razlicno gostoto oz.
poroznost elektrode in pri enakih Casih naparevanjatudi
razlidno debelino. Kako pa se kot nanasanja odrazi na
hitrosti spremembe kapacitivhosti senzorja prikazuje
slika 4. Najpocasneje se spreminja kapacitivhost v
primeru, ko je kot naparevanja 0°, najhitreje pa, ko je kot
naparevanja 75°.

Vzrok takemu obnasanju senzorja je prav gotovo vecja
poroznost elektrode, ki omogoci hitrejsi dostop vodne
pare do dielektrika. Do podobnih rezultatov so prisli tudi
drugi avtoriji /7/.

Potrditev, da je elektroda naparjena pod kotom 75° bolj
porozna, kot kadar je naparjena pod manjsim kotom je
tudi diagram na sliki 5.

35 : T
0«0
¥ o
0-30
30 - =3 Lok e e
ENE 0-45°
sk 0-60
RN
26 4 0-75
o ] PR
d A [}
h o
y 20 it}
n
1
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8 x :
(s} xS !
10 F T :
! i
R EENON RO AU AU SRR BN NN W8

R
0 i B P —— |,_._1
6 8 10 i2 14 16 18 20 22
Debetina [nm}

Slika 5:  Diagram odvisnosti odzivnega casa v pove-

zavi z debelino zgornje elektrode

Diagram prikazuje povezavo med odzivnim Casom in
debelino posameznih elektrod. Posebej je treba
poudariti, da je bila masa pri vseh elektrodah kon-
stantna. Ker je debelina elektrod pri enaki masirazlicna,
to pomeni, da je gostota elektrod razli¢na. Najdebelejsa
elektroda je najbolj porozna, dostop vodne pare do
polimera je najlazji, odzivni ¢as pa je najkrajsi.

SKLEPI

Razvili smo kapacitivni senzor relativne viaznosti, ki ima
skoraj linearno povezavo med kapacitivnostjo in rela-
tivno vliago.

Uspelo nam je narediti porozno vrhnjo elektrodo, ki
omogoca hiter dostop zraéne vlage in zato hiter odziv

senzorja.

Porozna elektroda je posledica naparevanje pod kotom
75°

Tezave pri senzorju predstavija polimerna plast, pred-
vsem hrapava povrsina in ponovljivost nanosa.

Senzor relativne vlaznosti je na trzis¢u dostopen samo
skupaj z merilno elekironiko. Na IEVT se posebna



L.L Beli¢, K. PoZzun: Tankoplastni kapacitivni senzor relativne vlaznosti

Informacije KIDEM 26(1996)1, str. 14-17

skupina ukvarja z razvojem elektronike za RH merilnik.
S to skupino tesno sodelujemo.
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OUTGASSING PROPERTIES OF
Au ELECTROPLATED CONTACT MATERIAL
ARGELEC 181 FOR USE IN HERMETIC RELAYS

L. Koller, M. Jenko*, S. Vrhovec and B. Pracek,
Institute for Electronics and Vacuum Technics, Ljubljana, Slovenia
* Institute of Metals and Technologies, Ljubljana, Slovenia

Keywords: electronic components, miniature relays, hermetical relays, electrical contacts, gold electroplating, cleaning of contact surfaces,
vacuum outgassing, degrees of outgassing, AES, Auger electron spectroscopy

Abstract: The purpose of our study was to establish the degree of outgassing of gold plated material (produced with the use of citrate and phosphate
electrolytes) still permitting the use of that material in hermetic relays. Systematic investigations of vacuum outgassing of Au electroplated Argelec
181 alloy are performed by Auger Electron Spectrometer which was additionally equipped with quadrupole mass spectrometer. The AES depth
profile analysis revealed that the oxide layer on the Au electroplated Argelec 181 alloy is negligible and this is the reason for very low outgassing

rate.

Razplinjevalne lastnosti elektrokemijsko
pozlacenega kontakinega materiala ARGELEC 181
za hermeticne releje

Kljuéne besede: deli sestavni elektronski, releji miniaturni, reteji hermeticni, kontakti elektricni, zlatenje elektrokemicno, &isCenje povrsin kontaktov,
razplinjevanje vakuumsko, stopnje razplinjevanja, AES Augerjeva spektroskopija elektronska

Povzetek: Namen nasega dela je bil dologiti stopnjo razplinjevanja pozlac¢enega kontaktnega materiala, ki $e dovoljuje njegovo uporabo za
hermetiéne releje. Zlata kontaktna povrsina na osnovnem materialu Argelec 181 je bila nanesena v Au-citratni in Au-fosfatni kopeti. Pri sistematicnih
raziskavah vakuumskega razplinjevanja efektrokemijsko pozlacene kontaktne zlitine Argelec 181 smo uporabili Augerjev elektronski spektrometer
(AES), dodatno opremijen s kvadrupolnim masnim spektrometrom. AES globinska profilna analiza je pokazala, da je oksidna povrsinska previeka
na merjencu zanemarljiva, kar je tudi vzrok za zelo nizko stopnjo razplinjevanja.

Introduction cases the thickness of the obtained Au layers was 0.5
um. The citrate electrolyte as well as the phosphate one
Recently, the properties of the outgassed material used was found suitable for the electric currents up to 20 A
for the hermetically encapsulated electronic parts draw and did not cause the contact sticking. To examine the
much attention of the scientific community. One of the degree of contamination and the surface structure of the
main serious causes of failure of electronic components gold layer obtained with the use of the two different
is the film made from the contaminating products on the baths the Auger Electron Spectroscopy (AES) was
surface of electric contacts. Effects of a film are the used. The PHI Spectrometer SAM, model 545A was
increasing of the contact resistance and the decreasing used for the AES analysis. Experiment parameters
of the electronic components reliability. The most com- were: static electron beam of 3 keV, 0.5 A, 40 um in
mon types of contamination are oxide and corrosion diameter at an incident angle of 47° and the ion sputter-
products, particulates, films formed by thermal diffusion ing rate of Ni/Cr was 10 nm/min.
processes, debris produced by mechanical wear and
fretting, outgassing and condensation of contact sur- The surface with the dimension of 5mm x 5mm was

faces. Contamination of the gold layer deposited on the
contact alloy depends also on the electroplating proc-
ess technology. The gold electroplated contact layers
used in hermetic relays are very important because they
act in decreasing the contact resistance and increasing
the lifetime.

etched by two ion guns (3 keV ArT). Figures 1 and 2
show profile diagrams where the contamination layer
thickness obtained from the ion etching parameters is
plotted against the concentration of the elements. The
both types of gold electroplated surfaces were out-
gassed /5,6,7,8/ for several hours in high vacuum of
1x10°% mbar at the temperature 135°C. The experimen-

Experimental .
P tal high vacuum system used for our study was devel-

Citrate and phosphate electrolytes (Kemijska tovarna oped and built at the Institute for Electronics and
Podnart) were used for electroplating /1,2,3,4/ of con- Vacuum Technics. Outgassing products were analysed
tact alloy Argelec 181 (Ag with 0.3 % of Mg). In both by the quadrupole mass spectrometer LEISK 1000M.

18
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Results and discussion

The profile diagram (Fig. 1) shows the concentration
profile of the surface gold layer deposited to the contact
material Argelec 181 using phosphate electrolyte bath.
It can be seen that the surface gold layer is covered with
the very thin contamination fim (~ 5 nm) formed of
carbon containing traces of calcium and oxygen. Below
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Fig. 1: Profile diagram of the gold surface layer
(0.5 um Au) deposited from the phosphate

electrolyte.

this a high peak typical for Au is detected. The next
profile diagram (Fig. 2) deals with the gold deposit from
the citrate electrolyte. The surface contamination film
has the thickness of about 2 nm and contains twice less
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Fig. 2: Profile diagram of the gold surface layer (0.5

um Au) deposited from the citrate electrolyte.
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carbon than the former but greater concentrations of
calcium and oxygen. Again, the gold layer below the
contamination film is very clear. Then the analysis of
gases outgassed from the samples of gold electro-
plated contact alloy obtained with the use of two differ-
ent baths (citrate and phosphate electrolyte) was
performed. Samples were heated in the experimental
device shownin Fig. 3, 4, 5 and 6. After 24 hours heating
at 135°C it was evident hat carbon, oxygen, water va-
pour and the remainings of the cleaning agents (ethanol
and isopropy! alcohol) which have been adsorbed on

0.5+

28
1

2 32 41 55 57

J LI T

m/e

Fig. 3: Mass spectrum of the outgassed empty

chamber (150°C, 24 hours of outgassing).
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Mass spectrum of the outgassing products
from the electrochemically gold plated (cit-
rate and phosphate electrolyte) contact alloy
Argelec 181 (135°C, 1x10° mbar) after 30
minutes of outgassing.
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Mass spectrum of the outgassing products
from the electrochemically gold plated (cit-
rate electrolyte) contact alloy Argelec 181
(135°C, 1x1 0° mbar) after 24 hours of out-
gassing.
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Fig. 5:

he surface were completely outgassed. The compari-
son between the spectra of two outgassed samples and
the spectrum of the background - empty chamber (Fig.
3, 5 and 6) proves that. The degree of outgassing for
hydrogen was then calculated and compared with the
value obtained from the spectra (Fig. 3, 4,5, 6). Theratio
between the hydrogen peaks after outgassing {back-
ground subtracted) was f=0.1 for the gold layer from
citrate and phosphate bath which is in agreement with
the theoretically obtained value being equal to 0.067.

Conclusions

With the AES analysis we established that the contami-
nation of the surface gold layers electroplated on the
contact material Argelec 181 is strongly dependent on
the technological process.

The degree of surface contamination is greater for the
gold layer made with the use of phosphate electrolyte
than for the other one. The inner gold layer is very pure
in both technologies used.

The degree of outgassing (f) for hydrogen from the gold
electroplated contact alloy Argelec 181 (Ag with 0.3%
of Mg) from the citrate and phosphate electrolyte is low
(about 0.1) which is in good agreement with the theo-
retically obtained value 0.067.

The contact alloy Argelec 181 electrochemically cov-
ered with the gold layer of the thickness of 0.5 um after
outgassing (135°, 24 hours, 1x107® mbar) is found to be
a suitable contact material for use in electronic parts.

18
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28
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Fig. 6: Mass spectrum of the outgassing products
from the electrochemically gold plated (phos-
phate e/ectro/é/te) contact alloy Argelec 1817
(135°C, 1x10™ mbar) after 24 hours of out-
gassing.
References

/1/ M. Hansen, Constitution of Binary Alloys, 2nd ed. (Mc Graw
Hill, New York, 1958).

/2/ M. Gojo, 11. jug. simpozij o elektrokemiji, Rovinj (1989),p. 127.

/3/ Qualitetspriffung galvanischer Uberzeuge, (Sammelband,
Nirnberg, 1990).

/4] R.Sard, Properties of Electrodeposits, their Measurement and
Significance, (Princeton, New Jersey, 1989).

/5/ L. Koller, R. Zavadnik and M. Jenko, Vacuum 43(1992)741.

/6/ L. Koller, M. Jenko, B. Pracek and S. Spruk, Vacuum 44 (1993)
441,

/7/ L. Koller, M. Jenko, S. Spruk, B. Praéek and S. Vrhovec,
Vacuum 46 (1995) 827.

/8/ N. Yushimura, T. Sato, S. Adachi and T. Kanezawa, J. Vac.
Sci.Technol. A8 (1980) 924.

L. Koller, dipl. ing.

S. Vrhovec

B. Pracek, dipl.ing.

Institute for Electronics and Vacuum Technique
Teslova 30, 1000 Ljubljana, Slovenia

tel.: +386 (0)61 126 45 84

fax: +386 (0)61 126 45 78

Dr. M. Jenko, dipl. ing.

Institute of Metals and Technologies

Lepi pot 11, 1000 Ljubljana, Slovenia

Prispelo (Arrived): 09.01.1896 Sprejeto (Accepted): 20.02.1996



UDKB21.3:(53+54+621 +66), ISSN0352-9045 Informacije MIDEM 26(1996)1, Ljubljana

ELECTRICAL PROPERTIES OF A PASSIVE LAYER
ON LITHIUM MEASURED IN ABSENCE OF LIQUID
ELECTROLYTE

Miran Gabers$cek, Darja Kek and Stane Pejovnik
National Institute of Chemistry, Ljubljana, Slovenia

Keywords: surface protection, pasivation, passive layers, passive films on lithium, LiCl, lithium chloride, thin films, SOClz, thiony! chloride, electrical
properties, measurements of electrical properties, ionic conductors, layer porosity, impedance spectroscopy, electrical transport of mobile particles,
equivalent circuits

Abstract: Electrical properties of a passive film formed on lithium in thionyl chloride are measured using impedance spectroscopy. Unlike in all
previous investigations published in literature the measuring cells did not include liquid solution. In modelling of the measured impedance spectra
the presence of poor electrical contact between the passive film and counter electrode, as well as the passive film porosity, were taken into account.
The parameters of electrical transport across the passive film are compared with the corresponding literature data.

Elektricne lastnosti pasivne plasti na litiju, izmerjene
v odsotnosti tekocega elektrolita

Kljuéne besede: zascita povrsin, pasivacija, plasti pasivne, plasti pasivne na litiju, LiCl kiorid litijev, plasti tanke, SOCI2 tionil klorid, lastnosti
elektriéne, meritve lastnosti elektricnih, prevodniki ionski, poroznost plasti, spektroskopija impedanéna, transport elektricni delcev gibljivih, vezja
ekvivalentna

Povzetek: Elektriéne lastnosti pasivnega filma, ki se tvori na litiju v prisotnosti tionil klorida, smo merili z impedandéno spektroskopijo. Bistvena
razlika glede na objavijene meritve v literaturi je, da merjeni sistem ni vseboval tekoCega elektrolita. Pri modeliranju izmerjenih impedancénih spektrov
smo tudi upostevali slab elektricni kontakt med pasivnim filmom in pomoZzno elektrodo ter poroznost pasivnega filma. Tako dobljene parametre
elektriénega transporta smo primerjali z ustreznimi podatki, objavijenimi v literaturi.

INTRODUCTION The electrical properties of such an all-solid-state sys-
tem are measured using the impedance spectroscopy

If in contact with terrestrial environment most metallic and the results are interpreted taking into account both

surfaces are transformed into oxides and/or salts /1/. In the porosity of the film as well as the poor contact

cases when the newly formed surface layer prevents the between the passive layer and the solid counter elec-

underlying metal from further decay, the system is re- trode.

garded passivated, the corresponding phenomenon is

referred to as passivation and the thin surface layer as EXPERIMENTAL

a passive layer (or passive film).
Electrolyte: A 1.5 M LIAICI4/SOCI2 electrolyte solution

The electrical properties of the passive layers formed on was used. SOCI2 was purified by fractional distillation
lithium in aprotic media have exclusively been studied under an argon atmosphere. AlCl3 (99,99%) was used,
in systems in which the passive film was in contact with as obtained from Aldrich. LiCl (p. a.) from Kemika Za-
a liquid electrolyte. As lithium passive layers usually greb was dried at 175°C under a vacuum for 72h. A 1.5
include a significant degree of porosity, such measure- M solution of LIAICl4/SOCIl2> was prepared in an argon-
ments only provide information about the combined filled dry box by slowly adding AlCI3 to SOCIz in order
electrical properties of the liquid electrolyte in layer’s to avoid heating, and then slowly adding LiCl in slight
pores and those of the solid skeleton of the passive layer excess.

(Fig. 1a). As in most cases the pore geometry is not The water content of the electrolyte as found by IR
known, nothing can be said about the electrical propet- spectroscopy was less than 10 ppm.

ties of individual components, especially of the solid

part of the passive layer. In this paper we present a Materials: Thin LiCl films were prepared in two ways:
technique which allows for direct measurements of the a) by immersion and spontaneous passivation of metal-
electrical properties of the solid part of the passive film lic lithium in a 1.5 M solution of LIAICl4/SOCIz. Lithium
formed on lithium in contact with thionyl chlioride was stored in the electrolyte for 14 days at 50°C, forming
(SOCI?). This passive film is polycrystailine LiCl with a passive layer of thickness of approx. 80 um on the
some inclusions of aluminium and sulphur compounds. surface of the lithium metal. After this treatment the
The liquid electrolyte is removed from the system and a passivated surface was dried for at least two days in Ar
solid counter electrode is employed instead (Fig. 1b). atmosphere to remove all liquid electrolyte.
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b) by evaporation from a LiCl substrate at a pressure of
10 mbar at 500°C to 550°C on a polished platinum
sheet.

Electrodes: Electronic contacts were made using a con-
ductive carbon cement (CCC) (Neubauer Chemikalien),
a conductive silver paint (CSP) (GC Electronic), and a
platinum sheet. lonic contact was made by pressing a
sheet of metallic Li against the film surface using a
spring contact.

Using the described materials and electrodes the fol-
lowing types of cells were constructed:

Wé‘x) ionic contacts:
— Li/passive film LiCl/Li; system A
- Li/passive film LiCl/Li/LisN; system B
b) mixed ionic and electronic contacts:
— Pt/thin film LiCl/Li; system C
- Li/passive film LiCl/CC; system D

LisN in system B was prepared by keeping Li/LiCl/Li
cells in an argon atmosphere with up to ca 1% of N2 but
with only traces of O2 and moisture - less than 5 ppm
for several days.

Measurements: Impedance measurements were per-
formed using a Solartron 1250 Frequency Response
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Analyzer (65000 Hz to 0.01 Hz) combined with a 1286
Electrochemical Interface and a Hewlett-Packard 4284A
LLCR Meter (1 MHz to 20 Hz). The impedance response
was measured at variable DC voltage bias (-2 to +2V).

All measurements and cell preparations were per-
formed in an argon-filled dry box facility.

RESULTS AND DISCUSSION

The shape of impedance response of the Li(parent
electrode)/passive film/solid counter electrode system
measured in the frequency range from 65000Hz-0.01Hz
system may be divided in two cases (Fig.2):

a) if the solid counter electrode is metallic lithium, a
slightly depressed arc is observed in the whole fre-
quency range (Fig. 2a),

b) in all other cases a low-frequency tail in addition to
the depressed high-frequency arc is observed (Fig.
2b).

Such behaviour may be explained in the following way:

the high-frequency arc represents the response due to

migration of lithium vacancies in the bulk passive film
while the low-frequency tail is due to diffusion of mobile
particles (lithium vacancies + the corresponding posi-
tively charged carriers) inside the passive film towards
the passive film/counter electrode interface. Obviously,
if both electrodes consist of metallic lithium the diffusion
process is not observed (Fig. 2a). This means that the
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Fig. 2: Typical shape of the impedance response for
a) symmetrical Li/passive film/Li cells,

b) asymmetrical Lilpassive film/solid counter
electrode where "solid counter electrode”
denotes the following electrodes: platinum,
conductive carbon cement, and stainless

steel.
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impedance of the lithium/passive film interface is very
low which prevents the mobile carriers from accumula-
tion at that interface and diffusion is negligible. Con-
versely, in other systems the measured impedance of
the passive film/solid counter electrode interface is high
enough to allow for the accumulation of charge carriers
and the diffusion process is observed (Fig. 2b).

The fact that the high-frequency arc is depressed (i.e.
its centre lies below the real axis) implies that more than
just one relaxation process take place within the passive
film. Indeed, as shown in Fig. 3, one needs at least 2 RQ
terms in order to get a satisfactory fit of a typical meas-
urement. Here R represents the resistance and Q the
so-called CPE (constant phase element) defined as

R1—():
(joC)”

M

where j=V-1, wis the angular frequency of the excitation
signal, Cis the capacitance and a is a parameter related
to distribution of relaxation times. Analysis of many
measured impedance responses have shown /2/ that
one of the RQ terms probably represents the response
of solid skeleton of the passive film while the other is
most likely due to a combined effect of i) passive film
pores and ii) the poor physical contact at the passive
film/solid electrode interface on the impedance re-
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Fig. 3: Measured impedance spectrum fitted with

two different equivalent circuits.

sponse of the system. Building up a simplified model
simulating the electrical properties of the system (Fig.4)
it was possible to show /2/ that the actual contact area
between the passive film and the solid electrode was as
low as 2-15% of the geometrical area of the contact. The
reason for this is the high surface roughness of the
passive film which prevents the solid electrode - unlike
in the case of liquid electrolyte systems - from coming
into intimate contact with the passive film surface. The
second important result of analyses with the model in
Fig.4 is the calculated value of average passive film
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thickness which lies in the range from 70 to 90 um. This
range agrees well with the values observed using the
scanning electron microscopy (20-60 um) and hence
confirms the relevance of the proposed model. Finally,
the model gives average values of conductivity of the
solid skeleton of the passive film which at 25°C has a
value of ca 10° Scm. This is ca 100 times less than
the average passive film conductivity found in liquid
electrolyte systems /3/. Arough estimation based onthe
assumption of cylinder-shaped pores, and taking into
account that the conductivity of liquid electrolyte is 102
Scm™!, shows that in average the film porosity is ca 1077
(i.e. the ratio between the cross-section area of pores
and the geometrical cross-section area). Expressed in
another way this means that if an average cubic single
crystal has a base of 10um, a typical pore diameter
would be ca 3.5 nm. Due to difficult handling and
chemical reactivity of the systems involving metallic
lithium the latter result cannot be verified using, for
example, SEM observations.
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Fig. 4: Schematics of a model taking into account

the poor contact at the passive film/counter
electrode interface and/or film porosity.

Impedance response as a function of DC voltage bias:

Measurements of impedance response at variable DC
voltage bias (e.g. 0 to = 2 V) usually serve to distinguish
between the contribution of bulk and interfacial re-
sponse. Typical results are shown in Fig. 5. As ex-
pected, the high-frequency arc does not change with
bias (Fig. 5 a) while the shape and magnitude of the
low-frequency tail show significant dependence on DC
voltage bias (Fig.5 b, c). The changes in the low-fre-
quency response are ascribed to deposition {or disso-
lution) of metallic lithium at the passive film/solid counter
electrode interface. For example, if the lithium electrode
is biased positively, lithium ions are transferred from this
electrode to the counter solid electrode where they are
deposited as metallic lithium (Fig. 6 a). Gradually the
surface of counter electrode covers completely with
metallic lithium which, in terms of the impedance re-
sponse, means that the low-frequency tail almost disap-
pears (Fig. 5, b - triangles) compare with Fig. 1, curve
A). If the deposition of metallic lithium continues, it may
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happen that also the magnitude of high-frequency arc
slightly reduces (Fig. 5, c). This result may be explained
by taking into account the hypothesis developed for
liquid electrolyte systems /3/, viz. that the further depo-
sition of lithium occurs preferentially at grain boundaries
which results in the dendritic growth shown in Fig. 6 b.
When the dendrites have penetrated deeply enough
into the bulk passive film the effective distance between
both electrodes is considerably reduced which, in turn,
is reflected in the size of the high-frequency arc.
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The influence of dc voltage bias on imped-
ance spectra of the investigated systems:

a) symmetrical cell, b) asymmetrical cells in
cases when Li is deposited at the counter
electrode as shown in Fig. 6a, ¢) asymmetri-
cal cells in cases when Li is deposited at the
counter electrode as shown in Fig. 6b.
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Impedance response as a function of temperature:

Impedance response was measured as function of tem-
perature inthe range from 25 to 150°C. Using the model
presented in Fig. 4, Arrhenius graph showing tempera-
ture dependence of passive film conductivity was con-
structed (Fig. 7). The activation enthalpy for lithium ion
(or vacancy) conductivity was found to be 0.65=0.05
eV. This is 0.24 higher than the value obtained by Haven
/4/ for LiCl single crystal in the temperature range 300°C
to 450°C. The difference may be due to three reasons:

a) in our case the activation enthalpy has additional
term due 1o extrinsic conductivity;

b) there may be an additional term due to the formation

of associates or imperfections /5/;

c) conduction along grain boundaries of LiCl may be
activated in a different way as the conduction in LiCl
single crystals.
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Fig. 7: Arrhenius plot showing temperature depend-

ence of passive film conductivity.

CONCLUSIONS

The electrical properties of the passive film formed on
lithium in thionyl chioride were studied in cells where the
liquid electrode was replaced by solid electrodes of
different types. Using a simple model describing the
electrical properties of the systems under investigation
the following results were obtained:

1. The conductivity of the solid part of the passive film
was found to be ca 10° Sem™, which is ca two
orders of magnitude lower than in systems including
liquid electrolyte. The ratio between the cross-sec-
tion area of pores and the solid part of the film was
ca 107
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2. If the lithium electrode was biased positively, the
deposition of metallic lithium on the counter solid
electrode was observed as a pronounced change in
the low-frequency part of impedance spectra. Fur-
ther deposition led to changes in the high-frequency
arc as well, which was ascribed to the dendritic
growth of metallic lithium into the bulk passive film.

3. The activation enthalpy for lithium ion (or vacancy)
conductivity in the temperature range 25 to 150°C
was found to be 0.65+0.05 eV.

ACKNOWLEDGEMENT

The financial support from The Ministry of Science and
Technology of Slovenia is fully acknowledged.

REFERENCES

/1] V. Brusic, in Corrosion Chemistry, Eds G.R. Brubaker and
P.B.P. Phipps, American Chemical Society, Washington, D.C.,
1979, pp. 153-184

/2] D. Kek, M. Gaberséek, S. Pejovnik, J. Electrochem Soc., in
press

25

/3/ E. Peled, in “Lithium Batteries”, Ed J. P. Gabano, Chap. 3,
Academic Press, Inc., (1983)

/4/ Y. Haven, RECUEIL, Vol. 69, (1950), 1471

/5/ A. Kroeger, in The Chemistry of Imperfect Crystals, Elsevier,
New York, 1974

dr. Miran Gaberséek, dipl. ing.,
mag. Darja Kek, dipl. ing.,

prof. dr. Stane Pejovnik, dipl. ing.,
Kemijski institut,

Hajdrihova 19

1115 Ljubljana, Slovenija

tel.: +386 61 1760 200

fax: +386 61 1259 244

Prispelo (Arrived): 12.03.1996 Sprejeto (Accepted): 18.03.1996



Informacije MIDEM 26(1996)1, Ljubljana UDK621.3:(53+54+621 +66), ISSN0352-9045

KONFIGURACIJA MERILNEGA SISTEMA ZA
ANALIZO MIKROVALOVNIH DIELEKTRICNIH
LASTNOSTI IN NJEN VPLIV NA
NATANCNOST MERITVE

M. Valant, D. Suvorov, S. Mac¢ek
Institut “Jozef Stefan”, Univerza v Ljubljani, Ljubljana, Slovenija

Kiju¢ne besede: sistemi merilni, resonatorji dielektriéni, metode resonatorjev votlinskih refleksijske, lastnosti dielektri¢ne, lastnosti mikrovalovne,
napake merilne, frekvence resonacne

Povzetek: Postavljen meriini sistem za doloevanje mikrovalovnih dielektricnih lastnosti temelji na refleksijski metodi votlinskega resonatorja.
Raziskali smo odvisnost izmerjenih resonanénih frekvenc in faktorjev kvalitete od dimenzij testnih votlinskih resonatorjev. V primerih, ko je bila TEo1s
najnizja resonanca sistema, smo izmerili znatno niZje faktorje kvalitete (do 10%). Pritem smo opazili tudi premik resonance frekvence dielektriénega
resonatorja k niZjim vrednostim. Meritve so bile natanénejse v primerih, ko smo uporabili vecje testne votlinske resonatorje. Razvili smo tudi
numeriéno metodo za izradun lastnih frekvenc votlinskega resonatorja z vstavijenim dielektrikom.

Configuration of the Measurement System for the
Analysis of Microwave Dielectric Properties and its
Influence on Accuracy of Measurement

Keywords: measuring systems, dielectric resonators, reflection resonant cavity methods, dielectric properties, microwave properties, measurement
errors, resonant frequencies

Abstract: The main problem in the determination of the Q-value at the resonant condition arises due to the existence of the external EM field, which
could penetrate into the conducting walls of the resonant cavity (skin effect). This causes a reduction of the measured Q-value. Therefore, to obtain
the unloaded Q-value the resonant cavity should be large enough to avoid the skin effect. However, by increasing the size of the resonant cavity
the resonant modes of the cavity shift to lower frequencies. This could cause the TEqss dielectric resonator mode to overlap with or to be mistaken
for the resonant cavity modes. Usually the measurements are performed with a resonant cavity up to three or four times larger than the dielectric
resonator. At permittivities of the dielectric resonator higher than approximately 20 this assure that the position of the TEo1s dielectric resonator
mode is below the first resonant cavity mode (TMo1o).

Measurement system for determination of microwave dielectric properties was constructed employing the reflection resonant cavity method. The
dependence of the measured resonant frequency and Q-value on the resonant cavity dimensions was determined. We noticed a significant
reduction in the Q-value (up to 10%) if itis measured below the TMoio resonant cavity mode. Also the resonant frequency was slightly shifted toward
the higher values due to the tuning effect. Measured Q-values were higher and therefore closer to unioaded Q-value when we used larger cavities.
Numerical procedure for the determination of the resonant modes of the resonant cavity containing inserted dielectrics was also developed

Uvod ' stavlja osnovo vedine merilnih metod za doloCevanje
mikrovalovnih dielektricnih lastnosti materialov. Kom-
Pomembna prelomnica pri razvoju brezzi¢ne komuni- pleksno vrednost dielektriGnosti je teoreticno mogoce
kacijske tehnologije je uvedba zmogljivih mreznih anali- izradunati le iz dimenzij vzorca, resonanéne frekvence
zatorjev, kar je, ob hkratnem razvoju racunalniske in &irine resonan¢nega odziva, vendar je v praksi taksen
tehnike, omogocdilo simulacijo, analizo ter testiranje izradun praviloma nenatanc¢en. Temeljnirazlog je v veci-
modelov. Eksperimentalno je bilo ugotovlijeno in ni primerov enak. Elektromagnetno (EM) polje dielek-
opisano /1/, kako se elektromagnetno polje resonanc- tri¢cnega resonatorja je namre¢ moteno zaradi blizine
nih rodov sklaplja in razsirja v medijih razlicnih dimenzij prevodnih sten, nosilca, sklopitvenih zank itd. Motnje
in razliénih elektricnih lastnosti. Na osnovi taksnih EM polja povzroéajo premik resonancne frekvence k
spoznanj je postalo oblikovanje, testiranje in optimi- vigjim vrednostim ter &iritev resonanénega odziva.
zacija mikrovalovnih vezij hitro in zanesljivo. Ob tem je
bilo razvitih tudi nekaj novih, hitro izvedljivih in dokaj Ker do sedaj $e ni izvedena standardizacija merilnega
natanénin metod za karakterizacijo mikrovalovnih sistema za dolo¢evanje mikrovalovnih dielektricnih last-
dielektriénih lastnosti materialov. nosti, obstajajo razlicne merilne metode, katerih rezul-
tati med seboj niso vedno neposredno primerljivi.
Analiza resonancnih karakteristik, ki so odvisne pred- Konfiguracije merilnih sklopov se med seboj razlikujejo,
vsem od oblike in dielektriénih lastnosti vzorcev, pred- zato je potrebno izbrati primerno metodo glede na
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namembnost meritve, naravo vzorcev ter zahtevano
natanénost. Na sliki 1 so prikazane nekatere najpo-
gosteje uporabljane konfiguracije testnih sklopov.

Slika 1:  Nekatere najpogostejse konfiguracije testnih
merilnih sklopov za doloCevanje mikrova-
lovnih dielektricnih lastnosti: a) Courtney-ev
dielektrometer /2,3,4/, b) zaprti radialni die-
lektrometer /5/, c) Cohn-ov dielekirometer /6/
in d) meriini sklop za doloCevanje lastnosti

substratov |7/

Pri meriinih sklopih, prikazanih na sliki 1, prihaja do
napak pri merjenju dielekiricnosti zaradi neidealnega
stika med vzorcem in prevodno steno sklopa. Na
taksnem stiku se namre¢ pojavijo zracne reze z znatno
nizjo dielektri¢nostjo od dielekiricnosti merjenega vzor-
ca. Zaradi tega izmerimo prenizke dielektri¢nosti vzor-
cem, $e posebe] v primeru, ko je pri analiziranem rodu
elektriéna komponenta pravokotna na sti¢no povrsino.
Napako meritve lahko znatno zmanj$amo, Ce analizi-
ramo resonancéni odziv rodu, za katerega velja Exn=0
na meji med vzorcem in steno merilnega sklopa. V
primeru Courtney-evega dielektrometra /2-4/ to velja za
TEo18rod, pri katerem ima elektri¢no polje le azimutalno
komponento.

Uporabnost omenjenih metod omejuje dejstvo, da je
dologevanje faktorja kvalitete zelo zahtevno ter v vecini
primerov precej nenatanéno. Zaradi blizine prevodnih
sten se pojavijo precej$nje zunanje izgube, ki so posle-
dica indukcije elektricnega toka v stenah (“skin effect”).
Deloma lahko napako popravimo s preracunom na
osnovi meritve dvakrat veéjega vzorca iz istega materi-
ala /4/, kar pa je zelo neprakti¢no, saj potrebujemo dva
vzorca, meritev se ¢asovno podaljga, ob tem pa tudi
takgen pristop ne zagotavija zahtevane natanénosti.

Tehni¢ne karakteristike postavljenega merilnega
sistema

Merilni sistem za merjenje mikrovalovnih dielektricnih
lastnosti mora biti prilagojen raziskovalnemu ter razvoj-
nemu delu, pri katerem so vzorci velikokrat, zaradi Se
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neoptimiziranih pogojev termi¢ne obdelave, neidealnih
oblik ter zelo razliénih dielektricnosti. Merilni sistem
mora omogocati tudi hitre rutinske kontrole mikro-
valovnih lastnosti. Ker $e ni izdelana potrebna stan-
dardizacija merilnih sistemov za dologevanje mikro-
valovnih lastnosti, je pomembno, da so rezultati &im
manj obremenjeni z merilnim skiopom oziroma, da so
&im blize absolutnim vrednostim.

Metoda votlinskega resonatorja (“resonant cavity
method”) postaja vse bolj popularna za dolo¢evanje
mikrovalovnih dielektricnih lastnosti keramiénih materi-
alov, tako v industrijskih kot tudi v razvojnih in razisko-
valnih laboratorijih. Napake meritev, ki se pojavijajo pri
drugih metodah, so vtem primeru minimizirane oziroma
jih je mogoce odpraviti z naknadno matemati¢no obde-
lavo rezultatov,

V testni votlinski resonator cilindri¢ne oblike je na
nosilec nameécen dielektricen resonator iz preiskova-
nega materiala (Slika 2). Preko transmisijskih linij in
sklopitvene zanke dielekiricnemu resonatorju vzbu-
jamo TEp1d rod. Z analizo resonanénega odziva mu
dolo¢imo resonancno frekvenco ter faktor kvalitete.
Matematic¢no takéno konfiguracijo opisuje ltoh-Rudoka-
sov model /8/, na osnovi katerega lahko iz resonancne
frekvence izracunamo dielektriCnost preiskovanega
materiala.

nosileg

dielektriéni resonator

SMA konektor s

Slika 2:  Merilni sklop pri metodi votlinskega resona-

torja

Izbrana metoda votlinskega resonatorja je prilagojena
meritvam vzorcev cilindriéne oblike, vendar omogoca
tudi dokaj natan¢ne meritve vzorcev z nekoliko popa-
&eno geometrijo, saj niso potrebni tesni stiki med me-
riinim sklopom in vzorcem. Z refleksijskim nacinom
merjenja lahko zelo natanéno dolo&imo faktor kvalitete
ter resonancéno frekvenco iz Smithove karte, za hitre
rutinske meritve pa je primernejsi transmisijski nadin, pri
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katerem se faktor kvalitete doloduje le iz Sirine reso-
nancnega odziva.

Za generiranje in analizo elekiromagnetnega valovanja
uporabliamo mrezni analizator (HP8719C). Deluje v
frekvenénem obmocdju med 50 MHz in 13.5 GHz. Stan-
dardno resolucijo mreznega analizatorja (100 kHz) smo
z vgradnjo opcijske enote 001 (HP86381A) izboljsali na
1 Hz. Tak$na resolucija omogoca natan¢no analizo zelo
ozkih resonancnih odzivov vzorcev z visokimi faktorji
kvalitete (nad priblizno 5000 pri merjeni frekvenci).
Mrezni analizator ima dva neodvisna kanala, preko
katerih lahko opravijamo analize refleksijskih (S11) ter
transmisijskih (S12) parametrov v logaritemski ali Smith-
ovi karti. Za kalibracijo se uporablja 7 mm kalibracijski
set (HP 850500). Mrezni analizator je preko 7 mm mikro-
valovnih koaksialnih kablov (HP 85132, Zo = 50 Q) ter
7 mm/3.5 mm adapterjev (HP 85130A/B) povezan s
testnim votlinskim resonatorjem, v katerem je na teflon-
ski nosilec names$éen vzorec. Testni votlinski resonatorji
s0 narejeni iz medenine, povrina pa je pozlacena. 3
mm SMA konektor, ki je pritrjen na vsakega od testnih
resonatorjev, je povezan s pozladeno sklopitveno
zanko. Meritve resonancne frekvence in faktorja
kvalitete izvajamo v testnih votlinskih resonatorjih $estih
razliénih velikosti. Uporabljamo testne resonatorje s
premerom 20 mm (A), 27 mm (B), 37 mm (C), 50 mm
(D), 68 mm (E) in 95 mm (F). Razmerje med vi$ino in
premerom (/D) je pri vseh 0.6. Za meritve tf je mrezni
analizator preko mikrovalovnega koaksialnega preklop-
nika (RLC Microelectronics, RF 1P6T, Model SR-6C-H)
in valovodov povezan s testnimi votlinskimi resonatorji,
nameséenimi v temperaturni komori (LABO, model Ul-
tra 2000). Komora omogoca meritve v temperaturnem
obmodju od -20°C do 100°C. Merilni sistem krmilimo z
racunalnikom preko vmesnika (HP 82335 HP-IB Inter-

face).

Za ponovljive ter primerljive meritve je pomembno, da
so delovni parametri meritve v vseh primerih enaki.
Meritve izvajamo s 1601 merilnimi to¢kami na defovno
frekvenéno obmodje. Mo¢ vzbujevainega signala je -50
dBm. Tako dosezemo zelo nizke izgube na prevodnih
stenah sklopa, hkrati pa tudi dovolj visoko razmerje med
signalom in $umom. Dodatno nivo $uma znizamo z
zvisanjem selektivnosti sprejemnega kanala. Pred vsa-
ko meritvijo je bil sistem kalibriran s ¢lenom z odprtimi
sponkami, s ¢lenom s kratko staknjenimi sponkamiin s
¢lenom s karakteristi¢no impendanco.

Izbolj$ava merilne tehnike na osnovi analize napake

Pri dolocevanju faktorja kvalitete dielektricnih resona-
torjev pri resonan¢nih pogojih se pojavi problem zaradi
obstoja EM polja nezanemarljive jakosti zunaj dielek-
tricnega resonatorja. Zunanje EM polje lahko prodira v
stene testnega votlinskega resonatorja, hkrati pa do-
datne motnje polja povzrocajo tudi skiopitvene zanke
ter teflonski nosilec. Matematicni model tako motenega
polja ne opise natanc¢no, posledica tega pa je napacna
dolocitev faktorja kvalitete ter dielektriénosti. lzmerjeni
obremenjeni faktor kvalitete je praviloma niZji od neo-
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bremenjenega. Prav tako izmerimo tudi visjo reso-
nancno frekvenco oziroma nizjo dielektricnost od dejan-
ske.

Napaka meritve je manj8a, ¢e uporabimo vedji testni
votlinski resonator, vendar so v tem primeru lastne
frekvence taksSnega votlinskega resonatorja Ze tako
nizke, da lahko pride do njihove sklopitve s TEp1srodom
dielekiriénega resonatorja ali celo do zamenjave rodov
in zaradi tega do analize napacnega rodu. Navadno se
meritve opravljajo s testnimi votlinskimi resonatoriji, ki so
tri do 8tirikrat vedji od dielektriénega resonatorja. Pri
dielektri¢nosti, visji od priblizno 20, taksno razmerje
med velikostjo votlinskega in dielektricnega resonatorja
zagotavija, da je TEg1s rod frekvenéno nizje od najniz-
jega resonanénega rodu testnega votlinskega resona-
torja. Tak8en polozaj rodov omogoca hitro in zanesljivo
identifikacijo TEo1s rodu, vendar je napaka merjenja
mikrovalovnih lastnosti pri takéni konfiguraciji znatna.
Pri analizi napake smo uporabljali dielektri¢ne resona-
torje razli¢nih dielektri¢nostiter dimenzij. Manj$e dielek-
tricne resonatorje smo oznadili z oznako o, velje z
oznako B, nizkodielektri¢nim resonatorjem smo pripisali
indeks “low”, visokodielektri¢nim pa indeks “high”.

Pri doloCitvi ustreznega razmerja med vi&ino in pre-
merom (h/D) smo upoétevali polozaje prvih dveh rodov
votlinskega resonatorja (TMo1o in TE111). Prenizki testni
votlinski resonatorji imajo lastne frekvence tako
zgoscene, da je analiza TEots rodu dielektricnega
resonatorja pri frekvencah, visjin od resonanéne fre-
kvence TMo1o rodu, onemogocena. Z visanjem raz-
merja h/D se frekvenéni interval med rodovoma
zmanjsuje, hkrati pa, ob konstantni viini, postaja testni
votlinski resonator primernejsih dimenzij za prakti¢no
izvedbo meritev. Motnje v radialni smeri (p) so zanemar-
liive, saj se EM polje v tej smeri obna$a kot eksponentno
upadajoca funkcija, ki jo najblizje ponazarja modifici-
rana Besselova funkcija K1(kp) (k = konstanta 2.404).
[zradun na osnovi tak&nega priblizka je pokazal, da je
za vsa razmerja h/D od 0.4 do 0.8 EM polje na radialnih
stenah vsaj za 106-krat niZje od tistega na povrsini
dielektrinega resonatorja. Za meritve smo izbralitestne
votlinske resonatorje z razmerjem h/D = 0,6. Pri
tak&nem razmerju je tudi pri velikih votlinskih resonator-
jih frekvenéni interval med TMo1o in TE111 rodovoma
okoli 1 GHz sirok, kar je dovolj za natan¢no analizo
TEo1s rodu dielektri¢nega resonatorja.

Faktor kvalitete in resonancno frekvenco vzorca ohigh
smo izmerili z uporabo testnih votlinskih resonatorjev A,
B, C, D in E. Pri testnih votlinskih resonatorjin A, B, in C
je bil TEo1s rod dielektriénega resonatorja najniZja reso-
nanca, pri nadaljnjem zvidanju velikosti votlinskega
resonatorja (D in E) pa so bile nekatere lastne frekvence
votlinskih resonatorjev nizje (Slika 3). V vseh primerih je
bil TEg1s dobro izoliran oziroma nesklopljen z ostalimi
rodovi, kar je omogodilo njegovo natané¢no analizo. Pri
votlinskem resonatorju F se je sklopitev pojavila, zato v
tem primeru meritve ni bilo mogoce izvesti.

Sistematicne meritve vzorca anigh so dokazale, da so
izmerjene mikrovalovne dielektri¢ne lastnosti odvisne
od dimenzij testnega votlinskega resonatorja (Slika 4).
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Pri vedjih votlinskih resonatorjin so izmerjene reso-
nanéne frekvence znatno nizje kot pri manjsih.
Isto¢asno lahko opazimo tudi nizanje izmerjenega fak-
torja kvalitete. V primerjevi s faktorjem kvalitete izmer-
jenim v votlinskem resonatorju E, je faktor kvalitete,
izmerjen v votlinskem resonatorju C (najvecjem, kjer je
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Slika 3:  Shematski prikaz resonanc¢nih rodov pri mer-
jenju mikrovalovnih lastnosti vzorca onpigh Z
razlicno velikimi testnimi votlinskimi resona-

torji
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lzmerjene mikrovalovne dielektricne lastnosti
vzorca ohigh v odvisnosti od velikosti votlin-
skega resonatorja

Slika 4:

resonancna frekvencaTEogis rodu 8e nizja od reso-
nancne frekvence TM111 rodu), za priblizno 5% manjsi.
Dielektricnost je v tem primeru nizja za eno enoto.

lzmerjene mikrovalovne lastnosti vzorcev olow, Phigh in
Blow, kaZejo podobno odvisnost od velikosti testnega
votlinskega resonatorja kot lastnosti vzorca onigh. Pri
ovrednotenju TEp1s rodu v primerih, ko je le-ta pred-
stavljal najnizjo resonanco sistema, smo praviloma
dologili eno do dve enoti nizjo dielektri¢nost v primerjavi
z meritvami, pri katerih je bila resonanéna frekvenca
TEo1s rodu vigja od najnizjih resonanc testnega votlin-
skega resonatorja. Hkrati smo izmerili tudi do 10% nizje
vrednosti faktorja kvalitete.
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Iz izmerjenih podatkov je razvidno, da je napaka pri
meritvi mikrovalovnih dielektri¢nih lastnosti manjsa, ¢e
uporabljamo vecje testne votlinske resonatorje. Pri
obicajnem razmerju med velikostjo dielektricnega
resonatorja in velikostjo testnega votlinskega resona-
torja, takrat ko je resonancna frekvenca TEo1s rodu nizja
od resonanéne frekvence TMoio rodu, je napaka
meritve $e vedno velika (cca. 10%). Potrebno je upo-
rabiti $e vecje votlinske resonatorje, vendar pa je v tem
primeru za zanesljivo identifikacijo TEo1s rodu potreben
natancen izracun lastnih frekvenc testnega votlinskega
resonatorja z vstavijenim dielektri¢nim rescnantorjem.

Izra¢un lastnih frekvenc testnega votlinskega
resonatorja z vstavljenim dielektriénim resonatorjem

Lastne frekvence votlinskega resonatorja, homogeno
zapolnjenega z medijem dielektricnosti ¢ in permeabil-
nosti 1, lahko izraunamo iz enacéb:

mn p n

el

za TMmnp rodove o, =

+p i 2

za TEmnp rodove o,

F

kjer je R polmer in h vigina votlinskega resonatorja, ¢
hitrost svetlobe, xmn n-ti koren, xX'mn pa odvod n-tega
korena Besselove funkcije m-tega reda /9/.

V primeru elektromagnetno nehomogenega testnega
votlinskega resonatorja, ko so v resonanénem prostoru
prisotni &e sklopitvena zanka, teflonski nosilec in dielek-
triéni resonator, enacbi (1) in (2) lastnih frekvenc ne
opisujeta dovolj natanéno. V primerjavi z izrauni so
lastne frekvence takSnega testnega resonatorja pre-
maknjene k nizjim vrednostim. AnalitiCen pristop k izra-
¢unu lastnih frekvenc testnega votlinskega resonatorja
z vstavijenim dielektriénim resonatorjem bi lahko bil, ob
upostevanju vseh motenj EM polja, prezahteven in
neprimeren za rutinsko uporabo med merjenjem. Da bi
lahko vseeno izracunali lastne frekvence, smo razvili
empiricno metodo, ki je dovolj enostavna in natan¢na
za uporabo.

Osnova za izracun sta enacbi (1) in (2), ki smo ju z
dvema korekcijskima dodatkoma priredili obstojeCemu
problemu. Zaradi prisotnosti dielektri¢nega resonatorija,
sklopitvene zanke ter teflonskega nosilca v reso-
nanc¢nem prostoru, le-ta ni ve¢ elektromagnetno homo-
gen in zato konstanta (j.€) ne opisuje natancno njegovih
elektromagnetnih lastnosti. Pri prvi korekciji smo kon-
stanto (ne) zamenjali s konstanto (L'e"), ki opisuje elek-
tromagnetne lastnosti nehomogenega medija. V enaé-
bo smo uvedli $e korekcijski faktor v. Odvisen je od
razmerja med volumnom testnega votlinskega resona-
torja (Vvotl) in volumnom vstavljenega dielekiriénega
resonatorja (Vdiel).
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Tabela I: Izmerfjene in izraCunane lastne frekvence testnih votlinskih resonatorjev z vstavijenim dielektricnim resona-
torjem
TMo1o (GHz) TE, |, (GHz) TM, 10 (GHz)
izmerjen  izratunan  rel.nap. (%) | izmerjen izratunan  rel.nap. (%){ izmerjen izraéunan rel.nap. (%)

Batiow 8.035 8,094 0,73 10,487 10,411 -0.72 12,654 12,803 1,18

Cltion 6.096 6,122 0,43 8,067 8,033 -0.42 9,539 9,713 1,82

Dotyow 4,541 4,568 0,59 6,034 5,998 -0.57 7,184 7,235 0,71

Etiow 3,362 3,334 -0,83 4,481 4,518 0,83 5.374 5,357 -0,32
Cotugh 5.987 5,976 -0,18 7,875 7,889 0,18

DBiow 4,171 4,164 -0,17 5,285 5,294 0,17

DBiign 3,938 3,941 0,08 5,002 4,998 -0.08

Enacbi za izracun lastnih frekvenc testnega votlinskega
resonatorja z vstavljenim dielektriénim resonatorjem je
z upostevanjem obeh korekcij mogod&e zapisati:

za TMmnp rodove

mn p TC

mnp \/E Rz

X(1+v) (3)

W

za TEmnp rodove

C

mnp M

) pn x{1-v) 4)

Konstanta (u'e') /2 ima navadno vrednosti med 1 in 1,4.
Njene vrednosti nismo poskusali izracunati neposred-
no, temved posredno s pomocjo znane omnp iz enach
(3) oziroma (4). Med merjenjem lahko namre¢ zanes-
liivo identificiramo vsaj enega od prvih dveh rodov test-
nega votlinskega resonatorja. Ce je TEp1d v bllZlnI
TMo1o rodu, uporabimo za izraun konstante (u'e’)!/2
resonanc¢no frekvenco TE111 rodu, ¢e je TEp1d rod v
blizini TE111 rodu, pa resonané¢no frekvenco TMo1o
rodu.

Velikost korekcijskega faktorja v smo dologiliempiriéno:

votl

Napaka tak&nega empiriénega izracuna lastnih
frekvenc testnega votlinskega resonatorja z vstavljenim

dielektricnim resonatorjem je pri vseh preverjenih reso-
nancnih konfiguracijah za TMo10 in TE111 rodove manj-
%a od £101% (Tabela I). Pri vigjih rodovih je napaka
nekoliko velja, vendar tak$en matematiéni postopek
vseeno omogoda nedvoumno identifikacijo vseh rodov.
Ta postopek smo uporabili med drugim tudi za identifi-
kacijo rodov pri meritvi vzorca onigh, kar je prikazano na
sliki 3.

Zakljutek

Celoten postopek merjenja mikrovalovnih dielektricnih
lastnosti z metodo votlinskega resonatotja lahko razde-
limo na posamezne stopnje. Ce ne poznamo priblizne
vrednosti resonanéne frekvence merjenega vzorca,
zanemo meritev z majhnim testnim votlinskim resona-
torjem, pri katerem so lastne frekvence dovolj visoko,
da je TEp1d rod nedvoumno najnizja resonanca. Ko je
priblizna resonancna frekvenca znana, lahko upo-
rabimo testni votlinski resonator, pri katerem je TMo1o
< TEp18. Za zanesljivo identifikacijo TEg16 rodu z
opisanim postopkom izraéunamo lastne frekvence
tak&ne resonancne konfiguracije ter nato iz TEg16 rodu
dielektricnega resonatorja dologimo faktor kvalitete in
dielektricnost vzorca. Opisan pristop k analizi mikro-
valovnih dielektricnih lastnosti omogocéa meritev fak-
torja kvalitete z natancnostjo 2% in dielektriénostjo
+0.5%.
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Abstract: The nature of potassium migration through the active multitayers structure of microchannel plates (MCP) was determined. Comparing
the variation of Auger signal for K (252 eV) through a fresh and aged sample showed that a few surface monolayers of the aged sample are relatively
rich in potassium what is indicative of K migration from the underlying layers to the surface. Data on the potassium migration onto active intrachannel
surface and migration of K through the underlying layers were obtained with the AES method and analyzed using the Goldhorn software package.
The analyses with the Goldharn software package gave us the analytical description of AES measurements.

AES ka‘rakterizacija in analiticen opis gibanja kalija
skozi plasti mikrokanalnih ploscic

Pripravljeno po posterski predstavitvi na 4. Evropski vakuumski konferenci (EVC-4) in
1. svedskem vakuumskem sre¢anju (SVM) na Svedskem, Uppsala, 13-17 junij 1994

Kljuéne besede: optoelektronika, MCP ploscice mikrokanalske, AES Auger spekiroskopija elektronska -

profiliranje globinsko, selitev

elektrodifuzijska, elektrodifuzija, Goldhorn paketi opreme programske, K kalij elementi kemiéni, strukture veéplastne, opisi analitiéni

povzetek: Dolo¢ana je bila narava gibanja kalija skozi vedplastno strukturo mikrokanainin ploscic (MKP). Primerjava spreminjanja intenzitete
Augerjevega vrha K (252 eV) v plasteh sveZega in staranega vzorca pokaze, da se v nekaj monoplasti povrsine staranega vzorca nahaja povecana
vsebnost K. Primerjava nazormno nakaze, da gibanje K poteka iz spodaj lezecih plasti proti povrsini. Podatke o gibanju K iz globine proti povrsini
notranjih sten kanalov smo dobili z AES profiino analizo. Obdelava tako dobljenih podatkov s pomocjo Goldhorn programske opreme je podala

analiticen opis AES meritev.

1. INTRODUCTION

The active intrachannel surfaces in MCP s’ or the sur-
faces lining the walls of the channel are composed of a
few surface monolayers, the superficial about 20 nm
thick silica-rich emitting layer, about 10 nm thick buffer
layer and the underlying about 100-1000 nm thick semi-
conducting layer. The MCP layers composition is pre-
sented in Figure 1. All these layers are formed during
the final stages of the manufacturing. Normally charac-
terized by a decrease in channel gain, the ageing proc-
ess is necessary to ensure a stable operation and
minimum outgassing. The ionic migration on the active
glassy surface and silica-rich emitting layer changed the
elemental distribution of these layers during the ageing
process (electron scrubbing). To characterize the es-
sential differences in the elemental distribution of the
glassy layers of the fresh and aged MCP s, AES sputter
depth profiling through the 60 nm thick channel wall was
applied. Comparing the variation of Auger signal for K
(252 eV) through a fresh and aged sample shows that
a few surface monolayers of the aged sample are rela-
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tively rich in potassium what is indicative of potassium
migration from the underlying layers to the surface. Data
on the potassium migration onto the active intrachannel
surface in MCP s’ and migration of K through the under-
lying layers were obtained with the AES method and
analyzed using the Goldhorn software package. The
analysis gave us the analytical desctiption of the meas-
urements.

2. EXPERIMENTAL

Two microchannel plates were investigated. The first
was examined before and the second after ageing
(electron scrubbing). Both samples were analyzed with
a Scanning Auger Microprobe (Physical Electronics
Industries SAM 545 A). A static primary electron beam
of 5 keV energy, 0.3 uA beam current and a 10 um
diameter was used. The electron beam incidence angle
with respect to the normal to the average surface plane
was 30°. The both samples were ion sputtered with two
symmetrically inclined beams of 1 keV Ar* ions, ras-
tered over a surface area larger than 5 mm x 5 mm at
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Fig. 2: AES sputter depth profiles of the important

elements in the active surface of the channel
before ageing of the MCP. The measured
peak-to-peak intensity is normalized to the
corresponding pure elemental target value
which is set at 100.

an incidence angle of 47°. The sputter rate of about 3
nm/min for the MCP glass is assumed to be equal to
that for SiO2 and was determined on a standard multi-
layer Ni/Cr/SiO2/Ni/Cr/<Si>. During simultanecus AES
analysis and ion spuftering the Auger peak-to-peak
intensities of Si(78 eV), Pb(94 eV), K(252 eV), C(272 &V),
0(510 eV} and Ba(584 eV) were recorded against the
sputtering time. In the depth profiles the peak-to-peak
intensities of the corresponding Auger transition are
normalized to the pure elemental sample value which
was equated to 100 units.
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3. RESULTS AND DISCUSSION

3.1. AES sputter depth profiles of intrachannel glassy
layers

Fresh and aged microchannel plates were investigated
by AES sputter depth profiling. Depth profiles of the
elemental composition of both investigated active in-
trachannel glassy layers are similar and reveal the pres-
ence of the glass constituent elements: Si, O, K, Pb, Ba
and C. The depth distribution of six main constituents of
the unexposed sample is shown in Figure 2. The surface
is composed of Pb, O, Si, K and C namely. The concen-
tration of Pb is very high on the surface, while in a layer
about 10 nm under surface the Pb concentration is
considerably reduced. Deliberately and consequently
this layer is enriched with Si and O. On the surface and
in the underlying conducting layer the K concentration
is almost the same, except for 1.5 nm beneath the
surface, where a sudden increase of K concentration
was observed. The quantity of C on the surface presents
a relatively low contamination and its concentration
decreases quickly to negligible amounts. The presence
of Ba was observed in a depth of about 35 nm beneath
the surface, and its content increases slowly in the bulk
material. The distribution of the present element versus
sputter depth of the exposed sample (Figure 3) shows
that on the surface K concentration is rather increased,
while the Pb concentration is significantly reduced, and
C contamination seems to be higher in comparison to
the unexposed sample. The thin silica-rich layer be-
neath the surface of the aged sample is enriched with
Pb, and in the same layer the decrease concentration
of K, Si, and O was observed. We found out that
particles migration through the active glassy layers
changed the elemental distribution, especially for K and
Pb of these layers during the ageing process. The
comparison of AES depth profiles shows a great in-
crease in content of K, significantly reduced content of
Pb and a minor reduction in that of Si and O on the
intrachannel surface of the aged MCP. In the silica-rich
emitting layer the empty places left by K, Si, and O, are
replenished with Pb.

3.2. The variation in potassium Auger signal with
ageing process

After the ageing process the concentration of potassium
on the surface increased substantially, while the con-
centration in underlying about 20 nm thick silica rich
layer decreased to about half of the original value com-
pared to the unexposed sample. The concentration of
potassium in the semiconducting layer of the intrachan-
nel wall remained practically unchanged. We were in-
terested in the major process occuring on during the
ageing. To that end, the AES data were analyzed by the
use of the Goldhorn software package, which has been
developed recently /3/. One of the unigue package
features is not only to fit a curve through points, but also
to finds a differential equations governing the process
under investigation. The AES data shown in Figure 4,
together with those of lead (Pb), were therefore proc-
essed with a computer. After an extensive computation
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it was found that the final distribution of potassium an
lead follows differential equation

VZCK(a dC?K +bC, +¢cCypy, + d) =e
X

Here, Ck and Cpp are concentration of potassium and

lead, respectively, V isthe nabla operator, ddCXK is the
gradient of the potassium concentration, a,b,c,d and e
are constants, which were also computed by the Gold-
horn package, and have the values -0.51, +1.38, -1.00,
+15.31, and +0.48, respectively. The degree at which
the equation fits the observed distribution of potassium
is excellent, since the R factor is less than 0.01.

4. CONCLUSION

The differential equation computed by the Goldhomn
software package has the same form as the theoretical
equation for the distribution of particles suffering of
electrodiffusion migration. Therefore, it can be con-
cluded that the only process going on during the ageing
procedure is pure electrodiffusion, since if any other
machanisms of migration of potassium were presented

34

Buffer

y e Si-rich layer layer Semiconducting layer
T 1 T
i ~~K(aged MCP)
12 -a K(fresh MCP) H
= 10
=
=
o 8
—
=
6
SO TN B
= 4 \ //»«

0 6 12 18 24 30 36 42 48 54 60

Sputter depth [nmj

The variation in Auger peak-to-peak intensily
for potassium without and with ageing proc-
ess

Fig.4:

the diffferential equation computed by the Goldhorn
software package would have consisted of additional
terms of a higher order.
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UPORABA PLAZME V ELEKTRONIKI
APPLICATION OF PLASMA IN ELECTRONICS

PLASMA PROCESSES
PART I: PLASMA BASICS, PLASMA GENERATION

I. Sorli*, W. Petasch, B. Kegel, H. Schmid, G. Liebl
*MIKROIKS d.o.0., Ljubljana, Slovenia
Technics Plasma GmbH, Kirchheim, Germany

Applications of plasma processes are becoming increasingly popular in many industrial and research communities. Electronics, microelectronics,
automotive, aircraft, and food industry are among the most frequent plasma users. This is not surprising if we consider e.g. the field of cleaning
applications. There, plasma cleaning or plasma combined with some suitable wet precleaning technique can totally replace CFC and some other

toxic cleaning agents.

The first article describes basic plasma physics and plasma generation while the second focuses mainly on application of plasma in R&D and

industrial processes.

Technics Plasma GmbH in Kirchheim, Germany is among the pioneers and leaders in plasma technology and its application in academic and
industrial environments. We will focus mainly on their systems and give an overview of successful applications of their machines and processes

in different environments.

1.0 INTRODUCTION

A plasma is a gas containing charged and neutral
species, including some or all of the following: elec-
trons, positive ions, negative ions, neutral atoms in
ground and excited states, neutral molecules in ground
and excited states, radicals and photons. On average a
plasma is electrically neutral, because any charge im-
balance would result in electric fields that would tend to
move the charges in such a way as to eliminate the
imbalance.

An important parameter of a plasma is the degree of
jonization, which is the fraction of the original neutral
species (atoms and/or molecules) which have been
ionized. In weakly ionized plasmas the degree of ioni-
zation is much smaller than unity and the presence of
large population of neutral species governs its behav-
iour. Most of the plasmas that we will be dealing with
are weakly ionized.

To form and sustain a plasma some energy source is
necessary to produce the required ionization. In steady
state, the rate of ionization must balance the losses of
ions and electrons from the plasma volume by recom-
bination and diffusion or convection to the boundary of
the plasma and the surrounding walls.

Plasmas are usually initiated and sustained by electric
fields which are produced either by direct current (DC)
or alternating current (AC) power supplies. Typical AC
frequencies of excitation are 100 kHz, at the low end of
the spectrum, 13.56 MHz in the radio frequency (RF)
portion of the spectrum, and 2.45 GHz in the microwave
region. These plasmas are also referred to as electric
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discharges, gaseous discharges, or glow discharges
(the latter because they emit light).

In figure 1, a generic plasma reactor for thin film etching
and deposition is depicted. A power source supplies
energy to the main plasma discharge where reactive
species and ions are generated. These species are
transported to the substrate for etching or deposition.
In many configurations, depending also on the excita-
tion freguency, there is an electric field in the vicinity of
the substrate which accelerates the ions.

POWER
SOURCE

. reactive species
and ions

A

d ELECTRIC FIELD
4— SUBSTRATE

Transport of
<— ions and

reactive species

Figure 1:

Generic plasma reactor
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As we shall see later, electrons play the most important
role in plasmas. It is useful to characterize plasma in
terms of electron densities and electron energies. In a
number of cases electrons have Maxwellian energy
distribution if they are in thermodynamic equilibrium:

€
ol

f(e) is the electron energy distribution function (EEDF)
and T the electron temperature

2¢"?
f £) =
( ) 7_‘:1/2

S "

Average electron energy is related to the temperature
and is calculated as

[ef(e)de = (e) = ng )

Electron energies are usually expressed in eV. 1 eV is
equivalent to the temperature of approximately 11600 K
while energy of 0.025 eV corresponds to the electron
average temperature of 300 K.

In figure 2, typical values of electron densities and
temperatures are shown for a variety of plasmas. They
range from the very rarified and cold interstellar plasmas
up to the dense and hot plasmas used for controlled
fusion. The plasmas of interest here are the process
plasmas, which have electron densities in the range of
109 to 10'2 cm™® and average electron energies be-
tween 1 and 10 eV. The degree of ionization for these
plasmas varies from about 106 up to 0.1. At the lower
end of the density, energy, and ionization scale are the
discharges that are formed between planar electrodes,
while the upper end of this scale applies to discharges
sustained at a frequency that corresponds to some
natural frequency for the plasma (such as electron
cyclotron resonance (ECR) plasmas).

ELECTRON DENSITY {cm

o’ 10

2
10
ELECTRON TEMPERATURE (aV)

Figure 2: Electron density and temperature ranges for
a variely of natural and man made plasmas.

36

The extensive use of plasmas for the deposition and
etching of thin films derives from two salient features.
Firstly, plasmas are capable of efficiently generating
chemically active species.This is initiated by the bom-
bardment of molecules and atoms by the plasma elec-
trons, which have sufficient energy to break chemical
bonds. The products of the electron bombardment
processes which include radicals and ions, can un-
dergo further reactions often at high rates, to form
additional chemically reactive species. Radicals are
very important for processes to be performed in plas-
mas. A radical is an atom, or electrically neutral mole-
cule which is in a state of incomplete chemical bonding
with highly increased reactivity. Some typical examples
of radicals include F, Cl, O, H and CFx,where x= 1,2 or
3. In general, radicals are thought to exist in plasmas in
much higher concentration than ions, because they are
generated at a faster rate, and they exist longer than
jons in the plasma. The radicals, in fact, are responsible
for most of the actual chemical etching phenomena that
occur at the surface of the material being treated.

The second feature that makes plasma discharges so
useful is their ability to generate ions and to accelerate
these ions to energies of 50-1000 eV in the vicinity of the
deposition or etching substrate.Energetic ions are use-
ful for sputtering, as well as play sinergetic role in the
deposition or etching of thin films.

To summarize, the gas in a plasma chamber when there
is a plasma generated, generally consists of the follow-
ing species, in order of decreasing concentration, and
estimated concentration ranges:

— (etch) neutral gas molecules: 70-98 % of the total
species in the chamber

— product molecules: 2-20 %
— radicals: 0.1-20 %

— charged species including positive ions, electrons
and negative ions: 0.001-10 %

2.0 COLLISION PROCESSES

Collision processes among different types of particles
are responsible for forming and sustaining plasma.
Through collisions the particle kinetic energy is used up
to create radicals, ions, excited atoms/molecules and

photons.

2.1 ELASTIC AND INELASTIC COLLISIONS

Collision processes can be broadly divided into elastic
and inelastic types according to whether the internal
energies of the colliding bodies are maintained. Single
particles usually have two types of energy: kinetic due
to their motion and equal to 1/2 mv2 for translational
motion and internal or potential energy which may be
in the form of electronic excitation and/or ionization, etc.
(and in the case of molecules also in the form of vibra-
tional as well as rotational internal energies).

An elastic collision is one in which there is an inter-
change of kinetic energy only. An inelastic collision has
no such restriction, and internal energies can also
change.
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Before

+AU
Figure 3: Collision between two particles

Refering to the figure 3, we can write the following
GENERAL equation for energy transfer from incoming
particle to the target particle:

1/2mu?®  mu? 2m,u,

= (3)

2
t2myy m, —m—‘(mt+mi)uf+2AU
m:

[+
1

and inelastic energy transfer function, which measures
the portion of kinetic energy of the incoming particle
transferred to the internal energy of the target atom (AU)
is defined as

AU m, s
- = cos” 6
1/2my;  mg+m,

(4)

mi, mt: masses of incoming and target particles
vj, ut: velocities of incoming and target particles
AU: gained internal energy by target particle

Putting AU = 0 brings us to the elastic collision case
where maximum energy transfer for head on collision is
given by the equation:

1/ 2m,u?
1/2m,v?

_ 4mm, (5)

(m; +m‘)2

We see that light impact particles (like electrons,
mi <<mt) can transfer only very smali portion of kinetic
energy to the kinetic energy of heavy ion, atom or a gas
molecule. However in this case electron’s momentum
changes very much. On the other side elastic collisions
of heavy ions, atoms or gas molecules among them-
selves always lead to overall equalization of kinetic
energies, since having mi=mi, elastic energy transfer
function is equal to 1!

In case of inelastic collision the situation is quiet differ-
ent. Equation (4) predicts that a light particle striking
much heavier particle {mj =mi) can transfer almost ali of
its kinetic energy into particle’s internal energy and
inelastic energy transfer function tends to 11
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2.2 THE MAIN COLLISION PROCESSES

As already mentioned a glow discharge contains many
different particles. In principle we should consider colli-
sions between all possible pair permutations, but fortu-
nately some collisions are more important than others.
Collisions involving electrons are dominant in determin-
ing the macroscopic behaviour of the glow discharge
that is why we will describe them in more detail.

Electron - atom elastic collisions

The simplest collisions are elastic so that kinetic energy
is conserved. But since the electron and any atom
(molecule) have such different masses, we know that
the transfer of energy is negligible, so electron just
changes direction without significantly changing its
speed, figure 4. If an electron is moving in an electric
field, elastic collisions generally have the effect of re-
stricting its velocity in the direction of the field. In both
cases, the colliding atom is virtually unaffected.

As an example cross section for elastic scattering of
electron in argon at 15 eV is about 2.5-10°1% cmZ?. So at
10 mtorr (0.013 mbar) when there are 3.54-10' at-
oms/cm?3 , the probability of elastic collision of a 15 eV
electron is about 0.9/cm.

electron - atom elastic collision: no energy
transfer - only electron momentum changes

Figure 4:

lonization

All other types of electron collisions are inelastic. The
most important of these in sustaining the glow dis-
charge is electron impact ionization, figure 5 in which
the primary electron removes an electron from the atom,
producing a positive ion and two electrons, for example

e+ Ar— 2e + ArT

6)

The two electrons produced by the ionization collision
can then be accelerated by an electric field until they,
teo, can produce ionization. It is by this multiplication
process that a glow discharge is maintained.

There is minimum energy requirement for this ionization
process to occur, equal to the energy to remove the
most weakly bound electron from the atom, and this is
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known as the ionization potential. For xenon this has a
value of 12.08 eV, and for argon 15.8 eV. However, it is
not only by electron impact that ionization is produced.
In principle, ionization could be due to any suitable
energy input, and the possibilities in the discharge must
therefore include thermal and photon activation. Ther-
mal activation means energy received by impact with
neutral ground state atoms or with the atoms of the
walls. For our “cold” plasmas, the temperature does not
greatly exceed ambient so thermal activation is very
unlikely.

electron - atom inelastic collision causing
fonization

Figure 5:

Photoionization can be significant, however. Argon pho-
toionization cross section rises to maximum of 2.6-10718
cm? and then falls down with energy. But at higher
energies this does not necessarily mean that there is
very little ionization since after photoionization the free
electron receives excess photon energy in the form of
kinetic energy and is capable of further jonization by
itself; as well the hole left in the atom electron shell after
ionization will be filled with another electron transition
from a higher level and the accompanying photon emis-
sion usually causes more ionization - and hence the
ejection of more electrons - on its way out of the atom
(the Auger effect is an example). Similar arguments can
be used to explain photoelectron emission from cham-
ber walls and all internal surfaces, including electrodes.
As a result one would expect a large proportion of
photon energy to lead ultimately to ionization.

Excitation

In the ionization process, a bound electron in an atom
is ejected from that atom. A less dramatic transfer of
energy to the bound electron would enable the electron
to jump to a higher energy level within the atom with a
corresponding quantum absorption of energy. This
process is known as an excitation, and as with ioniza-
tion, can result from electron impact excitation, photo-
excitation, or thermal excitation, although the latter is
rare in our “cold” plasmas, figure 6.

The excited state is conventionally represented by an
asterisk superscript, e.g. Ar*. As with ionization, there is
minimum energy for excitation to occur. The value ofthe
excitation potential for argonis 11.56 eV, somewhat less
than the ionization potential, as would be expected
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since excitation raises an electron to a higher (less
bound) shell, and ionization completely removes the
electron from the atom. In an exciting collision the
primary electron loses kinetic energy equal to the exci-
tation potential and will also be deflected.

inelastic collision process that results in ex-
citation of an atom

Figure 6:

Atomic hydrogen excitation potential threshold is 10.2
eV, while molecular hydrogen excitation potential
threshold is much lower - below 0.5 eV - due to the
possibilities of vibrational and rotational excitations as
discussed earlier.

Relaxation

One of the immediately self-evident features of the glow
discharge is that it glows! This glow is due to the
relaxation or de-excitation of electronically excited at-
oms and molecules - the inverse of the excitation proc-
ess just discussed.

Figure 7: Relaxation (or de-excitation)

These excited states are rather unstable and the elec-
tron configuration soon returns to its original (ground)
state in one or several transitions, with lifetimes varying
enormously from nanoseconds to seconds, figure 7.

Each transition is accompanied by the emission of a
photon of very specific energy, equal to the difference
AE in energy between the relevant quantum levels. Our
eyes are sensitive only to wavelengths between about
4100 A (violet) and 7200 A (red), corresponding to
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electron transitions of 3.0 eV and 1.7 eV respectively,
but with suitable detection equipment, photons from
deep UV (atomic transitions) to far infra red (molecular
vibrational and rotational transitions) can be detected.

As an example, in table 2, we present a list of light
wavelengths emitted by excited reactants or products
in plasmas typically used for etching and cleaning.
Atoms and molecules emit a series of spectral lines
which are unigue to each species and thus can be used
for end point detection purposes or plasma charac-
terization.

Table 2:  Species and emission wavelengths when
etching different films
FILM SPECIES WAVELENGTH (nm)
CO 297.7, 483.5, 519.8
Resist OH 308.9
H 656.3
Silicon, F 704
Polysilicon SiF 277
F 704
Silicon Nitride CN 387
N 674
AICI 261.4
Aluminum
Al 396
Dissociation

The process of dissociation is the breaking apart of a
molecule. An oxygen molecule can be dissociated into
two oxygen atoms, but an atomic gas such as argon
cannot be dissociated at all.

As with the other inelastic processes we have been
studying, dissociation can in principle be accomplished
with any energy in excess of the dissociation threshold,
i.e. the relevant bond strength in the molecule. In glow
discharges, electron impact dissociation is common:

e+ 02—-5e+0+0 (7)

A normal result of dissociation is an enhancement of
chemical activity since the products are usually more
reactive than the parent molecule.

Dissociation may or may not be accompanied with
ionization:

(8)
©)

There are different probabilities and hence different
cross sections, for each of these processes.

e + CF4 — e + CF3 + F (dissociation)

e + CF4 — 2e + CF3" + F (dissociative ionization)
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Electron attachment

There is a possibility that an electron colliding with an
atom may join on to the atom to form a negative ion.
This process is known as electron attachment. The
noble gases, including argon, already have filled outer
electron shells and so have little or no propensity to
form negative ions. Halogen atoms, however, have an
unfilled state in their outer electron shells; they have
high electron affinities and so readily form negative ions.

2.3 ION - NEUTRAL COLLISIONS

Charge transfer

The probability of a collision leading to the exchange of
charge, generically known as charge transfer, is usually
greater for atomic ions moving in parent atoms (sym-
metrical resonant charge transfer), e.g.

A+AT SAT +A (10)

or similarly for molecular ions moving in parent molecu-
lar gases, than in charge exchange between unlike
systems, e.g.:

B*+c-B+C* (11)

which is known as assymetric charge transfer and tends
to be less efficient.

lonization by ion impact

Just as ionization can be produced by photon bombard-
ment, so it can also be produced by fast ion or fast atom
bombardment, provided the incident particles have
enough energy.

3.0 PLASMA GENERATION

In the introduction we have briefly mentioned that
plasma is usually produced by DC or AC electric field
from which charged particles absorb energy in the form
of kinetic energy. Then by inelastic collision processes
they transform it into internal energy of neutral atoms or
molecules finally producing plasma consisting of differ-
ent neutral, excited, charged particies, radicals and
photons.

The energetic electrons are responsible for most of the
ionization, which produces additional electrons and
ions to sustain the discharge against the various loss
processes.

Since charged particle - electric, or magnetic field inter-
action is so important, we will describe it in more detail
having always in mind their influence on macroscopic
plasma behaviour.

Interaction of electrons with a static electric field

In a static electric field an electron experiences the
following force which causes change of its momentum:
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- . d, .-
F=-eE " (md) (12)
For example, in argon at 30 mtorr (0.04 mbar) there are
10'5 ¢cmS atoms, and average mean free path is about
A=1 cm. If we assume only elastic electron-neutral col-
lisions (cross section is about 107'% cm?) electron gains
in the average eEAcost energy between two collisions
(6 is the angle between electron trajectory and electric
field). We have already seen that after making elastic
collision with heavy neutral, electron looses only 2-10%
fraction of its initial energy while its momentum change
is large, as shown in the figure 8. Thus, the elastic
collisions effectively transform the directed energy
which electrons acquire from the electric field into ran-
dom energy. This begins to establish the electron en-
ergy distribution function, and the electrons “heat up”.

E

¢t

P = 30 mtor

o
7%

Large momentum
transfer

cm

|
|
|

i

\//

Small energy
transfer ( 2m/M) £

Figure 8: Elastic collision between electron and Ar
atom

To be more precise, we can rewrite equation (12) to
include the effect of collisions in the form of Langevin
equation as:

(d/ dty(mu) = -6E - mu ve (13)

where u is average drift (directed) velocity due to the
electric field, and ve is the electron - neutral collision
frequency. Steady state solution is:

u=pE (14)
where 1 is electron mobility defined as . = &/(mve).
Electron current density is:

J = enu = oE = ne?/(mve)E (15)
and finally we can calculate the rate at which the external
power source inputs energy into electrons as

Pin = JE = oE2 = ne?E%/(mve) (16)

The rate at which the energy is lost due to collisions is:
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Pour =nNoW v, +nx Wy, (17)

where the first term is energy lost due to elastic colli-
sions and the second term is the sum over all inelastic
processes, with energy loss Wi and collision frequency
Vi.

For the simplicity let us assume that only elastic colli-
sions dominate. In this case if we equate Pin = Pour,
we get expression for W, energy gained per electron:

_E?* M
4mvZ m

(18)

As an example, let us consider He at 0.5 torr (0.66 mbar)
in a typical electric field of 1V/cm (100 V/m). Then, the
equation (18) predicts an electron energy of approxi-
mately 58V. The energy lost per collisionis only 0.00125
eV, which in steady state is just equal to the energy
which an electron gains from the electric field between
collisions. Since such a small fraction of the electron’s
energy is lost in a collision, the electron must heat up to
5 gV to provide the energy balance. The small energy
transfer results in negligible heating of the neutrals,
which therefore usually remain at the room temperature.

The inclusion of inelastic processes will modify the
energy balance because, in those processes, an elec-
tron can lose a large fraction of its energy. This will result
in a lower electron energy than predicted by equation
(18). However, the cross sections for inelastic proc-
esses are usually smaller than for elastic processes, so
that the electrons will still have a higher temparture than
the neutrals.

Interaction of electrons with a time dependent
electric field

We will now consider the particle motion that results
from using an AC power source at frequency w, with no
magnetic field present. It is convenient to write the
electric field as a complex quantity:

E=E, exp(iot) (19)

Due to changing electric field the motion of the particles
will be oscillatory, as will be the particle drift velocity.
Solving the Langevin equation for such a case gives the
following particle mobility:

"= m(v, +io) @0
and
ne?
°= m(v, +iw) 1)

Power input to the electrons is now
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ne’E?2
Py =Re(JE) = ° (22)

mve(1+(w/ve)2)

Let us examine some special cases. If w =0, werecover
the DC case. If there were no collisions (ve = 0), we find
that Pin averages to zero. The reason for that is that the
drift velocity and electric field would be 90° out of phase,
and thus no power could be transferred. As in the DC
case, the collisions transform the directed energy that
the electrons gain from the oscillating electric field to the
random energy that represents electron heating.

if w>>ve, then the mobility and conductivity are similar
tothe DC case with v replaced by ©?/ve. The power input
would therefore decrease with increasing frequency.

Although it is not obvious from our derivations here, a
more detailed calculation would reveal the fact that the
maximum power input occurs when o = ve. This can be
seen qualitatively by the following argument. If the AC
power frequency is much lower than the collision fre-
quency, then the particle makes numerous collisions
during each AC cycle which prevents the particles from
reaching maximum energy during the AC oscillations.
Onthe other hand, if w> >ve, then the particles undergo
many oscillations between collisions, but this does not
increase their energy. When w=ve, the electrons make
approximately one collision for every cycle of the AC
power, and that represents the optimum for transform-
ing energy from the electric field to the electron energy
distribution.

We are particularly interested in microwave spectrum of
AC power input. Its specifics can be understood by
examining the process in a simple example gas such as
helium. The effective electron - neutral collision fre-
quency at 300 K for helium is given by:

ve = 2.3-10%- P, P = pressure in torr (23)

For optimum power absorption we need w = v condition
and consequently we can see that good microwave
energy coupling depends on the discharge pressure.
For a 2.45 GHz excitation frequency maximum power
absorption in helium occurs at approximately 7 torr (9.2
mbar) and discharge pressures of 5-10 torr (6.6-13
mbar) provide efficient coupling of microwave energy
into a helium discharge. Generalizing this result to other
gases with different elastic cross sections and account-
ing for the influence of the discharge walls, the optimum
pressure range for efficient discharge breakdown and
maintenance with 2.45 GHz microwave energy usually
occurs between 0.5-10 torr (0.6-13 mbar). In practice,
an optimum pressure range is found between 0.1 mbar
and about 10 mbar.
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Interaction of electrons with a time dependent
electric field in the presence of a static magnetic
field

We know that the total force exerted on a charged
particle in an electric and magnetic field is:

F=qE+qvxB (24)
However, having present only a static magnetic field
charged particles will oscillate around the direction of
magnetic field. Their gyration frequency and radius are
determined by:

w0 =8 5 MV

o= Po 9B (25)

Obviously, lighter particles will oscillate with higher fre-
quency having shorter radius of oscillation.

If we introduce a perpendicular AC electric field of
freguency w which is resonant with g, then we will be
able to accelerate electrons synchronously. This effect
we call ECR - Electron Cyclotron Resonance - AC en-
ergy is coupled to natural resonance plasma frequency.

As electron’s perpendicular energy increases, the gyra-
tion radius will increase, but the cyclotron frequency will
remain constant, and therefore the particles will remain
in phase with the applied field, figure 9. As in all the
previous cases if we want to heat the electrons, we will
need collisions to transform this directed energy to
random thermal energy. However one big difference
here is that the electron energy is increasing with each
cycle, so that there is no need to have the collision
frequency equal to the applied frequency. This facili-
tates the operation at lower pressures. However, if the
collision frequency becomes of the order of wc or larger,
then the electrons will not be able to undergo the
complete cyclotron orbit. If the resonance is sufficiently
broad, then there is little advantage to have a magnetic
field at all.

WA :

AWAWA
VAVAVAVAVE
MANANA /\ s

| ECR Coupling |

Figure 9: Electron motion in a static magnetic field
a) zero electric field
b) alternating electric field with w= wc and
EiB
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However, rewriting equation (22) taking into account
ECR resonance, we obtain:

ne’Elv, 1 1

Pn =Re(JE) = +

2m v§+(co»wc)2 vit+(w+o,)

(26)

ECR effect actually becomes very important at very low
pressures (<100 mtorr (0.13 mbar)). That is when the
mean free path of electron-neutral and electron-ion
collisions becomes very long (ve< <we). In such a case,
using only MW radiation for plasma excitation, we need
high electric fields to sustain the discharge at low pres-
sures. This can be seen from equation (22) which be-
comes proportional to
)2

However, the presence of an ECR static magnetic field
simplifies discharge maintenance below pressures of
20 mtorr (0.025 mbar). This can easily be observed by
studying equation (26). When ve<<wg, and at the
w= ¢ resonant frequency, electron velocity perpen-
dicular to the static magnetic field increases, resulting
in an outward, spiralling motion along a magnetic field
line. The electron gains energy proportional to the
square of time and in a typical discharge the radius of
the electron orbit is limited by an elastic or inelastic
collision, a collision with the walls or the electron moving
out of the ECR region.

Ve

Py = Re(JE> =

ne’E; ( 27)

mv &)

e

However, at higher pressures, when pressure is such
that ve — ® = we, magnetic field has little influence on
heating the electron gas. Thus it is clear that ECR is a
coupling technique for low pressure discharges where
the electrons can orbit many times between elastic and
inelastic collisions.

In practice, MW energy at 2.45 GHz is usually applied
to generate plasma. From equation (25) by putting
o = 2.45 GHz and m = me we can caiculate B, needed
magnetic field strength to create ECR at the stated
frequency. This value is 875 Gauss.

4.0 WHY MICROWAVE PLASMA?

In figure 10 we show a comparison of Electron Energy
Distribution Function (EEDF) for plasmas generated
with frequencies below and above 100 MHz. For elec-
tron energies above 15 eV, when gas atoms ionization
begins, as well as for energies below 7 eV, when disso-
ciation of most commonly used gases takes place, the
number of electrons generated with microwave (MW)
frequencies is larger than the number of electrons gen-
erated with RF. This helps to explain why the degree of
ionization, as well as the degree of dissociation are
higher in the case of MW plasma generation. This
means higher plasma densities per unit volume and

J
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faster creation of reactive chemical radicals. But, the
electron density per unit volume is mainly determined
by the limits of wave propagation leading to a so called
cut-off electron density which is strongly different for RF
and MW frequencies.
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Figure 10: EEDF as a function of plasma excitation fre-
quency

Another beautiful feature of the MW plasma can be seen
in the figure 11, where substrate “floating potential®, or
selfbias, is shown as a function of frequency. In the
region of MW frequencies, there is no, or very little
selfbias which means “gentle” processing due to lower
ion energies which assure minimum damage to sensi-
tive substrates.

Usas [Volt)

500 —

T T T T
107 10° 10° f{Hz)

Prof S Veprek, international Sommer School on Piasma Chemistry.
Technical Urversity Munich. 1992

Figure 11: Substrate selfbias potential as a function of
plasma excitation frequency

We have already seen in section 3 that MW and

MW/ECR plasmas are effectively generated at quiet low

pressures. That is when electrons gain enough kinetic
energy due to motion in AC electric field before making
collisions with neutrals. ECR effect further pumps en-
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ergy into electrons and keeps them longer within
plasma volume preventing their recombination with re-
actor walls. This is not demonstrated only in the EEDF
but also in electron temperature, which increases with
decreasing pressure, as seen in the figure 12,
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Figure 12: Electron (Te), ion (Ty) and gas atom (Tg) tem-
peratures versus total pressure

As well, MW plasma processors are compact, simple,
reliable systems which require nearly no maintenace.
MW radiation which is produced by commercially avail-
able magnetrons is coupled to the plasma via special
applicators which are mounted on the wall of the vac-
uum chamber. So, there is no need for special elec-
trodes for RF coupling, as well as none, or very little
impedance matching is required. However, special
MW/ECR sources have more components than their
MW counterparts due to the presence of magnetic coils
and - in some cases - collimation optics.

In table 2 we summarize and compare plasma charac-
teristics generated at different frequencies.

0C= RF MW MW/ECR
- 13.56 MHz | 2.45GHz | 2.45GHz
Operating | .
pressure, | 10°-10° | 2-107 2-10" | 1010
mbar
ion »
density, 10° 10%10" | 10'%10™ | 1010
cm™
Degree ‘
of ioni- 107" 10° 10%10° | 10210
zation
Electron
tempera- 510 10-10*
ture, K
Level of
dis- low fow high high
sociation
Self bias
or plas-
ma po- >100 >100 <20 <20
tential,V

5.0 MW PLASMA GENERATION

Microwave discharges are often required to operate
with different gases, variable gas mixtures and flow rates
over a wide range of operating pressures. Thus the MW
discharge system should be able to efficiently produce
a stable, repeatable and controllable discharge for
many experimental conditions including discharge start
up and adjustment for final processing operation. As
well, application of such systems in industrial environ-
ments require certain level of automatic control without
the need of a highly trained microwave engineer.

A generic MW plasma processing system together with
its equivalent circuit is depicted in figure 13. It consists
of several components such as:

-~ a power source, usually a constant frequency but
variable power MW oscillator

transmission line, often a waveguide or coaxial cable

|

|

a MW applicator
the MW plasma load

|

Oscillator Applicator Plasma
line load
|
|
Y,
Oscillator | Trans. Applicator Plasma

line “load

Figure 13: MW processing system and its equivalent
circuit

An efficient plasma processing system is designed for
maximum power transfer between the MW oscillator
and the plasma - loaded applicator. This happens when
the output admittance of the MW oscillator Yg and the
input admittance of the plasma loaded applicator Yin
are equal to the transmission line characteristic admit-
tance Yo.

A major difficulty in the design of a MW or MW/ECR
system is the variable, nonlinear often reactive dis-
charge load. However, careful design of the applicator
and the chamber can lead to the overall system con-
struction which is robust enough to successfully trans-
mit MW energy to varying plasma loads. Nevertheless,
minor tuning is still required and is often performed via
simple tuning stubs at the initial start up of the machine
or after overhaul maintenance.
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Atypical industrial MW plasma barrel system is depicted
in figure 14. It consists of:

— a plasma chamber where the substrates are placed
during the process

— a roughing pump which is needed to evacuate the
chamber

— several gas inlets distributed around the plasma
chamber

— MW source/applicator usually on the wall of the
chamber

Plasma is generated in the volume in the vicinity of the
quartz or ceramic window and its species diffuse
throughout the chamber volume and react with the
substrates and chamber walls. Large reactor designs
use several plasma sources to obtain high plasma
densities and good uniformity within the chamber. Typi-
cally, two gas channels are sufficient (normally for Oz
and CF4 gases) but several additional gas channels can
be added for more exotic processes if required (air, He,
Ar and their mixtures).

——— Microwave generator

Taning stubs

Gas inlet Jorn antenna source

—Quartz or ceramic
window

e
Plasma
i chamber

/ Work pieces
o~

< >—A-Vacuum pump
]

Plasma

Figure 14: MW plasma barrel system

A schematic diagram of an ECR microwave plasma
source is depicted in figure 15. As in normal MW plasma
source designs, MW power of 2.45 GHz is transmitted
to the plasma via a waveguide and through a quartz or

alumina window. However, due to added magnetic coils
there is a magnetic field parallel to the MW propagation
vector introduced. In the plasma dome a resonant field
of 875 Gauss is formed needed to trigger the ECR effect.

ECR source depicted in figure 15 operates in so called
PLASMA STREAM mode since the majority of ionized
species are extracted through the slit from plasma zone
using only existing magnetic field gradient while non-
charged particles freely diffuse through the slit into the
chamber.

a )

g
~
MW

source

Figure 15: ECR plasma stream source

Magnetic coils

—_—

Slightly different mode of operation is achieved if biased
extraction electrodes are added directly below the
plasma dome. By varying the extraction voltage, beam
of ions with controlled kinetic energy can be produced
and directed to the substrate where suitable reactions
take place. As well, current density varies with applied
extraction voltage. This is so called ION BEAM mode of
ECR source operation which is usually used for Reactive
(RIBE) and Non-reactive (IBE) lon Beam Etching of
different thin films and substrates.

/ I

~J
~
~

MW source

Magnetic coils

B b

T
]

Extraction
grids

Figure 16: ECR ion beam source
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Operating characteristics of a typical Technics Plasma
ECR lon Beam source (Model PLASMODULE ECR-160)
are as follows:

 — Extraction grids: two grids made of graphite
(Mo if wanted)

~ Extraction voltage: variable, 0 - 2000 V

— lon current density: 1 - 2 mA/cm?

— lon beam area: 160 mm?

— lon beam uniformity: 5% within 120 ®mm

— Beam divergence: 5°

- Working pressure: 10 to 10™° mbar

6.0 LITERATURE

/1/ 8.Wolf, R.N.Tauber, SILICON PROCESSING FOR THE VLSI
ERA, Volume1: Process Technology, Lattice Press 1986, ISBN
0-961672-3-7

/2/ B.Chapman, GLOW DISCHARGE PROCESSES, John
Witey&Sons 1980, ISBN 0-471-07828-X

/3/ 8.M.Rossnagel, J.J.Cuomo, W.D.Westwood editors, HAND-
BOOK OF PLASMA PROCESSING TECHNOLOGY, Noyes
Publications 1990, ISBN 0-8155-1220-1

/4/ Technics Plasma GmbH, Application Reports

COMMENT: For more information about Technics
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tel. +386 (0)61 312 898,
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INSTITUT ZA ELEKTRONIKO IN VAKUUMSKO TEHNIKO - IEVT

IEVT deluje kot samostojna raziskovalno-razvojna or-
ganizacija ze od leta 1954. Ker so osnovo takratne
elektronike predstavljale elektronske cevi, te pa so bile
povezane z vakuumsko tehniko, so glavne dejavnosti
potekale prav na teh dveh podrodjih. Poznejsi razvoj
podietja je potekal skladno z razvojem tehnike v svetu
ter potrebami in moznostmi v takratni Jugoslaviji. To so
bili &asi zaprtega trzisc¢a, lacnega zlasti tehnicno zah-
tevnih izdelkov. Temu je IEVT znal prisluhniti in kaj hitro
je poleg programsko izredno razvejane raziskovalno -
razvojne dejavnosti zrasla tudi maloserijska proizvodnja
kot zadnja faza razvoja. Nekateri od programov so se s
programsko in kadrovsko izdvojitvijo prenestli tudi v $tiri
nova podijetja, ki jih je osnoval IEVT.

Aktivnosti IEVT-ja danes so naslednje: raziskave, apli-
kativni razvoji izdelkov in tehnologij, maloserijska proiz-
vodnja in storitve na podrodjih:

- vakuumski sistemi in komponente
— oprema za medicino

— hermeti¢no zaprti stikalni elementi
— posebna svetila

I

elektronska oprema in sklopi
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Skoraj vsa omenjena podrogja so tesno povezana z
vakuumsko tehniko, ki je izrazito interdisciplinarno po-
drodje, saj se v njem prepletajo fizika, strojnistvo, elek-
tronika, elektrotehnika, kemija in metalurgija. Danes je
vakuumska tehnika nepogresljiva v mikroelektroniki in

Slika 1:  Visokovakuumski ¢rpalni sistem z manipula-

torjem, izdelek IEVT
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celi vrsti tehnologij na podrodjih elektronike, kemije,
metalurgije, v Zivilstvu, biologiji, farmaciji, medicini itd.

Veéina baziénih ter aplikativnih raziskav in razvojev na
IEVT poteka na podrocjih ultra-visokega, visokega,
srednjega in grobega vakuuma. Na IEVT deluje labora-
torij za vakuumistiko in tehnologije (LVT) in Center za
vakuumsko tehniko in tehnologije (CVTT). LVT je us-
merjen izrazito raziskovalno, CVIT pa aplikativno;
opravija razvoje in storitve za zunanje narocnike. V svojo
dejavnost vkljucuje tudi druge slovenske strokovnjake,
ki se ukvarjajo z vakuumsko tehniko.

rotacijske oljne, membranske,

vakorpalke | gin ke, ionske razprsevalne

Pirani, Pirani - Penning, membranski

merilniki (piez0)

ventili (roéni, elektropnevmatski,
razlicne konstrukeije), vakuumske
komore, povezovaini ter spojni
glementi in drugo

deli za vak.
sisteme

VAKUUM. - - :
TEHNIKA vakuumski ¢rpalni sistemi
IN oprema T . e

TEHNOLO- 7 druga teh’noloéka Voprema
GIJE

kalibracija vakuumskih merilnikov

preizkusanje vakuumskih elementov
in sistenov n. pr. leak detekcija s He
{tudi pri narocniku)

storitve toplotne obdelave v vakuumu,

hermeticni spoji: kovina - kovina
(laser, TIG, mikroplazma, spajkanje),
kovina - keramika, kovina - steklo
nanasanje tankih plasti,
razplinjevanje

aspiratorji, inhalatorji, odvzemniki
materinega mleka, aparati za
unicevanje injekcijskih igel

MEDICINA | oprema

| miniaturni releji, reed releji, releji s
hermeticni | Hg omoéenimi kontakti
stikalni

elementi

magnetna poloZajna in nivojska
stikala

UV zarnice, neonske cevi, elekirode

svetila za neonske cevi

ELEKTRO-
TEHNIKA | ]
IN lokatorji napak na kablih in zracnih
ELEKTRO- vodih

NIKA lokatorji polozaja kablov in kovinskih
cevi v zemlji

druga merilna oprema

oprema in
sklopil

dajalniki za merjenje vlage in
temperature

kalibracija merilnikov in dajalnikov za

storitve merjenje viage

V letu 1995 so razvojne in raziskovalne naloge tekle na
naslednjih podrocjih: preiskave izbranih ultra visoko-
vakuumskih pojavov, vodenje curka naelekirenin del-
cev, $tudij zmanj$anja prehodne upornostiin povecanja
vzdrzljivosti kontaktnih sistemov v miniaturnih relejih,
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studij tankoplastnih struktur kovina - polimer - kovina,
razvoj visokovakuumske oljne frakcionirane in ionske
razpréevalne ¢rpalke z veliko ¢rpalno hitrostjo in razvoj
respiratornih medicinskih naprav. Naloge so sofinan-

sirali Ministrstvo za znanost in tehnologijo ter zunanji
naroCniki.

Sodelujemo z drugimi razvojno raziskovalnimi zavodiin
fakuttetami, zlasti mariborsko, na kateri se je in se Se
izobrazuje vecina nasih postdiplomantov.

Slika 2:

Oljne difuzijske ¢rpalke, izdelek IEVT

V tabeli so predstavljeni nasi najpomembnejsi izdelki in
storitve. Veliko novih izdelkov razvijemo in izdelamo po
zahtevah posameznih kupcev po nacelu custom de-
sign. Ker je Slovenija za naSo dejavnost premajhno
trzid¢e se skusamo c¢imbolj usmeriti v izvoz. V letu 1995
je bilo 40% prihodka ustvarjenega z izvozom, vec¢inoma
na zahodni trg. Najuspesnjesi smo pri izvozu vakuum-
skih komponent iz nerjavnega jekla. Ena od teh je
prikazana na sliki 2. Vkljucujemo se tudi v opremljanje
slovenske zarkovne linije BOSS pri sinhrotronu ELET-
TRA v Trstu.
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Slika 3:

Kalibriran permeacijski leak, izdelek IEVT

Zavedamo se, da je kvaliteta izdelka eden od bistvenih
pogojev, ki zagotavlja bodocnost podjetja. Pri tem ne
mislimo samo fiziChega izdelka, ampak tudi razisk-
ovalne ali razvojne naloge in storitve. Zato delno Ze
uporabljamo postopke po standardu ISO 9001 in name-
ravamo cimprej pridobiti tudi certifikat.

INSTITUT ZA ELEKTRONIKO IN
VAKUUMSKO TEHNIKO
LJUBILJANA, Teslova 30

tel.: 061/126 45 84
fax : 061/126 45 78

KONFERENCE, POSVETOVANJA, SEMINARJI, POROCILA
CONFERENCES, COLLOQUYUMS, SEMINARS, REPORTS

Letosnja konferenca in

SEMICON EUROPA 96
Palexpo, Geneva, March 27-29

razstava polprevodniske

opreme in materialov Semicon Europe 96, ki je Zze 21.
po vrsti, je bila po svojem obsegu vedja in bogatejsa od
vseh predhodnih. Zbranih je bilo 800 razstavljalcev iz 22
drzav, kar je odraz nezadrzne rasti polprevodniske in-
dustrije (ta je znasala v letu 95 kar 25% po podatkih
SEMI Europe).

Kot vsako leto je pripravil SEMI poleg razstave $e pose-
bna tehni¢na in izobrazevalna srec¢anja, ki so se jih
lahko udelezili obiskovalci ob predhodni registraciji.

Tehniéni programi so ponudili letos sledede zanimive
teme:

MEMS (mikro elektromehanski sistemi)-tretja okro-
gla miza o strategiji razvoja mikrosistemov

Nove tehnologije montaze in zapiranja integriranih
vezij
Tehni¢nakonferenca o treh kljuénih zadevah priizde-
favi integriranih vezij:
° obvladovanje izplena od materialov do proizvo-
da
* CVD postopki v ekspanziji
» opcije pri veénivojski metalizaciji
Mikroelektronika in okolje - drugi letni forum

Implementacija in integracija procesa
kemijsko-mehanskega poliranja (CMP)

Mikrolitografija in transfer vzorcev
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Poleg tega so se odvijali tudi izobrazevalni programi,
kot na primer dvodnevni tecaj o tehnologiji procesiranja
(cena 975 SFR!), nadalje o merilih za ovrednotenje
zanesljivosti opreme in materialov ter o temi COO (cost
of ownership).

Pod posebnimi programi so bila predstavijena sre¢anja
proizvajalcev kemikalij in plinov pa forum o 300 mm Si
rezinah kot nov standard, ki se Ze tretje leto usklajuje in
$e ni dokondcen ter predstavitev razmer na trgu opreme
in materialov.

Sam razstavni prostor z moderno opremljenimi stojni-
cami vzbuja obiskovalcu spostovanje s svojo razsez-
nostjo. Ze sam sprehod mimo stojnic brez prevelike
radovednosti zahteva skoraj cel dopoldan. Poleg stalnih
razstavljalcev, ki so proizvajalci procesne opreme,
kemikalij, merilne opreme, osnovnih materialov, so bile
tudi firme, ki ponujajo usluge s podrocja svetovanja in
zagotavljanja kakovosti, s podrocja radunalnisko pod-
prtega vodenja, zasledovanja in usklajevanja kom-
pleksnih procesov v novih mikroelektronskih tovarnah.
Osebni stiki med proizvajalci, ponudniki uslug, zastop-
niki ter uporabniki so bistvenega pomena pri razvijanju
nadaljnjin sodelovanj, poslov ter vizij in na tem mestu
pridejo do polnega izraza.

SEMI (Semiconductor Equipment and Materials Inter-
national), kot organizator tega dogodka je s svojimi
informacijami na voljo vsem zainteresiranim tudi na
Internetu (http://www.semi.org.).
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Obiskovalcem so bile tudi letos na voljo gratis broSure
s seznamom in naslovi vseh udeleZenih razstavijalcev
po abecednem redu, kot tudi po panogah oziroma po
proizvodih. lzvod bro$ure je na voljo za ogled v Labora-
toriju za elektronske elemente.

Naslednje leto bo razstava ponovno v Zeneviin sicer od
15.-17. aprila, za leto 1998 pa so se razstavljalci odlocali
med Zenevo in Muenchnom ravno v teh dneh.

Drago Resnik

Laboratorij za elektronske elemente
Fakulteta za elektrotehniko

TrzaSka 25, 1000 Ljubljana

Tel. 1768 303

Fax. 1264 630

E-mail: dragor @fer.unj-lj.si

PRIKAZI MAGISTRSKIH DEL IN DOKTORATOV V LETU 1995
M.S. and Ph. D. ABSTRACTS, YEAR 1995

MAGISTRSKA DELA

Naslov naloge: Simulacija in dolo¢anje napak v ak-
tivnih analognih filtrih

Avtor: Anton Biasizzo, dipl. ing.
Mentor: prof. dr. Franc Bratkovi¢

Univerza v Ljubljani, Fakulteta za elektrotehniko in racu-
nalnistvo

V magistrski nalogi so obdelani postopki za simulacijo
in dolo¢anje napak v analognih vezjih z uporabo orodij
umetne inteligence. Opisana je sploSna problematika
testiranja analognih vezij in podan je pregled stanja
podrogja, ki vklju¢uje klasifikacijo razli¢nih diagno-
stiénih metod. Poseben poudarek je na problematiki
modeliranja vezja in njegovih elementov. Razred ak-
tivnih analognih filtrov je bil izbran kot problemska
domena, v kateri je bil predstavijen postopek avtomat-
skega testiranja z uporabo CLP(R) sistema. Naloga
vsebuje kratko predstavitev CLP(R) sistema in opisuje
moznosti uporabe pri analizi analognih vezij. CLP(R)
sistem omogoda tudi diagnosticiranje napak vvezju, kar
smo uporabili pri zasnovi diagnosticnega postopka.
Osrednji del naloge opisuje metode modeliranja vezja
in elementov vezja ter metodo simulacije in diagnostici-
ranja aktivnih analognih filirov z uporabo CLP(R)
sistema. Podani so eksperimentalni rezultati ter naka-
zane smernice za nadaljne delo.

Naslov naloge: Metode za iskanje optimalnih vektor-
jev za diagnosticno testiranje digitalnih vezij s
pomocjo modela napak

Avtor: Bogdan Dugonik, dipl.ing.el.

Mentor: red. prof. dr. Bogomir Horvat

Komentor: doc. dr. Zmago Brezoénik

Univerza v Mariboru, Fakulteta za elekirotehniko, racu-
nalnistvo in informatiko

Digitalna vezja so, enako kot vse druge naprave,
izpostavijena vnosu napak. Naloga sodobnih testnih in
diagnosti¢nih postopkov je, da morebitno napako v
vezju éim prej ugotovijo. Kljub temu, da pozornost velja
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predvsem tehnicnemu problemu testiranja, pa ne
moremo zanemariti ekonomicnosti in stroSkov testi-
ranja. Znano je pravilo, da je napaka tem drazja, ¢im
kasneje jo odkrijemo. Da bi se ekonomska racunica
izéla, nenehno is¢emo nove poti in metode, kako bi
bolje in ceneje testirali. V delu se ukvarjamo z iskanjem
testnih vektorjev za enojne tehnoloske napake v digital-
nih kombinacijskih in sekvenénih vezjih. Za to je na-
jprimernej$i strukturni nacin testiranja. Uporabljamo
osnovni model zatiénih napak. Podanih je ve¢ metod,
ki jih lahko uporabimo za generiranje testnih vektorjev.
K tem smo dodali alternativni postopek, v katerem
i$¢emo testne vektorje s simulacijo z modeli napak. V
ta namen je izdelana knjiznica modelov napak za tiste
logiéne elemente, ki se najpogosteje uporabljajo. lzde-
lano je programsko orodje za iskanje optimailnih testnih
vektorjev za testiranje vezja in diagnostiko napak. Po-
dan je primer, kako izbiramo testne vektorje, da ugo-
tovimo maksimaino $tevilo napak v vezju z minimalnim
&tevilom testnih vektorjev, ali da dosezemo ¢im vecjo
lo¢ljivost med napakami.

Naslov naloge:Razvoj in analiza enosmernega nape-
tostnega referencnega vira in programske opreme
za zagotavljanje metroloske avtonomnosti

Avior: Primoz Kranjec, dipl.ing.
Mentor: prof. dr. Dusan Fefer

Univerza v Ljubljani, Fakulteta za elektrotehniko in racu-
nalnistvo

Magistrsko delo predstavlja izvedbo in analizo pol-
prevodni$kega enosmernega skupinskega napetost-
nega vira z visoko izhodno stabilnostjo. Osnovni namen
nacdrtovanja in izdelave napetostnega vira je njegova
uporaba v funkciji enosmernega napetostnega etalona
in s tem umestitev v metrolosko piramido. Zasnovan je
kot avtonomen sistem, ki je brez prisotnosti etalona
vidjega reda v medkalibracijskem obdobju sposoben
definirati, ¢e je referencna napetost Se znotraj specifici-
ranih, ki so dolo¢ene do sledljivosti vira natan¢no. Stem
bi izboljsali dolgoro¢no stabilnost referencne napetosti
in absolutno toénost napetostnega vira. Pri tem nam
pomaga izvedba napetostnega vira, ki temelji na upo-
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rabi Zener diode LTZ1000 v napetostnih referencnih
elementih in vgrajenem merilnem sistemu za merjenje
napetostnih razlik med napetostnimi referencnimi ele-
menti. Napetostne razlike meri sigma-delta (ZA)
analogno-digitalni pretvornik, ki ponuja zanimiv kon-
cept pretvorbe analognega signala z dobrimi lastnostmi
ob nizki ceni. Delovanje encsmernega napetostnega
vira upravija mikrokrmilnik PCB83C552. Skrbi za izva-
janje merilno-kontrolnih funkcij, ki so implementirane, in
za povezavo napetostnega vira z osebnim racunal-
nikom preko RS232 vmesnika. Sposobnost dolocanja
metroloskih parametrov vira kot so funkcija gostote
verjetnosti signala, srednja vrednost, standardna de-
viacija in meje zaupanja mu zagotavija metrolosko
avtonomnost.

Uvod na kratko predstavi nadin zagotavijanja in repro-
dukcije elektriénih veli¢in glede na mednarodni sistem
enot (Sl). Opisane so splodne lastnosti napetostnih
referenénih virov, ki se danes uporabljajo v metroloske
namene: Westonova celica, polprevodniski napetostni
referenéni elementi in Josephsonov spoj. V drugem
poglavju je prikazana izvedba polprevodniskega enos-
mernega napetostnega vira in osnovni princip de-
lovanja in uporabe. Tretje poglavje obravnava postopke
in ukrepe za stabilizacijo referenéne napetosti. Raz-
loZeni so postopki temperaturne kompenzacije, tem-
peraturne regulacije napetostnih referencnin elementov
in temperaturna stabilizacija celotnega napetostnega
vira. Predstavljeni so tudi vplivi motenj in navodila za
njihovo zmanjsanje ali izloditev. To so predvsem za
slektromagnetne in elektrostatine vplive okolice in
elektronski Sum, ki ga vnasajo elekironske komponen-
te. Vgrajeni merilni sistem je tema cetrtega poglavja.
Bistveni del merilnega sistema je sigma-delta analogno-
digitalni (AD) pretvornik. Razlozen je princip delovanja,
ki temelji na uporabi 1-bitnega kvantizatorja in nadvzor-
¢enja. Matemati¢na analiza modela AD pretvornika nudi
vpogled v tehniko ucinkovitega loCevanja signala od
Suma in v tehniko decimaciie, ki omogoc&a dosego viso-
ke efektivne razlodljivosti pretvornika. Pozornost je po-
svedena tudi stabilizaciji refrenéne napetosti za pre-
tvornik in ostalim ukrepom za povecanje efektivne raz-
lo¢ljivosti analogno-digitainega pretvornika (ADC). Na
koncu je podan izraCun merilne negotovosti merilnega
sistema. Peto poglavije govori o programski opremi, ki
zagotavija merilne in kontrolne funkcije napetostnega
vira. Prvi del je posveden testiranju in izbiri najucink-
ovitejSega merilnega algoritma, ki mora skrbeti za potek
meritve in izracun meriinih vrednosti v realnem Casu.
Drugi del predstavi protokol o kakovosti, pri katerem gre
za izvedbo in uporabo statisti¢ne kontrole referenéne
napetosti napetostnega referencnega vira in dolo¢anje
metroloskih parametrov enosmernega napetostnega
vira. Pri statistiéni kontroli gre za uporabo kontrolnih kart
in doloditev stanja referencnega vira s pomocjo njihove
analize. V sestem poglavju je izvedena analiza enos-
mernega napetostnega vira v viogi etalona. Podane so
specifikacije, ki jih dosega, vklju¢no s postopkom
dologitve merilne negotovosti napetostnega vira.
Opisana je tudi kalibracija napetostnega vira. Na koncu
sta dodani tudi dve prilogi. V prilogi 1 so zbrani osnovni
principi delovanja posameznih merilnih algoritmov
ALG2, ALGS, ALG4, ALG5, ALG6. Priloga 2 vsebuje
tabelo konstant za kontrolne karte.
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Naslov naloge: Veétoékovno povezovanje in usmer-
janje v komunikacijskih omrezjih

Avtor: Roman Novak, dipl.ing.

Mentor: prof. dr. Ljubo Pipan

Univerza v Ljubljani, Fakulteta za elektrotehniko in radu-
nalnistvo

Delo obravnava problematiko veétoékovnega povezo-
vanja in usmerjanja v komunikacijskih omrezjih z glav-
nim poudarkom na izracunu topologije prenosne poti.
Definiran je problem vectoCkovnega povezovanja in
predstavljeno okolje za njegovo reSevanje. Problem je
preveden v teotijo grafov, kjer je prakticno analogen Ze
dolgo poznanemu Steinerjevemu problemu.

Ker problem vectockovnega povezovanja ni neodvisen
od visjenivojskih storitev, ki vkljuéujejo komunikacijo
znotraj grupe sodelujocih entitet, se je potrebno do-
takniti tudi teh. Zato so po uvodni formalizaciji in kiasifi-
kaciji problema najprej obdelani modeli veétockovne
komunikacije. Poudarek je na preslikavi vectockovne
komunikacije na vecétockovne povezave, ki predstav-

ljajo resitev problema vedtotkovnega povezovanja.

Jedro dela tvori pregled in primerjava algoritmov za iz-
gradnjo vectoCkovnih povezav z ilustracijami njihovega
delovanja. Vecétockovno povezovanje za komunikacije
v realnem c¢asu je obravnavano logeno zaradi spe-
cificnosti, ki nastopijo zaradi omejitve Gasa prenosa
podatkov med izvornim in ponornimi vozliséi.

Delo je zaokrozeno s poglaviem o vectockovnem us-
merjanju, problemu veétotkovnega povezovanja v ne-
povezavno orientiranih komunikacijah. Algoritmi za us-
merjanje so predstavljeniv zaporediju, ki nakazuje potek
njihovega razvoja.

Naslov naloge: Metode za avtomatsko preverjanje
pravilnosti mask integriranih vezij

Avtor: Robert Porenta, dipl.ing.

Mentor: prof. dr. Janez Trontelij
Univerza v Ljubljani, Fakulteta za elekirotehniko in racu-
nalnistvo

Primerjanje pravilnosti dveh elektricnih vezij je ena od
variant problema izomorfizma grafov. Izomorfizem gra-
fov je povezan z mnogimi prakticnimi problemi, zato je
zelo dobro obdelan v strokovni literaturi. Uporabimo ga
lahko, na primer v kemiji pri identifikaciji spojin, ali pri
racunalnigki analizi slik, ter povsod tam, kjer primerjamo
strukture, ki jin lahko predstavimo z grafom. Trenutno
$e ni udinkovitega splosnega algoritma, ki bi resil prob-
lem v polinomskem Casu.

Osnova za primerjanje dveh vezij sta nadrt in maska
vezja. Nacrt vezja je osnova za celoten postopek naér-
tovanja vezja. Maska vezja je konéni rezultat nacrto-
vanja vezja. Masko integriranega vezja lahko iz nacrta
zgeneriramo povsem avtomatsko, ali pa dovolimo tudi
ro¢no izdelavo dela maske ali celotne maske vezja.

Preverjanje pravilnosti elektricnih vezij uporabljamo
povsod tam, Kkjer pri nacrtovanju vezja postopek ni
povsem avtomatski. Roéni posegi v postopek nacr-
tovanja vezja pa lahko povzrocijo napake pri konéni
realizaciji vezja.
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Ce je maska vezja narejena z avtomatskim postopkom,
potem predpostavljamo, da je tudi pravilna (pri tem se
zanasamo na to, da program, ki generira masko vezja,
deluje pravilno). Za avtomatsko generiranje maske so
najbolj primerna digitalna vezja predvsem zaradi nji-
hovih geometrijskih lastnosti in standardiziranih pod-
vezij.

Po drugi strani pa zahteva nacrtovanje vezij za posebne
namene tudi moznost, da lahko nacrtovalec vezja ne-
posredno (s programom za nacrtovanje maske) spre-
minja masko vezja. Posledica nacrtovanja in spremi-
njanja maske vezja so napake v maski. Odkrivanje in
popravljanje napak v vezju je zato nujno za vsako vezje,
ki ni narejeno povsem avtomatsko.

V tekstu so najprej opisane metode za preverjanje pra-
vilnosti elektriénih vezij. Poseben pomen imajo metode
topoloskega primerjanja vezij, ker lahko le na osnovi
topoloske enakosti dveh vezij zanesljivo sklepamo, da
sta vezji nacrtovani pravilno.

Topolosko primerjanje temelji na ugotavljanju izomor-
fizma grafov, zato sledi kratek opis metod za ugo-
tavljanje izomorfizma v povezavi s teorijo grafov.

Naslov naloge: Trinivojski tranzistorski usmernik
Avtor: Rudolf Prosen, dipl.ing.

Mentor: izr. prof. dr. Miro Milanovic

Komentor: red. prof. dr. Bogomir Horvat

Univerza v Mariboru, Fakulteta za elektrotehniko, racu-
nalnistvo in informatiko

Magistrska naloga predstavlja reguliran usmernik s ko-
rekcijo faktorja moci. Tak&en usmernik optimira porabo
elektri¢ne energije in ne kvari oblike napetosti v omrez-
ju. Lastnosti usmernika so predpisane s standardom
I[EC 555-2. Posebno pozornost smo posvetili faktorju
moci, torej obliki vhodnega toka usmernika.

V delu je predstavijen matematicni pristop za razvoj in
analizo stikalnih usmernikov. Nadalje je prikazano mo-
deliranje usmernika za simulacijska orodja in simuli-
ranje stikalnega usmerika. V delu je tudi opis izdelanega
usmernika, reguliranega z mikrokrmilnikom. Sledijo
rezultati meritev in ocena faktorja modci pri simuliranju
vezja ter pri delovanju izdelanega usmernika.

Teoretiéno razvito vezje usmernika je preverjeno s simu-
lacijskimi orodji in tudi praktiéno izvedeno ter preiz-
kusenc v delovanju.

Naslov naloge: Raziskave metroloskih lastnosti

vakuumskega merilnika z lebdeco kroglico
Avtor: Janez Setina, dipl. ing. fizike

Mentor: dr. Joze Gasperic, znanstveni svetnik
Komentor: red. prof. dr. Vitodrag Kumperscéak

Univerza v Mariboru, Fakulteta za elektrotehniko, racu-
nalnistvo in informatiko

V prvem delu magistrske naloge sem predstavil osnove
statistiéne obdelave meriinih rezultatov. Pri posredni
meritvi neke fizikalne veli¢ine opravimo veé neposred-
nih meritev drugih veli¢in in nato z matematicnim
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izra¢unom dolo¢imo merjeno veli¢ino. Pri meritvah
moramo oceniti tudi verjetno napako merilnega rezul-
tata. K napaki posredno merjene veliine prispevajo
napake vseh neposrednih meritev. Opisal sem
varianéno metodo (Gaussov postopek) v kompaktni
matriéni obliki, ki povsem splo$no in formalno obrav-
nava negotovost merilnih rezultatov.

V nadaljevanju sem predstavil raziskave nekaterih
meroslovnih lastnosti meriinika vakuuma z lebdeco kro-
glico (v tuji literaturi Spinning Rotor Gauge-SRG). Med
vakuumskimi merilniki je to razmeroma nov merilnik, ki
je bil razvit ob koncu 70. let in se je pojavil na trziséu po
letu 1980. Zaradi odlicne stabilnosti in toénosti se je
uveljavil kot referencni etalonski merilnik, zato raz-
iskavam njegovih meroslovnih lastnosti posvecajo
posebno pozornost v nacionalnih metroloskih laborato-
rijih po vsem svetu. V te raziskave sem se vkljuil tudi
sam, saj sem uporabljal SRG merilnik pri raziskovalno
razvojnem delu na Institutu za elektroniko in vakuumsko
tehniko (IEVT) v Ljubljani ze od leta 1984. V obdobju
1991 do 1992 pa sem kot gostujoci raziskovalec sode-
loval pri raziskavah lastnosti SRG merilnikov v Labora-
toriju za vakuumske standarde Nacionalnega instituta
za standarde in tehnologijo (NIST) v ZDA. O rezultatih
teh raziskav sem porocal v tuji strokovni literaturi in na
raznih mednarodnih konferencah.

V magistrski nalogi sem podrobno predstavil princip
delovanja SRG merilnika. Razélenil sem vse pomembne
vire nakljuénih in sistematskih napak v molekularnem in
prehodnem podroc¢ju. S pomodjo eksperimentalnih po-
datkov sem ocenil, koliksne so te napake. Za oceno
skupne merilne negotovosti sem sestavil matematicni
model SRG merilnika v matrié¢ni obliki F(X,Y)=0. Za
reSevanje modela sem napisal racunalniski program. Z
uporabo programa sem izracunal merilno negotovost
SRG merilnika v celotnem delovnem podro¢ju pri
nekaterih znadilnih pogojih uporabe ter dolocil spodnjo
in zgornjo meriino mejo. S predstavljenim modelom in
programom je mogoce izracunati negotovost izmer-
jenega tlaka pri dejanskih razmerah, ki nastopajo pri
neki meritvi. Mogoce ga je uporabiti tudi pri izraCunu
napake pri kalibraciji nekega vakuumskega merilnika,
&e pri tem uporabimo SRG merilnik kot referencni eta-
lon. V program sem vkljucil tudi izracun korelacijskih
koeficientov med raznimi izhodnimi veli¢inami modela.
Ti nam pokazejo, katere veli¢ine najve¢ prispevajo k
skupni napaki, in jih je potrebno zmanjsati, ¢e zelimo
izboljsati natancnost merjenja.

Naslov naloge: Zvezni in stopnicasti heterospoj v
polprevodniku

Avtor: Monika Vidic, dipl. ing.

Mentor: prof. dr. Joze Furlan

Univerza v Ljubljani, Fakulteta za elektrotehniko in racu-
nalnistvo

Namen predlozenega dela je bil prikazati moznost

analiticne obravnave notranjih dogajanj v polpre-
vodniskih strukturah s heterospoji.

V nalogo sem vkljudila tudi poglavje, v katerem so
podane osnovne enacbe za opis polprevodniskih struk-
tur s krajevno spremenljivimi snovnimi parametri. Te
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enacbe so mi sluzile kot izhodi$ce za obravnavo PN-he-
terostrukture, sestavljene iz polprevodniskega materi-
ala p-tipa s Siroko energijsko rezo ter iz polprevodniske-
gamateriala n-tipa z 0zjo energijsko rezo. Strukturo sem
obravnavala po segmentih z dolocenimi lastnostmi in
poenostavitvami. Vsak segment sem opazovala lo¢eno
in na koncu podala izraze za tokove gostote in gostote
nosilcev naboja na levem in desnem robu segmenta.
lzpeljane izraze sem uporabila za segmentno analizo
P*la-Si/N c-Sisonéne celice. V to analizo sem dodatno
vklju€ila efekt zmanj$anja injiciranega toka preko spoja,
kjer ima nezveznost obliko Spice. Z zdruzitvijo posa-
meznih segmentov o0z. enaéb na robovih segmentov
sem priSla do celotne tokovno-napetostne karakteri-
stike sonc¢ne celice.

Prednost podane segmentne analize je v tem, da nam
da vpogled v notranja dogajanja na posameznih delih
strukture. Fizikalna slika, ki si jo zgradimo ob opazo-
vanju posameznih segmentov, je mnogo jasnej$a, kot
bi bila pri opazovanju strukture kot celote. Hkrati taka
analiza omogoca dodajanje dodatnih efektov, modeli-
ranih s samostojnim segmentom.

Za konec pa je treba poudariti, da vsaka analiti¢na
obravnava zahteva vrsto poenostavitev, ki omogocajo
analiti¢no resljivost obravnavanega problema. Vpeljane
poenostavitve morajo temeljiti na dobrem poznavanju
dogajanj v obravnavani strukturi. V primeru obravnave
heterospojnih polprevodniskih struktur pa vsa doga-
janja, povezana z neenakostjo materialov, ki tvorita
strukturo, $e niso povsem raziskana. Zaradi zanimivosti
problema in predvsem zaradi uporabnosti takih struktur
je v bodoce pricakovati nadaljevanje intenzivnega raz-
iskovanja na tem podrocju. Nova spoznanja bo mogoce
dodatno vkljuciti v analiti¢ne modele. Vendar pa, kot
smo zapisali Ze v uvodu, pri¢akovanje nekega univer-
zalnega modela, ki bi zajemal vsa dogajanja na meji
dveh snovi, verjetno ni realno.

Naslov naloge: Numeriéne metode za analizo ele-
mentov integrirane optike

Avtor: Edi Vovk, dipl.ing.
Mentor: prof. dr. Josko Budin

Univerza v Ljubljani, Fakulteta za elektrotehniko in racu-
nalnistvo

Vtem delu sta obdelani dve numeri¢ni metodi za analizo
elementov integrirane optike: metoda konénih elemen-
tov (FEM) in vektorska metoda §irjenja snopa (VBPM).

Metoda konénih elementov je primerna za analizo vseh
struktur, ki se ne spreminjajo vzdolz smeri Sirjenja svet-
lobe (mikrovalovne strukture, optiéna viakna). Uporaba
vseh $estih komponent elektromagnetnega polja omo-
goc¢a analizo problemov, v katerih lahko nastopajo
linearne neizotropne snovi s poljubnim kompleksnim
tenzorjem dielektricnosti in permeabilnosti. Analiza pra-
vokotnega valovoda s homogenim izotropnim dielek-
tricnim polnilom je pokazala, da so odstopanja nume-
riéno izracunanih vrednosti od analiticno izracunanih
vrednosti zelo majhna, Se zlasti za nizje rodove.

Metoda sirjenja snopa analizira Sirjenje elektromagnet-
nega valovanja skozi dano strukturo. Vektorska obrav-
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nava elektricnega polja omogoca analizo polarizaci-
jskih lastnosti elementov, ki so ob&utljivi na smer polari-
zacije. Upodtevanje prestopnih pogojev na meiji
razlicnih dielektrikov pri izrac¢unavanju parcialnih odvo-
dov elektromagnetnega polja izbolj$a natan¢nost mo-
deliranja problema. Prepustni robni pogoji, ki prepre-
¢ujejo nefizikalne odboje izhajajo¢ega elektromagnet-
nega polja nazaj v analizirano podrodje, dovoljujejo, da
je podrocje analize majhno, s tem pa se zmanjsa
obseznost problema. Program lahko resi sistem enach
po dveh metodah. Implicitna metoda izmenjajoega
izbiranja smeri je bistveno hitrejSa od iteracijskega
reSevanja sistema enacb. Zamenjava kazalcev neka-
terih matrik pri racunalniski realizaciji programa odpravi
potrebo po kopiranju vektorjev iz take matrike in s tem
pospesi izvajanje programa. Realizirani program je do-
volj hiter za uporabo na osebnem radunalniku. Kot
primer uporabe programa so prikazani rezultati analiz
opticnega sklopnika iz gradientnih valovodov, stopni-
¢astega vliakna ter simetri¢nih in nesimetriénih smernih
skiopnikov. Primerjava rezultatov z analiti¢no resljivim
problemom stopnicastega viakna je pokazala majhno
relativno napako numeri¢no izra¢unanega efektivnega
lomnega kolicnika (pod 0.01% pri e razmeroma veliki
diskretizacijski razdalji v precni smeri). Rezultati izra-
Sunanih sklopnih dolzin simetri¢nega smernega sklop-
nika, dobljeni z vektorsko metodo S$irjenja snopa
(VBPM), se dobro ujemajo z objavijenimi rezultati drugih
metod, Se zlasti z vektorsko metodo konénih elemen-
tov.

V dodatku so na majhnem zgledu prikazane vhodne in
izhodne datoteke realiziranega programa za analizo po
vektorski metodi Sirjenja snopa. Opisani so tudi dodatni
programi za pripravo in obdelavo teh datotek.

DOKTORSKE DISERTACIJE

Naslov doktorske disertacije: Optimizacija komutaci-
jske in prenosne zmogljivosti Sirokopasovnega
telekomunikacijskega omrezja

Avtor: mag. Janez Bester, dipl.ing.
Mentor: prof. dr. Beno Pehani

Univerza v Ljubljani, Fakulteta za elekirotehniko in racu-
nalnistvo

Vsebina doktorske disertacije je razdeljena na deset
poglavij, vsa pa odgovarjajo na nekaj temeljnih vpra-
sanj, ki se postavljajo pri optimizaciji komutacijske in
prenosne zmogljivosti Sirokopasovnega telekomuni-
kacijskega omrezja.

Vsebina uvodnega poglavja odgovarja na vprasanje:
kje smo danes in kam hoemo na podrogju telekomuni-
kacij, kaj lahko prispeva to delo k razvoju?

Danes je podrodje telekomunikacij nedvomno na za-
Cetku novega obdobija, za katerega so znadilni nastednji
momenti: Sirokopasovne telekomunikacije, mobilne te-
lekomunikacije, zlivanje “klasi¢nih” telekomunikacijskih
storitev in racunainiskih komunikacij in novi nacini krei-
ranja telekomunikacijskih storitev.
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Logi¢no je, da zlitje ni mozno, ¢e nimamo na razpolago
tehnologije in sistemskih znanj, ki zaobjamejo ves spek-
ter storitev in iz njih izvirajoega heterogenega teleko-
munikacijskega prometa. Sinteza klju¢nih tehnologij in
znanj je zdruzena v konceptu z imenom “Sirokopa-
sovno digitalno omrezje z integriranimi storitvami” (B-
ISDN), ki temelji na asinhronem prenosnem nadinu
(ATM). S postavitvijo asovnega, tehnologkega in znan-
stveno raziskovalnega okvira, je v uvodnem poglaviy,
prikazano obstojece stanje na obravnavanem podrociju.
Predvsem je poudarjeno stanje raziskav, potek preiz-
kusnih projektov in zrelost produktov, ki so temeljni
gradniki omreZzja. Navedena so bistvena odprta vpraga-
nja pri raziskavah Sirokopasovnih telekomunikacijskih
omrezij. Motivacija za poglobljene raziskave, ki so
vodile v izdelavo doktorske disertacije, je v sooblikova-
nju komutacijskega elementa sirokopasovnega omrez-
ja, ki bo prometno zmogljiv, in definiranju ustreznih
algoritmov upravljanja omrezja. Kljub zahtevni tehnolo-
giji, ki se uporablja na tem podrocju, in upostevanju
standardov, so tako pri razvoju komutacijskih elemen-
tov kot pri upravljanju z omrezjem in storitvami mozne
in zazelene specificne resitve. Z njimi proizvajalci
opreme, ponudniki storitev in operaterji omrezij dose-
gajo vecje izkoristke in s tem konkurencnost. V zak-
lju¢ku prvega, uvodnega, poglavja so navedene teze,
ki naj bi jih potrdili v nadaljnjih pogtavijih.

Drugo poglavje obravnava bistvene znacilnosti Siroko-
pasovnega digitalnega omrezja z integriranimi sto-
ritvami in s tem odgovarjamo na vprasanje: kaksne so
potrebe uporabnikov in kak$en telekomunikacijski
sistem jih je sposoben realizirati?

Celotna obravnava mora izhajati iz dejstva, da je namen
vsakega telekomunikacijskega omrezja zagotavijanje
storitev uporabnikom, ki so pripravljeni placati dolo¢eno
ceno za svoje uporabniske aplikacije. Aplikacije ozi-
roma storitve pa so generator telekomunikacijskega
prometa. Prav od pravilnega nacrtovanja in upravljanja
prometnih tokov je odvisna kvaliteta storitev. Razli¢ne
storitve in aplikacije imajo specifitne zahteve glede
zanesljivosti, toc¢nosti, zakasnitev, razpoloZijivosti in
drugih parametrov. Univerzalnostin prilagodljivost ATM
telekomunikacijskih omrezij, ki so temelj za B-ISDN, pa
zaradi heterogenosti prometnih tokov in velikih prenos-
nih hitrosti (reda 100 Mbit/s) zahteva bolj izpopolnjene
prometne tehnike od danasnjih. Drugo poglavije poleg
definiranja storitev, ki naj jih bo sposobno realizirati
sirokopasovno omrezje z integriranimi storitvami (B-
ISDN), obravnava tudi sorodna omrezja in proces ter
stanje standardizacije ter protokolni referenéni model.

Vsebina tretjega poglavja podaja nekatere pomembne
elemente ATM koncepta, kot odgovor na vprasanje:
katera tehnika je osnova telekomunikacijskin omrezij
bodognosti?

Vsi znaki (raziskave, standardizacija, produkti, aplika-
cije) kazejo, da je asinhroni transportni nacin (ATM)
tehnika, na kateri bodo temeljila telekomunikacijska
omrezja bodoénosti. V tretjem poglavju tako obrav-
navamo bistvene znadilnosti ATM, ki so pomembne za
prometne analize in optimizacije v naslednjih poglavjih.
Kencepta navideznih poti (VP) in navideznih povezav
(VC) sta mehanizma komutacije, usmerjanja prometain
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loCitve logi¢ne strukture omrezja od fizicne. Ustrezna
sta formata celice na uporabniskem (UNI) in omreznem
(NNI) nivoju, kot osnovnega elementa prenosa in komu-
tacije. Vse aplikacije imajo dostop do ATM nivoja preko
prilagoditvenega nivoja (AAL), ki je prav tako podan v
tretjem poglaviju.

Vsebina Cetrtega poglavja je namenjena definiranju
gradnikov in sistemskih znanj, da bi odgovorili na vpra-
Sanje: kateri produkti so danes na voljo za realizacijo
Sirokopasovnih omrezij z integriranimi storitvami in
kak$no sistemsko znanje je za to potrebno?

V predhodnih poglaviih so definirana vsa bistvena
izhodi$¢a za obravnavanje Sirokopasovnih telekomuni-
kacijskih omrezij, zato v Cetrtem poglavju preidemo na
podrobnejso obravnavo elementov omreZja. To so: fi-
zi¢ne povezave in na njih realizirani transportni protoko-
li, posredovalni elementi (PE) in njihovi gradniki ter
znanja za sistemsko integracijo in upravljanja omrezja.
Podobno kot v nekaterih naslednjih poglavijih so najprej
opredeljeni pojmi, saj na tem podrocju ni ustrezne
domace literature. Tako se na podiagi pregleda obsez-
ne literature iz angleSkega in nemskega govornega
podrocja smiselno uskladijo pojmiin oznake. Utemelje-
na je uporaba sinonima komutacijsko polje (SWA).

Komutacijska polja in njihovi gradniki so sistematsko
predstavljeni razvojno, tehnolosko in z bistvenimi znadil-
niri topologijami. Navedena je tudi obsezna literatura,
ki obravnava podroéje ATM komutacijskih polj.

lzpostavijena je preganjena arhitektura SWA, kot primer
realizacije posredovalnega elementa, ki ustreza razpo-
lozljivi tehnologiji. Razdelan je primer modularne grad-
nje preganjanega komutacijskega polja s 16384 linki.
Na podlagi analize prometnih tokov v preganjanem
komutacijskem polju so utemeljene naslednje pred-
nosti: porazdelitev telekomunikacijskega prometa, ek-
onomiéna realizacija oddaljenih komutacijskih modulov
z upostevanjem prometne optimizacije in statisticnega
multipleksiranja.

Dopolnjena obravnava prometnih tokov, ki kaze na
prednosti izbrane arhitekture, pomeni avtorjev prispe-
vek, saj je ni zaslediti v literaturi.

Kot podlaga za matemati¢no obravnavo prometnih
tokov v ATM omrezju, je v Cetrtem poglavju, z uposteva-
njem navedb v literaturi, postavljen model posredoval-
nega elementa.

V zakljuénem podpoglavju Cetrtega poglavja so nave-
dena potrebna znanja za sistemsko integracijo, od teh
so nekatera podrobno definirana v naslednjih poglavijih.

V petem poglavju je obravnavan model prometnih iz-
vorov, kot ocdgovor na vpradanje: kako matematiéno
opredeliti storitve, ki so cilj telekomunikacij in izhodisée
optimizacije prenosnih in komutacijskih zmogljivosti?

ZateoretiCno obravnavo telekomunikacijskih prometnih
tokov v ATM omrezju je potrebno poglobiti obravnava-
nje storitev in aplikacij iz drugege poglavja. V petem
poglavju, ki pomeni uvod v nadaljnje prometne analize
Sirokopasovnih telekomunikacijskih omrezij, je ute-
meljeno vecnivojsko obravnavanje prometa. V primer-
javi s klasi¢nim telefonskim omrezZjem, kjer sta poznana
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le nivo klica in nivo omrezja, so v ATM omrezju za celo-
vito obravnavanje prometa nujni $e dodatni nivoji: celi-
ce, izbruha in asimetricnosti. Dodatni nivoji zahtevajo
ustrezne matematicne modele prometnih izvorov za
nivo celic in izbruhov. Za glavne vire (govor, video in
podatki) je v drugem podpoglavju prikazan pregled
modeliranja. Na podlagi sistemati¢nega $tudija so po-
dani nacini kodiranja, kompresije in modeli virov, ki iz
tega izhajajo. Ker se v modelih pogosto pojavlja Pois-
sonova porazdelitev, je podana izpeljava, ki dodatno
opredeli matemati¢ne zapise modelov prometnih iz-
vorov za nivo celic in izbruhov. Obravnavani so tako viri
s konstantno bitno hitrostjo (CBR) in spremenljivo bitno
hitrostjo (VBR). S stalis¢a ATM so zanimivi predvsem
VBR viri, kjer pride do izraza efekt statisticnega multi-
pleksiranja. Izbran je Markovski model prometnih virov
z dvema stanjema, oziroma preklopni model. Pred-
hodno so postavljeni kriteriji za izbiro. Preklopni model
jeizbran zaradi primernosti za aplikacije v realnem &asu,
saj so z njim karakteristike vira podane s setom treh
parametrov {CR, cm, b}, skladen pa je tudi s signali-
zacijskimi formati. Za preklopni model so v zakljucku
petega poglavja navedeni parametri za tipicne govorne,
video in podatkovne vire.

Sesto poglavje obravnava prometno analizo Sirokopa-
sovnega omrezja in odgovarja na vprasanje: kako di-
menzionirati prometne zmogljivosti Sirokopasovnega
telekomunikacijskega omrezja?

Iz ekonomskih in organizacijskih razlogov se v tele-
komunikacijskem omrezju prenosne in komutacijske
zmogljivosti ¢asovno porazdeljujejo med uporabnike.
Pravila in algoritmi za porazdeljevanje zmogljivosti
omrezja morajo biti zasnovani tako, da uporabniki
praviloma ne obcutijo, da komunikacijske zmogtjivosti
delijo z ostalimi uporabniki omrezja, le tako imajo zago-
tovijeno predpisano kvaliteto storitev.

Kotizhodisce za prometne analize je v Sestem poglaviju
najprej opredeljen telekomunikacijski prometni inzeni-
ring. V nadaljevanju so podani in kriti¢no ocenjeni dose-
danji kiasi¢ni postopki prometne analize na nivoju
klicev. Navedene so pomanijkljivost obstojecih modelov
in matematicnih orodij za nivo klicev. Kljub pomanj-
kljivostim se v tejfazi razvoja uporablja Erlang-B formula
za nivo klicev, saj bodo Sele z razvojem Sirokopasovnih
omrezij in opazovanjem reainih prometnih tokov dani
realni pogoji za tocno definiranje novih porazdelitev na
nivoju klicev v B-ISDN.

Za celovito obravnavo ATM prometnih tokov na obeh
glavnih nivojih (celica, klic), je v Sestem poglavju po-
stavljena definicija ekvivalentnega ponujanega prometa
vira I Ac) = ¢i ¢i [erl M], ki je produkt ekvivalentne
kapacitete ¢; [Mbit/s] izoliranega vira / in ponujanega
prometa ¢; [erl]. Podobno je bilo zaradi sistematske in
celovite obravnave prometnih tokov potrebno definirati
efektivni dopustni promet elementa omrezja, ekviva-
fentni dopustni promet elementa omrezja in ekvivalentni

ponujani promet skupine virov.

Postavitev navedenih definicij, ki jih ni zaslediti v litera-
turi, predstavlja avtorjev prispevek. Prometni nivo celic,
za katerega je znacilno statisticno multipleksiranje, je
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obravnavan z metodo ekvivalentne kapacitete. Izbrana
je bila po predhodnem $tudiju obsezne literature zaradi
primernosti za izraCune v realnem &asu in skladnosti s
preklopnim ATM modelom vira. Izpeljava metode ekvi-
valentne kapacitete je podana v prilogi 1 doktorske
disertacije.

Na podlagi izbrane metode ekvivalentne kapacitete je
bil specificiran in realiziran racunalniki program, z
imenom CELICA. Ta program omogo&a analizo znadil-
nosti izbrane metode glede na parametre prometnih
virov, dimenzioniranje linkov in dimenzioniranje VP. Z
iterativno metodo je mogoce dimenzioniranje kapacitet
na nivoju celice tudi obratni smeri (izradun tevila virov,
ki jih je mozno multipleksirati v dano kapaciteto linka ali
VP). Rezultati znaciinih izradunov so podani v obiiki
diagramov.

Sesto poglavje je zaklju¢eno z vpeljavo parametra
prometne asimetrinosti x, ki da celovit rezultat o dejan-
ski ekvivalentni prometni kapaciteti $irokopasovnega
telekomunikacijskega omrezju. Parameter y je upoéte-
van v nadaljevanju doktorske disertacije pri naértovanju
B-ISDN in raziskavah krmiljenja dopu$canja zveze
(CAC).

Sedmo poglavie z vsebino, ki podaja specifi¢nosti
upravljanja omrezja in krmiljenja prometa, odgovarjana
vprasanje: katere so bistvene razlike v optimizaciji da-
nasnjih in bodocih Sirokopasovnih telekomunikagcijskih
omrezij?

B-ISDN, ki bazira na ATM tehniki, je nacrtovan za pos-
redovanje Sirokega spektra prometnih razredov (traffic
classes). Heterogenost prometnih razredov, statistiéno
multipleksiranje na nivoju VC in VP, kot poglavitnem
nacdinu povecevanja izkoristka omreznih elementov,
skupaj z velikimi prenosnimi hitrostmi zahtevajo temu
prilagojene mehanizme nadzora in krmiljenja prometa,
ter upravljanja omrezja. Ce ti mehanizmi ne delujejo, ali
pa niso usklajeni, potem v delovanju omrezja pride do
zamasitev ali drugih nepravilnosti v delovaniju, kar ima
za posledico zmanjSanja kvalitete storitev ali pa celo
prenehanje funkcioniranja omrezja. Upravijanje omrez-
ja pa ima tudi dolgoroc¢nej$o funkcijo, saj na podlagi
zbranih podatkov nacrtujemo tudiinvesticije v prenosne
in komutacijske kapacitete. Tako so v sedmem poglavju
najprej definirani nivoji upravijanja omrezja. Pri tem je
pomembna signalizacija tako na UNI kot NNI nivoju.
Giede na tehnoloske moznosti in velike zahteve Siro-
kopasovnega omrezja je predlagano porazdeljeno
upravljanje, ki lahko zagotovi sprotne odzive. Prikazane
so specificnosti upravijanja konfiguracije ATM omrezja.
Prav univerzalnost omrezja in fleksibilnost upravijanja
sta prednosti ATM koncepta, ki ju nekateri avtorji uvr-
$¢ajo med pomembnejSe od statisticnega multiplek-
siranja.

Temeljna znacilnost upravijanja ATM omrezja je v veli-
kem obsegu sprotnega (on-line) upravijanja, ki zajema
tako nivo zvez (VC), kot nivo poti (VP), to pa zagotavija
visoke izkoristke elementov. Prediagan je koncept di-
namicnega nacrtovanja, izgradnje in upravijanja ATM
omreZja, ki pomeni prehod iz obstojedega tehnolo-
Skega stanja v ATM tehnologijo, z upostevanjem krat-
korocnih in dolgoro¢nih ciljev ob ¢im manjgih investi-
cijah.
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Koncept dinami¢nega naértovanja, izgradnje in uprav-
ljanja ATM omrezja predstavlja prispevek avtorja, ker pa
celovita obravnava presega obseg tega dela, pomeni
izziv za nadaljevanje raziskovalnega dela.

Upoétevanje parametra prometne asimetricnosti y vpli-
va na strukturo B-ISDN. Podana je topologija asime-
tridnega omrezja, ki ga sestavljajo trije paralelni deli (za
simetriéne aplikacije, distribucijske aplikacije in asime-
triéne interaktivne aplikacije).

Mehanizmi krmiljenja prometnih tokov in preprecevanja
zamasitev so obravnavani ob koncu sedmega poglavja.
Izbrani algoritem krmiljenja dopu$canja zvez je po-
globljeno prikazan v osmem poglavju.

Vsebina osmega poglavja prikaze dodeljevanje omrez-
nih zmogljivosti in odgovarja na vprasanje: kako v real-

nem &asu dodeljevati omrezne zmogljivosti?

Obsirna vsebina predhodnih poglavij pomeni podlago
za izbiro in celovit prikaz algoritma za krmiljenje do-
puséanja zvez (CAC). Problem dodeljevanja omreznih
zmogljivosti v realnem Casu skriva v sebi Se razum-
ljivej$e vpradanje: Koliko povezav J prometnih virov tipa
j, ki zahtevajo kvaliteto storitev QoS; lahko realiziramo
po virtualni poti s kapaciteto Kvp, ki poteka po fizicnem
linku K.? Odgovor na to, na videz preprosto vprasanje
zahteva poznavanje kvalitete storitev iz drugega po-
glavja, principa VP, VCin AAL nivoja iz tretjega poglavja,
modela PE — link iz detrtega poglavja, modela virov iz
petega poglavja, vecnivojskega obravnavanja promet-
nih tokov (klic, izbruh, celica) iz Sestega poglavja in
mehanizma dopuséanja zveze iz sedmega poglavja. Z
dopolnitvijo navedenega znanja iz predhodnih poglavij
z dologitvijo izgubnih mest v ATM prenosnem ali komu-
tacijskem sistemu, uporabo metode ekvivalentne ka-
pacitete v CAC algortimu in vpeljavo iteracijskega po-
stopka za usklajevanje nivoja celic z nivojem klicev se
J lahko izraduna in tako lahko odgovorimo na po-
stavijeno vprasanje.

V osmem poglavju so najprej dolocena mozna izgubna
mesta telekomunikacijskega prometa na primeru linka.
V nadaljevanju je metoda ekvivalentne kapacitete iz
$estega poglavja dopolnjena za primer uporabe v CAC
algoritmu. V tej tocki je ponovno ugotovljena primernost
za izvajanje v realnem ¢asu, saj obseg racunskih oper-
acij dovoljuje sprotni izracun ob vsaki zahtevi za novo
2vezo. lzmed razliénih, v literaturi navedenih, CAC algo-
ritmov je izbran algoritem dvostopenjskega dopusééanja
zvez. Prednost izbranega algoritma je v zdruzevanju
dveh nasprotujocih lastnosti: doseganje visokega izkor-
istka in primernosti za implementacijo v realnem Casu.
Dobra lastnost izbranega algoritma je moznost pos-
topne implementacije, glede na zahtevani izkoristek,

tehnologke sposobnosti in sistemsko znanje.

Celoten postopek CAC je ponazorjen tudi z diagramom
poteka. Posebej so obrazlozene moznosti uveljavljanja
eksplicitne ali implicitne prioritete dodeljevanja komu-
tacijskih in prenosnih zmogljivosti. Vtem poglavju pred-
stavlja prispevek avtorja dopoinitev metode ekvivalent-
ne kapacitete s prometnim nivojem klicev. Rezultat je bil
specificiran in realiziran v obliki programa PRETOK, ki
predstavija z nivojem Klicev dopolnjen program
CELICA. Uporabljen je za izratune v osmem in devetem
poglavju.
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Osmo poglavje se konéa z napovedjo trendov dimen-
zioniranja omreznih zmogljivosti, ki predvideva veliko
stabilnost fizicne strukture ATM telekomunikacijskega
omrezja, kljub narascéanju ponujanega prometa na nivo-
ju kiicev in uvajanju novih storitev.

Deveto poglavje obravnava optimiranje virtualnih poti,
kot odgovor na vprasanje: kako povecati izkoristek
omreznih elementov?

Koncept virtualnih poti omogoci poenostavitev postop-
kov in algoritmov za komutacijo in usmerjanje in pre-
glednej$o hierarhi¢no strukturo omreZja.

Literatura in priporodila izhajajo iz omejitve determi-
nisticnega dodeljevanja VP. Deveto poglavje pa z vpe-
ljavo prerazporejanja prometa med VP povecuje izkori-
stek omreznih elementov. Nelogi¢no je, da bi od dveh
VP, ki potekata vzporedno (logi¢no ali fizicno), ena bila
prometno preobremenjena, druga pa le delno izkori-
$Gena. Prvo podpoglavje najprej obravnava funkcijske
zveze med fiziéno strukturo omrezja inlogi¢no strukturo
virtualnih poti. RazloZene so razli¢ne teoreticne mozno-
sti maksimiranja multipleksiranega prometa, ki se pre-
liva med VP. Efekt prerazporejanja prometnih tokov je
ratunsko preverjen s programom PRETOK. Iz rezulta-
tov, ki so za obravnavani primer govornih in podat-
kovnih izvorov prikazni v tabeli, lahko ugotovimo faktor
povedanja ekvivalentne dopustne kapacitete 1.4 za go-
vorne izvore, oz. 2.5 za podatkovne izvore. Prvi pri-
spevek v tem poglavju je v metodi prerazporejanja
prometa in izracunu posledi¢nega izkoristka.

Drugi prispevek je v uvedbi splosnega vecstopenjskega
algoritma krmiljenja dopu$c¢anja zvez (CAC), ki upo-
Steva asimetriéne interaktivne aplikacije, distribucijske
aplikacije, izbiro alternativne poti, prerazporeditve pro-
meta med VP in delovanje v primeru izpada nadzornega
centra. S predlaganim CAC pridobimo na prometni
kapaciteti in izkoristku omreZja. IzraCun s programom
PRETOK za primer podatkovnih izvorov pokaze, da z
prerazporejanjem prometa povecamo dopustno ekvi-
valentno kapaciteto za faktor 3.5.

Deseto, zakljuéno, poglavje je namenjeno vprasanju: ali
so potrjene zacetne teze, kako smo odgovorili na za-
stavljena vprasanja v posameznih poglavjin doktorske
disertacije, kateri so izvirmni prispevki k obravnavani
tematiki in kak$ni so novi raziskovalni izzivi?

Doktorska disertacija obravnava kompleksno podrocje
prenosnih in komutacijskih zmogljivosti v Sirokopa-
sovnem telekomunikacijskem omrezju, ki temelji na
ATM tehniki. Kot je razvidno iz povzetka osmega po-
glavja, je tematika obseznain razvejana, saj odgovor na
navidez preprosto vpradanje, ali dopustimo $e zvezo
n+1, e imamo v sistemu ze n zvez, zahteva predhodno
obravnavo in pripravo dokaj zahtevnih modelov in
orodij.

V ustvarjanju celotne podobe obravnavane tematike, ki
v nadem okolju prakticno e ni prisotna, so bile tako
skozi vsebino posameznih poglavij obdelane nekatere
temeljne zakonitosti, gradniki in sistemska znanja.

Doktorska disertacija podaja §irsi in celovit pogled na
obravnavano tematiko B-ISDN in ATM z naslednjimi
rezultati:



Informacije MIDEM 26(1996)1, Ljubljana

— doloditev tistih prometnih parametrov, ki so bistveni
za prometno analizo,

— izbira algoritma za dodeljevanje komutacijskih in pre-
nosnih zmogljivosti v realnem ¢asu na podlagi pro-
metnih parametrov,

— kritiCha ocena klasi¢ne teorije telekomunikacijskega
prometa in njena dopolnitev z veénivojskim pristo-
pom,

— sistematski pristop k ob8irni tematiki in definiranje
novih pojmov,

— predlagan je koncept dinami¢nega nadrtovanja,
izgradnje in upravljanja ATM omrezja, ki temelji na
dolgoro¢no stabilnem hrbteniénem in regionainem
omrezju, fleksibilnih uporabniskih vmesnikih in eko-
nomicnem prehodu iz bakrenega narocéniskega
omreZja v opti¢nega.

Navedeni rezultati predstavljajo, skupaj s predlaganimi
novimi raziskovalnimi izzivi, temelj za realizacijo optimi-
ranih produktov in omreZzij.

lzvirni prispevki te doktorske disertacije k znanosti so
podani v Zahtevi za priznanje avtorstva.

Naslov doktorske disertacije: Preiskava vioge cezija
pri visokoobcutljivih multialtkalijskih antimonidnih
fotokatodah

Avtor: mag. Bojan Erjavec, dipl. ing. fizike
Mentor: dr. Joze Gasperi¢, znanstveni svetnik
Komentor: red. prof. dr. Vitodrag Kumpersc¢ak

Univerza v Mariboru, Fakulteta za elekirotehniko, racu-
nalnistvo in informatiko

Potek kemijskih reakcij med sintezo multialkalijskih an-
timonidnih fotokatod je odvisen od parnih tlakov alkali-
jskih kovin in njihovih medsebojnih razmerij. Pri tem pa
na celotni ¢as sinteze vpliva predvsem dinamika par
alkalijskih kovin v UVV komori. Najpre] je bil izvrSen
studij porasta parnega tlaka izbrane alkalijske kovine in
njegovega padca v modelni UVV komori za razlicna
obmocja tlakov v rezimu molekularnega pretoka, ki mu
je sledila meritev spremembe parnega tlaka posa-
meznih alkalijskih kovin z Langmuirjevo ionizacijsko
sondo v slikovnem ojacevalniku. Primerjava dobljenih
rezultatov je vodila k oceni geometrijskih (prostornina in
notranja povrsina UVV komore, efektivna in povrsinska
¢rpalna hitrost) in tehnoloskih vakuumskih parametrov
(koeficient lepijenja oziroma kondenzacijski koeficient
ter povpreéni rezidenéni ¢as alkalijskega atoma na
notranji povrsini), ki vplivajo na prostorninsko ¢asovno
konstanto in podalj$ano ¢asovno konstanto za razli¢na
tla¢na obmodja molekularnega pretoka, ter s tem omo-
gocila izbiro optimalnih vakuumskih parametrov za sin-
tezo visokoobdutljive fotokatode.

V tej nalogi je bil raziskan heterospojni model visoko-
obéutljive polprepustne multialkalijske antimonidne fo-
tokatode NazKSb(Cs,Sh) ki ga sestavljata homogena,
polikristalna in mocno p-dopirana osnovna plast
NagKSb in povrsinska plast tipa n CsxSb.
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Debela osnovna plast NagKSb je bila sintetizirana z
zaporednimi adicijskimi in substitucijskimi reakcijami pri
T = 200°C v ultravisokem vakuumu z optimiziranim
standardnim postopkom. Potek parnih tlakov alkalijskih
kovin je lahko odiocilen pri formiranju osnovne plasti.
Presezna Na in K, ki se nahajata v residualni atmosferi
po vsakem naparevanju Sb, lahko nepri¢akovano reagi-
rata z le-tem, kar vodi k nedopirani in nehomogeni
osnovni plasti. Presezni Cs reagira podobno z napare-
vajo¢im Sb, kar najprej prepre¢i mocno p-dopiranje
osnovne plasti in nato vodi k neugodni polprevodniski
spojini tipa p Cs3Sb v povrsinski plasti.

Tanka plast CsxSb je bila nanesena na osnovno plast
Na2KSb z izmeni¢nimi uvajanji pare Cs in naparevaniji
Sb priT = 150°C po dokaj spremenjenem standardnem
postopku. Ocena debeline te povréinske plasti s po-
modjo enostavnega modela rasti je bila priblizno 30 A
za stehiometri¢no razmerje x = 1.5 in je bila narejena s
fotoelektricno analizo “yo-yo” tehnike, ki je vodila k
visokoobéutljivi fotokatodi. Termodinamski izracun sin-
teznih reakcij iz binarnega sistema Sb-Cs je bil izveden
z uporabo dokajzanesljivih ocen osnovnih termodinam-
skih podatkov in izbiro deljenih termodinamskih funkcij
in njihovih zvez, ki pripadajo realnim trdnim raztopinam.
Le-te so bile izbrane zaradi ionskega karakterja kemij-
ske vezi, ki je znacilen za alkalijske antimonidne spajine.
Odlodilna koli¢ina, na kateri temelji ves termodinamski
izracun, je prenos valenénega naboja med neenakima
atomoma, ki je sorazmeren s standardno entalpijo
tvorbe spojine CsxSb. Narejeni sta bili primerjavi izra-
¢unanih zvez disociacijskega parnega tlaka CsxSb-Cs
z izmerjenimi izrazi Pcs(T) za desorpcijo Cs s povrsine
fotokatod Na2KSb(Cs) ter asimetrije Augerjevega sig-
nala Sb MNN spojin CsxSb, ki je linearno odvisna od
prenosa valencnega naboja med neenakima atomoma,
z izmerjeno obliko linije Sb MNN visokoobdéutljivih fo-
tokatod NapoKSb(Cs), ki obe vodita k stehiometricnemu
razmerju x = 1.5,

Zaradi pomanjkanja izmerjenih podatkov je bila pred-
postavljena prevodnost tipa n za spojino Cs1.55b, za
katero sta ocenjeni tudi Sirina prepovedanega pasu, ki
je enaka ali ve€ja od 1.5 eV, in ugodna elektronska
afiniteta, ki je priblizno 1.0 eV. Na koncu je bil skonstrui-
ran idealni diagram energijskih pasov za heterospojni
model, ki ga sestavljata moéno p-dopirana osnhovna
plast Naz2KSb in povrsinska plast tipa n Cs1.55b.

Termicno izstopno delo Cs1103 je znatno nizje od
tistega, ki je znaciino za kovinski Cs. Ce je Cs1103
nanesen kot tanka plast skupkov na masivni oksid tipa
n Cs20, se termi¢no izstopno delo slednjega zniza na
priblizno 1.0 eV. Na osnovi raziskav heterospojnega
modela fotokatode Na2KSb(Cs,Sb) je bil skonstruiran
diagram energijskih pasov za heterospojni model fo-
tokatode NasKSb(Cs,O), ki ga sestavljata debela in
mocno p-dopirana osnovna plast NazKSb s $irino pre-
povedanega pasu 1.0 eV in elektronsko afiniteto 1.0 eV
ter tanka in moéno n-dopirana povrSinska plast
Cs20/Cs1103 s termicnim izstopnim delom 1.0 eV. Ker
se mora rezultirajode fotoelektricno izstopno delo
izenaciti s termiénim izstopnim delom povr§inske plasti
ima tako skonstruirana fotokatoda NazKSb(Cs,0)
nicelno elektronsko afiniteto.
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Homogena osnovna plast NagKSb z mocno teksturo je
bila sintetizirana in situ s standardnim postopkom, pri
povigani temperaturi v UVV, na ukrivljeno povrsino
viaknaste optike, vgrajene v slikovni ojacevalnik druge
generacije. Prevlieka z nizkim termi¢nim izstopnim de-
lom je bila nanesena pri sobni temperaturi na podiago
NagKSb z izmeni¢nim izpostavljanjem njene povréine
ceziju in kisiku, dokler ni fototok dosegel maksimalne
vrednosti, medtem ko se je slikovna elekironka Crpala
s pomozno ionsko-razprsevalno érpalko. Zelo &ist Cs
se je napareval z uporovnim segrevanjem iz pomicnega
izvira Cs. Ta je vseboval standardni dispenzer Cs, ki je
bil vstavijen v zaprto kovinsko cev z majhno odprtino.
Tako naparevajoc¢ divergentni atomski curek Cs je prek-
ril samo fotokatodno povrsino, ostala notranja povrsina
slikovnega ojacevainika pa je ostala pri tem nepri-
zadeta. Oz se je uvajal iz trdnega izvira Og, temeljeCega
na termi¢nem razgrajevanju CuO. Ta izvir je sestavljala
uporovna zica s spiralno navito bakreno zic¢ko, katere
povrsina je bila oksidirana do CuO pri povisanitempera-
turi v residualni atmosferi O2. Na poti do aktivacijskega
mesta Op zelo rad reagira z residualnimi plini, kot sta Hz
in CHa, ki so adsorbirani na notranjih stenah. Za pre-
precevanje kontaminacije je bil izvir O2 vgrajen v do-
datno ohi$je, ki je bilo prikljuéeno na slikovni ojacevalnik
s kratko bakreno cevijo.

Narejenih je bilo ve¢ poskusov aktivacije podlage
Na2KSb s Cs in O2 pri sobni temperaturi, ki so se koncali
neuspesno, tj. dobljene integralne in ustrezne spek-
tralne svetlobne obdutljivosti v bliznjem IR podrocju so0
bile dokaj skromne. Aktivacija ni uspela zaradi difuzije
O v bliznje-povréinsko obmocje NagKSb, kar je pov-
zrodilo oksidacijo gibljivih alkalijskih kovin v alkalijske
subokside in okside ter negibljivih anionov Sb3 preko
elementarnega Sbh® v katione Sb5*, pri tem sledn;i
tvorijo Sb20s, in zaradi moéne difuzije K iz notranjosti
Na2KSb v bliznje-povrsinsko obmocje le-tega, kar je
povzrodilo dodatno rast debele oksidne plasti z
zaporedjem oksidnih plasti: K3O/K20, ki je neugodno
za potek fotoemisijskega procesa. Nizka foto obcut-
liivost je bila posledica debele vmesne oksidne plasti,
ki je povzrocila nastanek visoke potencialne bariere, s
tunelskim efektom neprehodne za fotoelektrone, in
znaten primanjkljaj alkalijskih atomov v osnovni plasti
Na2KSb, le-ta je bil vzrok za zmanj$ano izstopno glo-
bino vzbujenih elektronov zaradi dodatnih energijskih
izgub pri interakciji s kationskimi vrzelmi.

Na koncu je bil za visokoobéutljivo fotokatodo NazKSb
(Cs,0) predpostavljen model skupkov, ki ga sestavijata
debela osnovna plast NazKSb in ena monoplast skup-
kov Cs1103. Struktura Cs1103 vsebuje atome O, ki zase-
dajo notranje pozicije, obdane z atomi Cs na razlicnih
atomskih razdaljah. Najzunanjej$a plast atomov Csima
kvazi-kovinsko strukturo. Tako lahko nanos zelo tanke
plasti Cs1103 na podlago Na2KSb izboljsa njene foto-
emisijske lastnosti z dvema mehanizmoma: a) povrsin-
ska bariera se zmanjda zaradi dveh kombiniranih
pojavov: kvantnega razseznostnega pojava v skupkih
Cs1103 in vpliva elektricnega dipolnega polja, povzro-
&enega z nastankom vmesne povrsine alkalijski anti-
monid/suboksid, b) antimonid postane bolj p-dopiranin
obmodje upogiba energijskih pasov ozje zaradi pove-
¢ane gostote alkalijskih vrzeli (akceptorskih centrov),
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nastalih z difuzijo alkalijskih atomov v tanko plast
Cs1103.

Nadaljnja aktivacija Na2KSb s Cs in O2 bo potekala pri
temperaturah, znatno nizjih od sobne temperature, z
namenom omogoditi adsorpcijo previeke Cs, ki je se-
stavljena iz najmanj treh enoatomskih plasti, ter pre-
preciti Skodljivo difuzijo kisika v bliznje-povrsinsko ob-
mocje NagKSb in mocno difuzijo K iz notranjosti
NazKSb proti njeni povrsini.

Naslov doktorske disertacije: Analiza in optimizacija
prebojnih lastnosti poprevodniskih planarnih struk-
tur

Avtor: mag. Dejan Krizaj, dipl. ing.
Mentor: prof. dr. Slavko Amon

Univerza v Ljubljani, Fakulteta za elektrotehniko in racu-
nalnistvo

Zaporne lastnosti polprevodniskih struktur so omejene
s pojavom plazovite ionizacije. Pri visokih poljih nosilci
elektricnega naboja pridobijo dovolj energije, da s trki
povzrodijo nastanke novih parov elektron-vrzel. Mehani-
zem plazovite ionizacije je mogocCe upostevati pri analizi
polprevodniskih lastnosti s pomoc¢jo numericne simu-
lacije, ali pa z analiti¢nimi modeli. Zaradi razlicne kom-
pleksnosti uporabljenih modelov se lahko rezultati
analiti¢ne in numeri¢ne analize bistveno razlikujejo, kar
je pokazala tudi v tem delu opravijena primerjava. Uje-
manje med numeri¢nim in analitiénim izracunom prebo-
jnih napetosti ravnih spojev s Sirokim razponom
koncentracij dopiranja je bilo izboljSano s spremembo
koeficientov v Fullopovi formuli za hitrost ionizacije.

Prebojne napetosti pri planarnih spojih so nizje, kot pri
ravnih spojih zaradi pojava visjih polj na zaokrozitvah
spojev. Matemati¢na analiza je pokazala, da so normi-
rane prebojne napetosti cilindri¢nih spojev z Gaussovim
profilom dopiranja odvisne od razmerja med povrsinsko
koncentracijo dopiranja in koncentracijo dopiranja sub-
strata. Pri tem so prebojne napetosti cilindricnih spojev
normirane s prebojno napetostjo ravnega spoja, gio-
bine spojev pa s $irino osiromasdenega podrocja rav-
nega spoja pri preboju. Numeriéna analiza je pokazala
visje normirane prebojne napetosti za nizja razmerja
med povrsinsko koncentracijo dopiranja in koncen-
tracijo dopiranja substrata. Za planarne spoje z razlicno
vertikalno in lateraino globino difuzije je namesto cilin-
driéne predlagana elipticna oblika metalurskega spoja.
S primerjavo prebojnih napetosti elipti¢nih in cilindricnih
spojev so bile dolocene efektivne globine cilindri¢nih
spojev. Na ta nacin je omogoc¢en enostaven analiticni
izradun prebojnin napetosti tudi za elipticne strukture.

Ena od uspesnejsih metod zviSevanja prebojnih nape-
tosti planarnih spojev je zakljucitev z zasCitno elektrodo
preko oksidne plasti. Ce zanemarimo moznost preboja
ha robu za$citne elektrode, se idealnim prebojnim na-
petostim priblizamo le ob uporabi zelo tankih oksidov
in plitvih spojev. Pri vecanju globine spoja se namrec
prebojna napetost zmanjsuje zaradi SibkejSega vpliva
zasditne elektrode, pri $e vedjih globinah spoja pa se
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prebojna napetost zopet poveca zaradi manj$ega radija
ukrivitve spoja. NajniZje vrednosti prebojnih napetosti
so ocenjene pri globinah spoja od 0.2 do 0.3-kratne
Sirine osiromasenega podrocja pri preboju ravnega
spoja.

Za izboljsanje prebojnih lastnosti visoko-napetostnih
elementov znotraj visokonapetostnih integriranih vezij
se kot izredno primeren izkaze RESURF LDMOS tran-
sistor. RESURF tehnika zakljucitve, kitemelji na uporabi
tanke epitaksijske plasti drift podrocja na substratu
nasprotnega tipa dopiranja. Mo¢neje dopirana epitak-
sijska plast omogoca nizke izgube pri prevajanju,
Sibkeje dopiran substrat pa visoke prebojne napetosti.
V delu je predlagan analiticni model za analizo in optimi-
zacijo prebojnih lastnosti RESURF struktur. Pri tem sta
loé¢eno obravnavana modela za prebojno napetost la-
teralnega in vertikalnega dela RESURF strukture, nape-
tost preboja celotne strukture pa je doloena kot manjsa
od obeh. Predlagani model se dobro ujema tako z
rezultati numeri¢ne simulacije, kot tudi z rezultati iz
literature. Model poleg doloéitve optimalnih nacrtoval-
nih parametrov omogoca analizo obcutljivosti para-
metrov na prebojne lastnosti struktur. Analiza je po-
kazala, da so optimalne prebojne napetosti tezko
dosegljive, e se koncentraciji dopiranja epitaksijske
plasti in substrata bistveno razlikujeta. Tako vrata, kot
tudi izvor in ponor RESURF LDMOS transistorja lahko
delujejo kot zadditna elektroda. Iz rezultatov numeri¢ne
analize sledi, da lahko s pravilno nacrtovanimi kontakdi
v obliki zasditne elektrode preko ene ali vec debelin
oksida bistveno zmanj$amo obcutljivost parametrov na
prebojno napetost.

Zadnje poglavie podaja prvi¢ prikazane eksperimen-
talne rezuitate strukture z zascitno spiralo. Numericna
analiza je pokazala najvisje zaporne napetosti pri struk-
turah z majhnimi razmaki med “obrodi" spirale. Vendar
pa pri zelo majhni razdalji in dovolj velikem padcu na-
petosti med obrodi lahko osiromaseno podrocje obroca
z visjo napetostjo doseze obro¢ z nizjo napetostjo.
Posledica je moc¢no prevajanje med obroCema in po-
vedan tok skozi spiralo. Pri dovolj visokin zapornih
napetostin lahko velik tok med dvema obro¢ema
povzrodi povecano pomnozevanje nosilcev naboja
(multiplikacijo) in s tem naras¢anje toka substrata (ka-
tode). Rezultat je nekoliko zgodnejsi preboj, predvsem
pa neostra prebojna karakteristika. Strukture z zascitno
spiralo so bile nadrtovane za rezine s 45 Qcm upor-
nostjo, ki v idealnem primeru (raven spoj) omogocajo
1420 voltov prebojne napetosti. Od struktur s kon-
stantno razdaljo med obroéi spirale so bili najboljsi
rezultati dosezeni s spiralami z najmanj$o razdaljo med
obro¢i (4 um) in najslabsi pri najvecdjih razdaljah med
obrodi (22 um), kar je v skladu z rezultati modeliranja.
Prebojne napetosti struktur z zascitno spiralo so bile vec
kot 10-krat visje od prebojnih napetosti testnih diod brez
zastitne spirale, vendar $e vedno bistveno niZje od
idealnih vrednosti. BoljSe rezultate pa smo dosegli z
zasditnimi spiralami z neenakomerno Sirino spirale in
spreminjajoco razdaljo med obrodi spirale. Pri spiralah,
ki so bile &irSe v okolici anode (glavni spoj) in so se ozale
proti zunanjemu obroc¢u (ravno nasprotno je veljalo za
razdalje med obrodi), je bilo mogoce doseci manjse
padce napetosti v okolici anode. Poleg tega se je z
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vecanjem razdalje med obrodi z oddaljenostjo od ano-
de zmanjsala tudi moznost lokalnega preboja med
obrodi spirale (reach-through). Ceravno smo pri tem
nacrtovanju naleteli na omejitve uporabljene tehnolo-
gije, so rezultati meritev pokazali, da lahko tako
nacrtovane strukture dosezejo do 1300 voltov zaporne
napetosti, kar je ved kot 90% idealne. Le nekoliko nizje
zaporne napetosti so dosegle strukture z zaScitnimi
“plavajolimi” obro€i, ki pa so imele tudi niZje zaporne
tokove v primerjavi s strukturami z zasc&itno spiralo. Se
nekoliko nizje zaporne napetosti, vendar $e vedno
preko 1000 voltov, so dosegle strukture z zdruzenim
pin/Schottky jedrom (anodo).

Prednosti struktur z za&citno spiralo so predvsem nizka
cena, visoke zaporne napetosti ter majhna obd&utijivost
na razline neidealnosti procesa, glavni pomanijkljivosti
pa moznost lokalnega preboja med obrodi spirale in
zvecan zaporni tok zaradi toka skozi spiralo. Ker je
pomanijkljiivosti mogoce s pravilnim nacrtovanjem
bistveno omejiti, lahko pri¢akujemo strukturo z zas&itno
spiralo kot mozno tehniko zakljucitve bodocih visoko-
napetostnih in moc¢nostnih elementov.

Naslov doktorske disertacije: Izbira optimalnih pod-
struktur digitalnega sita s porazdeljeno aritmetiko

Avtor: mag. Mitja Solar, dipl. ing. el.
Mentor: red. prof. dr. Bruno Stiglic
Komentor: dog. dr. Rudi Babic¢

Univerza v Mariboru, Fakulteta za elektrotehniko, racu-
nainistvo in informatiko

V delu smo opisali kombinirano realizacijsko obliko
nerekurzivnega digitalnega sita. Obravnavali smo iz-
vedbe digitalnih sit, ki delujejo v realnem ¢asu. Klasi¢ne
izvedbene strukture digitalnih sit vsebujejo registre,
sestevalnike in mnozilnike. V takséni izvedbi so mnozil-
niki najbolj kompleksne strukture in prispevajo najvedje
zakasnitve. Mnozilnikom smo se izognili z uporabo po-
razdeljene aritmetike s stalno decimalno vejico. Pri po-
razdeljeni aritmetiki hranimo v pomnilniku deine vsote
koeficientov impulznega odziva sita, rezultat pa dobimo
po zaporedju sestevanj delnih vsot. Velikost pomniinika
je dolocena s Stevilom koeficientov N impulznega odzi-
va nerekurzivnega sita in znasa 2N besed. Torej je upo-
raba porazdeljene aritmetike za nerekurzivna digitalna
sita v osnovni realizacijski obliki omejena z velikostjo
pomnilnika.

Na osnovi poznavanja probiematike smo postavili origi-
naino delovno hipotezo:

1. Z uporabo porazdeljene aritmetike lahko naredimo
kombinirano strukturo nerekurzivnega digitalnega
sita visje stopnje.

2. Z izbrano kombinirano strukturo se zelo zmanjsa
velikost potrebnih pomnilnikov, pri tem pa dusenje
sita ni bistveno manj$e od dusenja nekvantiziranega
optimalnega digitalnega sita.

3. Pri omejeni amplitudi vhodnega signala xmax|<1 je
amplituda izhodnega v enakem velikostnem razre-
du lymax|<1 ali najmanj lymax<0,5, kar zados¢a za
prakti¢ne realizacije digitalnih sit.
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4. lzvedba digitalnega sita v kombinirani strukturi je
primerna za realizacijo v obliki tiskanega vezja s
standarnimi  integriranimi  komponentami  in
omegoca realizacijo v obliki naro¢niSkega integrira-
nega vezja.

Z nadim raziskovalnim delom smo potrdili vse tocke
delovne hipoteze.

Na osnovi Ze znanih struktur za zmanj$anje pomnilnika
s paralelnimi in kaskadno vezanimi podstrukturami smo
razvili dve originalni optimalni kombinirani strukturi sit.

Prva kombinirana struktura je posebej primerna za re-
alizacijo v obliki tiskanega vezja. Zasnova strukture je
splosna in omogoca uporabo poljubno velikih pomnil-
nikov. Izbira velikosti pomnilnika naj omogoc¢a popolno
kompatibilnost med stati¢nimi bralno-pisalnimi pomnil-
niki RAM in bralnimi pomnilniki tipa ROM, EPROM ali
EEPROM. Izbrali smo pomnilnike velikosti 2k osembit-
nih besed, ki so ceneni, imajo enojnc napajaino nape-
tost in v osnovni strukturi omogocajo gradnjo digitalnih
sit, katerih stopnja je enaka N-1=10.

Druga kombinirana struktura omogoca realizacijo v
obliki naro¢niskega integriranega vezja. V tej strukturi
s0 namesto pomnilnikov uporabljeni registri z vpisanimi
koeficienti impulznega odziva. Ta oblika je zelo primer-
na za realizacije v adaptivnih sitih, kjer je potrebno sproti
spreminjati koeficiente impulznega odziva sita.

Za dosego primernega dusenja sita smo naredili analizo
kvantizacijskih pogreskov. Uporabili smo linearne mo-
dele za upostevanje vpliva kvantizaciji in izpeljali origi-
nalni model za oceno izhodne Sumne modi.

Razvili smo originalno programsko opremo za nact-
tovanje in simulacijo digitalnih sit v kombinirani reali-
zacijski obliki.
Primerjali smo nerekurzivno nizkoﬁrepustno digitalno
sito stopnje 60 v razli¢nih realizacijskih oblikah. Pokazali
smo, da je v primerjavi z osnovno in kaskadno realizacij-
sko obliko digitalnih sit v porazdeljeni aritmetiki kom-
binirana struktura primernejsa, ker z njo mo¢no zmanj-
$amo potrebni pomnilnik, pri tem pa ohranimo dusenje,
pasovno prepustno ojacenje in zaporno slabljenje digi-
talnega sita.

Originalni prispevki dela so:

— razviti sta kombinirani realizacijski obliki nerekur-
zivnega digitalnega sita, ki omogocata izvedbe sit
vigjih stopenj: prva kombinirana oblika omogoca
gradnjo digitalnega sita s poljubno velikimi pomnil-
niki v obliki tiskanega vezja, druga pa omogoca
realizacijo v obliki naro¢niskega integriranega vezja;

— izpeljava modela za izracun celotnega izhodnega
suma, ki nastane pri kvantizaciji besed v posameznih
strukturah nerekurzivnega digitalnega sita v kombini-
rani realizacijski obliki;

— dopolnitev strukture digitalnega sita tako, da doseze
sito v kombinirani realizacijski obliki podobno velik
izhodni signal, kot ga ima digitalno sito v osnovni
realizacijski obliki; pri tem smo optimirali normiranje
v posameznih podstrukturah sita;
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— dolocitev taksnih dolzin besed v vseh delih digitalne-
ga sita, ki omogocajo podobna dusenja, kot ga ima
referenéno optimalno nerekurzivno digitalno sito;

— razvita je programska oprema za nadrtovanje in
simulacijo digitalnih sit v kombinirani realizacijski
obliki.

Nasiov doktorske disertacije: Teoreti¢na zasnova uni-
verzalnega odpriega programskega orodja za
analizo vezij

Avtor: mag. Tadej Tuma, dipl. ing.

Mentor: prof. dr. Franc Bratkovic

Univerza v Ljubljani, Fakulteta za elektrotehniko in racu-
nalnistvo

Doktorska disertacija obravnava podroc¢je radunalni-
Skega nacrtovanja analognih vezij. V grobem lahko
razdelimo metode racunalniskega nadrtovanja na tri
velike skupine. V prvo skupino sodijo postopki, ki
pripeljejo do matemati¢nih modelov elekironskih kom-
ponent. V drugi skupini najdemo metode, ki zgradijo
matematiéni model za celotno elektronsko vezje v obliki
sistema enacb. Tretja skupina pa zdruzuje postopke, ki
pri danem vzbujanju redijo sistem enacb ter tako
pripeljejo do kon¢nih rezultatov analize.

Jedro tega dela je predstavitev splosne redukcijske
operatorske enacbe, iz katere se izpeljejo vse metode
druge in tretie skupine. Obravnavano matematicno
orodje torej na enoten nacin popiSe tako postopke za
sestavljanje sistemov enadb (vozliséne enacbe, enacbe
osnovnih zank, enacbe osnovnih prerezov ali celo
enacbe stanja), kot tudi metode za njihovo resevanje
(Gaussova eliminacija, vzvratna substitucija, trikotna
dekompozicija, Gauss-Jordanova eliminacija, itd.).
Splodna redukcijska operatorska enacba pravzaprav
zabride klasi¢no loénico med elektrotehniskimi po-
stopki druge skupine in matematiénimi metodami tretje
skupine.

Opisana teoreticna dognanja imajo posledice tudi za
prakticne aplikacije. Prav vsako obstojece programsko
orodje je namre¢ zasnovano na vnaprej doloceni kom-
binaciji iz druge in tretje skupine. Le iziemoma se na-
jdejo primeri, ki omogocajo uporabniku izbiro med vsaj
nekaj sorodnimi metodami. Redukcijska operatorska
enacba pa obeta popolnoma sploSno programsko
orodje za analizo analognih vezij. Programska oprema,
ki je zasnovana na redukcijski operatorski enacbi, vrh
tega zlahka sprejme novo metodo ali neko posebno
modifikacijo znane metode. Taka zasnova je torej poleg

univerzalnosti tudi odprta.

Pridujoca disertacija je zgrajena iz stirih delov. Najprej
je v drugem poglavju predstavljen redukcijski operator
kot osnovni matematiéni gradnik. Tretje in Cetrto po-
glavje nato sistematsko obravnavata najbolj znane me-
tode sestavljanja sistemov enacb oziroma metode za
njegovo resevanje, medtem ko so v petem poglavju
zbrani konkretni primeri uporabe.
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VESTI-NEWS

News from AMS

Chips for the Year 2000

Together with the partners SGS-Thomson (France/It-
aly), GEC-Plessey (England), Matra-MHS (France),
Mietec-Alcatel (Belgium), Philips (The Netherlands),
Siemens (Germany) Austria Mikro Systeme Interna-
tional AG is participating in the SHAPE-Project “Sub
HAIf Micron Process for European Users”.

The aim of SHAPE is the development of the next ASIC
(Application Specific Integrated Circuit) generation of
process structures of 0.35 micron (= Structures with a
diameter of 0.00035 mm! - e.g. an area of 1 cm? contains
more than 1 million functions!) that allow for compietely
new applications in the innovative segment of micro-
electronics and for mixed analogue/digital ICs which are
becoming more and more sophisticated. This means a
combination of the analogue world with the digital com-
puter, all on one IC:

— Specifically, these smallest structures represent a
revolution in the development of semiconductors for
the year 2000 and beyond: In the segment of com-
munications single chip mulimedia solutions for the
transmission of video, voice and data (e.g. V-mail) will
become a matter of fact in the networked world of
tomorrow.

— Security electronics will profit from solutions such as
recognition electronics and intelligent identification
systems that are based on microelectronics.

— The whole segment of man/machine interaction, like
computer, household and industry will experience a
dramatic change with speaking/listening/thinking
equipment.

— In the domain of medical microelectronics, like the
artificial eye, chips that support body motorics due to
damaged nerve cells, miniaturized heart pacemaker
ICs, miniature factories and thinking robots that make
carefully directed repairs of blood vessels in the
human body.

— The new microelectronic generation will transform
the car into a mobile computer including the new
functions of communications and navigation.

AMS was invited to participate in this project because
of the company’s experience in the field of R & D and
design of ASICs, the development and production of
high performance analogue/digital ICs as well as the
fact that AMS has become the most profiled inde-
pendent European ASIC manufacturer.

Dr. Humbert Noll, Director of the Research and Devel-
opment Department at AMS: “Through the participation
in the SHAPE Project AMS is able to largely determine
the development of the strategically important semicon-
ductor technology for the turn of the century together
with the most important European semiconductor
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A

manufacturers. Furthermore, AMS will be able to further
expand and strengthen its leading position in the field
of mixed analogue/digital integrated circuits regarding
development methodology and process technology.”

This project was founded by ESPRIT (European Strate-

gic Project on the Research of Information Technolo-

gies) in order to be able to participate in the foremost

front of the worldwide semiconductor technology devel-
opment.

SchloB Premstétten

A-8181 Unterpremstétten, Austria

Fax: +43 3136 52 501, 53 650

Tel.; 43 3136 500

Email: info @ ams.co.at

www: hitp:/lwww.ams.co.at

News from European Semiconductor,
1995 and 1996

Top ten semiconductor equipment suppliers

A VLSI Research analysis reveals that the semiconduc-
tor equipment industry grew 65% in 1995, compared to
43.1%in 1994 and 23.4% in 1993. The top ten semicon-
ductor equipment suppliers brought in collective sales
revenues of $14.2 billion, an increase of 74.4% over
1994 figures. These ten companies have a combined
market share of 43%, as opposed {0 37% in 1994.

Semiconductors Equipment Manufacturers Top Ten

Rank | s sy | COTPEY o | 1994
1 3,500 Applied Materials 92% 1
2 2,872 Tok’)‘/iVowElectron 79% 2
3 1,820 Nikon 44% 3
4 1,215 Canon 62% 4
5 1,030 Lam Research 69% 5
6 1 ,027‘” Advantest 95% 6
7 791 Hitachi 62% 8
8 675 Teradyne 76% 9
g 617 Dainippon Screen 78% 10
10 606 Varian 50% 7

In terms of ranking, nothing has changed from position
one through six in 1995.

Advantest, in sixth place, recorded the highest growth
rate in 1995 at 95%, although its number six position
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could still change according to VLS| Research, as the
company’s data were somewhat unclear.

Teradyne moved up to number eight. The figure of $675
million includes one month of Megatest sales, following
Teradyne’s merger with the company in December
1995. If Megatest's pre-merger revenues are included,
Teradyne's sales total about $816 million for the year.

Varian’s lost three places in the ranking, dropping to
tenth position. However, VLS| Research excluded sales
of Tokyo Electron joint venture equipment, accounting
for $54.1 million in the US.

Second phase of the electronics revolution

Analyst Malcolm Penn sees a great future for Euro-
pean electronics, although a common European pol-
icy towards the industry is needed.

All industries today either depend on or use microelec-
tronics in one way or another. New technologies, new
rivals and fewer rules are creating opportunities and
markets scarcely dreamed of a few years ago. Automo-
biles are rapidly becoming computers on wheels with
integrated circuits now used in engine control, transmis-
sion, braking and air bags. It was not so long ago that
telecommunications just meant phones. Today, cellular
know-how and an aggressive, service based, market
philosophy has made Europe a world leader in mobile
communications. Booming personal computer sales
are driving the high demand for microprocessors and
memory with a substantial amount of these chips now
produced in Europe from world beating plants. Finally,
multi-media will spark robust growth in highly integrated
boxes and, further out, the coming Information Super
Highway promises huge new markets.

To survive in this environment, some of the production
work that went offshore in the 1980s has returned to
Europe in the 1990s as companies strive to become
more agile in responding to market needs. Digital elec-
tronics, is making all this possible; sub-micron VLSI is
making it affordable. As the world moves into the sec-
ond phase of electronics industrialization, two questions
remain unanswered. Will Europe’s world leadership in
the automotive, consumer and communications indus-
tries prove to be a strategic advantage, and what are the
correct strategies for future growth in Europe?

European Electronics

As with other world regions, the global semiconductor
industry recovery that started in 1993 is accelerating at
an unprecedented rate in Europe with the 1995 semi-
conductor market now set to reach close to $25 billion.
Projections towards the year 2000 place Europe’s mar-
ket at $60 billion.

Though the overall market buoyancy obviously helps,
the turnaround in Europe’s fortunes cannot be rational-
ized away by market conditions alone. This significant
turnaround in Europe’s electronics industry is the direct
result of a fundamental restructuring that started in the
mid-1980s - an effort that was the combined result of
company, government and European initiatives.
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This effort has radically and sustainably changed the
industry fundamentals and transformed several of
Europe’s electronics firms into world class players with
leadership established in many key areas of the indus-
try, in particular in communications, automotive elec-
tronics, consumer electronics and microelectronics. For
the first time in the history ofthe semiconductor industry,
Europe’s semiconductor firms are rich in leading-edge,
world-class products with the benefit of a strong local
market demand from which to grow their global revenue
base.

The change in Europe's fortunes has not been over-
looked by the world's leading semiconductor manufac-
turers and, as a result, substantial investments have
been made, or are in the process of being made, by
Fujitsu, GEC-Plessey, Hitachi, IBM, Intel, Mietec Alcatel,
Mitsubishi, Motorola, NEC, Philips, SGS-Thomson, Sie-
mens, Temic and Texas Instruments.

AMD, Toshiba and Korea, led by Samsung, are also
shortly expected to make significant investments in
Europe.

Future outlook

The trends are inescapable. The circuit density of inte-
grated circuits, and hence their computing power, is
doubling every 18 months. Already the next generation
$300 video game machines due out this year will put
into schoolchildren’s hands the graphics power of a
1980s vintage Cray supercomputer. At the same time,
the unit cost of this computing power wili continue to
decline dramatically, distributing low cost, digital know-
how to every corner of the globe, transforming corpora-
tions, redistributing wealth and remodeling institutions.
In the digital age, product cycles are measured in
months, not years.

Several governments have recognized the need to nur-
ture and encourage this industry. They have also rec-
ognized that it requires supporting fiscal practices to
encourage growth and investment. Such support, how-
ever, is fraught with difficulties in Europe. For gxample,
national funding difficulties result in a general criticism
of the various public authorities, with each country op-
erating under different rules and regulations, diverse
procedures, and national preferences, none of which
can easily be standardized.

This problem is exacerbated by the lack of a common
European policy towards the semiconductor industry,
despite the fact that government policies have shaped
the course of international competition in microelectron-
ics since the inception of the industry, and the fact that
the electronics industry will be the world’s largest single
industry by the turn of the century. Unfortunately, silicon
chips do not yet grab the hearts and minds of most
politicians; given the choice to vote for silicon chips vs.
potato chips, the humble potato wins more often than
not.

My personal view is that Europe’s industrialists should
tell their respective authorities what is needed by way of
a common European policy on the semiconductor in-
dustry, perhaps utilizing the European Commission’s
resources and JESSI’s proven diplomatic skills and
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remarkable success in overcoming the varying degrees
of nationalism and cultural differences among its mem-
bers at the project level. Once consensus is reached, it
ought to be relatively simple to establish a standardized

form of funding.

Added to this issue is the fact that Europe has been
notoriously poor at “blowing its own technological trum-
pet.” For example, although the Eureka and other EU
programs have been underway for a decade, very little
has been published about their effects on the products,
companies and markets. Europe needs a strong PR
effort, both to ensure greater visibility of its successes
and to promote a common European semiconductor
policy. With this in mind, a leaf could be taken out of
intel's book, with a European “Jessi inside" logo on
qualifying JESSI-enhanced products.

Smart worldwide

Europe is leading the way in smart cards. The rest
of the world, however, is bracing itself to catch up.

Historically, France has been the forerunner in smart
card applications due to its nationwide use of telephone
cards. Until 1996, telecommunications will be the big-
gest market for smart cards, though not only in France,
but increasingly in Germany, the United Kingdom and
Switzerland. Germany, in fact, is catching up fast and
has already reached a similar world status to France.
This is largely due to the introduction of a health insur-
ance card at the end of 1993. About 75% of the popula-
tion is in possession of a card which stores the complete
health record of every citizen. Health and security smart
cards are currently growing at about 60% per year.

Europe as a whole is the largest regional market for
smart card iCs, with 69% of global market share. It will
probably remain in this position until the turn of the
century, according to figures released by Siemens.
French company Gemplus produces over 300 million
smart cards per year - the largest quantity worldwide. In
terms of turnover, Siemens is the biggest producer, with
a market share of 33%, followed by Motorola and SGS-
Thomson Microelectronics.

The world market for smart card ICs has increased from
$14 million in 1987 to $315 million in 1995 (estimated),
an annual increase of approximately 50%. Peter Bauer,
Manager of Siemens’ chipcard department now ex-
pects an annual market growth of 37%, reaching afigure
of $1.12 billion in the year 2000.

The highest growth rates, however, come from the
Asian/Pacific market with approximately 100% growth
per annum, closely followed by the United States, which
currently only plays a marginal role in the market. At the
end of the century, these two regions together will
account for nearly 50% of the worldwide market.

The Freedonia Group in Cleveland, Ohio, forecasts that
the US market for complete smart card products, as
opposed to ICs only, will increase eightfold to $1.8
billion by the year 2000.

The existing US credit and debit card system, for exam-
ple, will be largely converted from magnetic stripe to
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smart card technology. Half the electronic transaction
processing volume in the retailing and banking sector
is forecast to be smart card-generated by the year 2005.

The Freedonia research analysts admit that so far the
use of smart cards has been much more widespread in
Europe, Japan, Canada and even numerous develop-
ing countries than in the United States. The cost to
overhaul the magnetic stripe-based infrastructure in the
country creates a problem. A bigger difficulty, however,
is the decentralized and fragmented nature of potential
smart card user sectors. To overcome the problem,
multiple parties with different operating methods and
information protocols have to collaborate.

Prices for smart cards with memory chips - about 80%
of the market - for example in Germany, have plum-
meted from several Deutschmarks to less than one
Deutschmark per card, due o advanced technologies
and mass production.

One of the major problems in the manufacturing proc-
ess is the packaging, particularly encapsulation, due to
size restrictions. A typical smart card is approximately
800 microns thick, with the die and wire bonded chip on
the leadframe accounting for about 560 microns. Once
a cavity for the chip has been made, the back of the card
is at the most 160 microns thick. When the module is
encapsulated, thickness and viscosity of the epoxy
should ideally be controlled in such a way that no
subsequent milling or grinding is necessary

The industry is facing more cost and packaging prob-
lems again, as it starts to embed large microcontrollers
into smart cards.

Encapsuiation views

* A common process for the encapsulation of small
memory chips is glob top technology, which is used
by German company Muhlbauer. The modules are
covered by epoxy which is dispersed out of eight
units above the module. Temperature and viscosity
of the epoxy are computer controlled to ensure that
the encapsulant flows completely around the wire
bonds, eliminating trapped air bubbles, and at the
same time avoiding the need for any subsequent
grinding. According to Dr. Savoy, Sales Manager in
the chipcard department at Mhlbauer, the size of the
chip is immaterial as far as the glob top technology
is concerned. But large chips have a much bigger
breakage risk, due to the small dimensions of the
card, therefore the overall package is more fragile.

e Swiss company Sempac a subsidiary of Esec, is one
of the first companies to use a different method of
encapsulation for smart cards - multiplunger mold-
ing. The multiplunger mold is filled with epoxy, and
acts as a press. The chip, wire bonded onto the metal
leadframe, is put into the tool and left there for about
50 seconds until the epoxy dries and hardens. The
mold configuration allows different chip sizes to be
used without changing the tool. Willi Truckenbrod,
Vice President of Marketing and Sales at Sempac,
says “Multiplunger technology is mainly used to han-
dle larger chips, i.e. up to 6 x 4 mm”. Although most
smart cards currently contain memory chips, Truck-
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enbrod says, this will change soon because micro-
controllers are more flexible and secure. He believes
that multiplunger mold is the future technology for
smart card production because microcontroliers are
larger and generate more heat which cannot be
absorbed by glob top materials.

News from Information CMP

CMP MICROMACHINES PROGRAM
INTRODUCTION

One of the main obstacles to start with microsystems is
the fact that particular, and hence costly processes are
needed. In order to get affordable prices and a high
flexibility, thus be able to move microsystems from
research prototypes to industrial development, low cost
foundries facilities should be provided together with
Computer-Aided-Design (CAD) tools. Microsystems
should whenever possible be designed in such a way
that they can be realized on existing production lines for
micro-electronics, with an additional post-processing
for micro-system specific 2D and 3D structures, e.g.
through Multi-Project-Wafer services as proposed by
CMP. Furthermore, this approach allows to integrate
microelectronics, needed in most microsystems, on the
same chip. This is the monolithic solution which should
be considered as the normal evolution of ASIC-foun-
dries to microsystem-foundries (foundries strategy).
However, the service will address in the same way the
hybrid solution to cover more applications and thus will
introduce gradually new technologies such as LIGA UV
and other particular silicon processes.

LOW-COST FOUNDRIES FOR MICROSYSTEMS

For more than one year, CMP has made experiments in
view to extend its services to the domain of microsys-
tems with the aim to offer an industrially oriented low
cost prototyping and manufacturing service. CMP has
used processes that have been developed for micro-
electronics and targeted them to microsystems. So
works began on silicon compatible micromachining
and similar works have started on gallium arsenide
wafers.

Today, CMP provides services in fabrication of micro-
systems. The service will support micromachining tech-
nology to realize microsystems using the same
principles applied to integrated circuits: to group pro-
jects together on a single wafer in order to fabricate
them at a low cost. The present portfolio is as follows:

— 1.0 DLM/SLP (from ATMEL ES2) CMOS compatible
front-side bulk micromachining. The post-process-
ing operations (EDP or TMAH etching) are performed
through the CMP service at dedicated laboratories
(ESIEE or LAAS). Micro Electro Mechanical Systems
(MEMS) such as cantilevers, membranes, micro-
bridges, etc. ... may be processed together with the
electronics. Figure 1 shows structures that have been
manufactured through the CMP service. Such struc-
tures are used to perform piezoresistive sensors,

thermopiles, gas sensors, gas flow sensors, thermal
based sensors, thermal pixels, resonant sensors,
electro-thermal actuators, and others.

Other CMOS processes, such as CMOS 1.2 u
DLM/DLP (from AMS) compatible butk micromachin-
ing is under final evaluation and will be introduced
early 1996.

— Gallium arsenide test structures are under evaluation
and have been performed using PML high electron
mobility transistor (HEMT) and the Vitesse MESFET
foundry processes followed by selective etching.

— Other techniques. such as silicon surface microma-
chining, LIGA (X and UV) and Quartz techniques will
be introduced gradually.

Fig.1: SEM photograph of the main structures fab-
ricated monolithically with ICs using front-
side CMOS bulk micromachining

layer: 20
name: ACTIVE AREA

Rute min.
Number | Parameter dimen-
sion
M201 width of active area 3
M202 spacing between 2 active areas 5

[@7]

M203 spacing to microstructure area

M204 margin to microstructure area 1

M205 active area must be covered with open contact

M206 active area must be covered with open via

M207 active area must enclose passivation opening

The design rules for 1.0 u CMOS compatible front-side
bulk micromachining have been defined by the CMP
and implemented into CAD environment. They are de-
livered to designers upon signature of a Confidentiality
and Licence Agreement (CLA). Figure 2 shows a design
rules example corresponding to the active area layer.
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The addressed technology could be illustrated by the
figure 3 which shows a suspended microbridge with an
inverter. The designer is restricted to use thin polysilicon
layer, but can use thick glass and metal layers as free
standing structural elements.
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Cross-sectional view of the microbridge with
an inverter obtained by CMOS compatible
front-side bulk micromachining

CAD TOOLS FOR MICROSYSTEM DESIGN

in addition, Computer-Aided-Design (CAD) software is
needed to design microsystems without excessive
complexity and design time. Currently available CAD
tools, such as Cadence DFW2 or Mentor Falcon Frame-
work, need modifications before they can be used for
the automated design of micromachined devices.

Works at the CMP have extended the capabilities of
Cadence OPUS to microsystem technology. The user
is able to generate layout of a microsystem including
electronic and non-electronic parts ina commonly used
format (GDS2, CIF), run an extended DRC which sub-
mits the layout to design rules checks in process as-
pects and electrical aspects and, finally, extract
parameters from the layout level to the netlist level. The
extended extractor will recognize electronic compo-

nents as well as microstructures, such as bridges, can-
tilevers and membranes. A netlist is generated and the
simulation can be executed by the means of para-
metrized behavioural models of these microstructures.
Finally, a parametrized cells library is also built.

The version 2.0 of CADENCE OPUS design kit has been
distributed to more than 50 institutions.

The development of a Microsystem design kit for MEN-
TOR GRAPHICS is in progress, and will be available end
of Q2 96.

Figure 4 gives an example of a design rules checking
and figure 5 illustrates the instantiation of a microbridge
parametrized cell.

Fig. 4:

Design rules checking
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Instanciation of a microbridge parametrized
cell

Fig. &:

VSE CLANE DRUSTVA MIDEM VLJUDNO PROSIMO, DA PORAVNAJO CLANARINOG ZA LETI 1995 IN 1996.
J

ALL MIDEM MEMBERS ARE KINDLY ASKED TO PAY MEMBERSHIP FEE FOR 1995 AND 1996.

HVALA LEPA!
THANK YOU VERY MUCH!
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KOLEDAR PRIREDITEV 1996

R R R e S R

APRIL

22.04.-25.04.1996
15th GENERAL CONFERENCE OF THE CONDENSED
MATTER DIVISION

Baveno-Stresa, Lago Maggiore, Italy
Info.: + 39 382 302 859

22.04.-27.04.1996

THE HANOVER INDUSTRY FAIR
Hanover, Germany

Info.: + 44 1727 833 291

22.04.-28.04.1996

IEEE INTERNATIONAL CONFERENCE ON ROBOTICS
& AUTOMATION

Minneapolis, Minesota

Info.: + 703 306 1318

28.04.-01.05.1996

VLSI TEST SYMPOSIUM
Princeton, New Jersey, USA
Info.: +1 814 941 4669

29.04.-03.05.1996

1996 IEEF INTERNATIONAL RELIABILITY PHYSICS
SYMPOSIUM

Dallas, Texas, USA

Info.: + 315 339 3971

29.04.-03.05.1996

6th INTERNATIONAL CONFERENCE ON AC AND DC
POWER TRANSMISSION

London, England

info.: +44 171 344 5472

30.04.-02.05.1996

ELECTRO 96 CONFERENCE AND EXIBITION
SOMERSET, NJ, USA

Info.: + 800 322 9332

MAY

05.05.-08.05.1996

CICC 96 - CUSTOM INTEGRATED CIRCUITS
CONFERENCE

San Diego, CA, USA

Info.: + 1 301 527 0902

06.05.-09.05.1996
ICASSP 96 - INTTERNATIONAL CONFERENCE ON
ACOQUSTICS, SPEECH & SIGNAL PROCESSING

Atlanta, GA, USA
Info.: + 1 404 894 2958

12.05.-15.05.1996

4th ANNUAL FEAST/WEST ELECTRONIC INDUSTRY
EXECUTIVE FORUM

Moscow, Russia

Info.: + 44 1732 762 896

13.05.-15.05.1996

5th INTERNATIONAL CONFERENCE ON SATELLITE
SYSTEMS FOR MOBILE COMMUNICATIONS &
NAVIGATIONS

London, England

4+ 44 171 344 5472

14.05.-16.05.1996
11th EUROPEAN MICROELECTRONICS
CONFERENCE

Venice, ltaly
Info.: + 39 382 27697

20.05.-24.05.1996

19th ANNUAL INTERNATIONAL CONFERENCE
MIPRO ‘96

Opatija, Croatia

Info.: +385 1 6129 936

21.05.-23.05.1996

PCIM CONFERENCE & EXIBITION
Nurnberg, Germany

Info.: +49 911 981 7444

22.05.-23.05.1996
COMMUNICATIONS ENGINEERING 96 EXIBITION
Birmingham, England

25.05.-28.05.1996
ICS 96 - INTERNATIONAL CONFERENCE ON
SUPERCOMPUTING

Philadelphia, PA, USA
Info.: +1 214 995 7957
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JUNE

12.06.-14.06.1996

8th EUROMICRO WORKSHOP ON REAL TIME
SYSTEMS

Ouly, Finland

Info.: +358 81 551 2111

17.06.- 19.06.1996
BASYS '96 - ARCHITECTURES & DESIGN METHODS
FOR BALANCED AUTOMATION SYSTEMS

Info.: + 44 171 344 5472

19.06-21.06.1996
7th INTERNATIONAL WORKSHOP ON RAPID
SYSTEMS PROTOTYPING

Thessaloniki, GREECE
Info.: + 1 919 541 7341

24.06.-26.06.1996
3 DAY COURSE ON ENCAPSULATION OF
ELECTRONIC DEVICES & COMPONENTS

Amsterdam, Netherlands
Info.: + 31 20 638 2806

26.06.-28.06.1996
2nd EUROPEAN WORKSHOP ON LOW
TEMPERATURE ELECTRONICS

Leuven, Belgium
Info.: Prof. C. Claeys, IMEC,
Kapeldreef 75, B-3001, Leuven, Belgium

DRUSTVO MIDEM IN KONFERENCA MIEL-SD NA INTERNETU

Dragi ¢lani drustva in bralci revije!

Ob pomoci Dejana Krizaja s Fakultete za elektrotehniko, Ljiubljana, laboratorij za elektronske
elemente, smo koncem meseca aprila 1996 postavili dve MIDEM strani na INTERNETU in sicer:

1. Predstavitev drustva MIDEM in revije “Informacije MIDEM” na naslovu
http://pollux.fer.uni-lj-si/MIEL/MIDEM.htm

2. Predstavitev konference MIEL-SD'96 na naslovu
http://pollux.fer.uni-lj-si/MIEL/miel96.hitm

3. Elektronsko posto lahko posiljate na naslov:
Iztok.Sorli@guest.arnes.si

Pri vpisu pazite na velike in male érkel!

MIDEM SOCIETY AND MIEL-SD CONFERENCE IN INTERNET

Dear readers and Society members!
With the help of Mr. Dejan Krizaj, Faculty for Electrical Engineering, Ljubljana, Laboratory
for Electron Devices, MIDEM Society has, since end of April 1996, two pages on INTERNET:

1. Presentation of MIDEM Society and Journal “Informacije MIDEM”, address
http://pollux.fer.uni-lj-si/MIEL/MIDEM.htm

2. Presentation of the Conference MIEL-SD’96, address
http://pollux.fer.uni-lj-si/MIEL/miel96.htm

3. Email can be sent to:
Iztok.Sorli@guest.arnes.si

When inputting the address, please type in exact above
address - lower and upper case letters make the difference.
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DRUSTVO ZA VAKUUMSKO TEHNIKO SLOVENIJE
SLOVENIAN SOCIETY FOR VACUUM TECHNIQUE

5 INSTITUT ZA ELEKTRONIKO IN VAKUUMSKO TEHNIKO, Ljubljana, Teslova 30
INSTITUT ZA TEHNOLOGIJO POVRSIN IN OPTOELEKTRONIKO, Ljubljana, Teslova30

IZOBRAZEVALNI TECAJI v letu 1996

Vse uporabnike vakuumske tehnike obvesamo, da so v letu 1996 predvideni naslednji strokovno izobrazevalni teCaji:

VZDRZEVANJE VAKUUMSKIH NAPRAV - 16. in 17. april ter 15. in 16. oktober 1996

Pod tem naslovom se obravnava predvsem tematika, ki jo srecujemo v tehniki grobega vakuuma. To je: delovanje,
vzdrzevanje in popravila rotacijskih ¢rpalk, pregled in uporaba razliénih &rpalk, ventilov in drugih elementov, meritve
vakuuma, hermetiénost in odkrivanje netesnosti v vakuumskih sistemih, materiali za popravila, tehnike ¢is¢enja in
spajanja; skupno 20 $olskih ur, od tega tretjina prakticnih prikazov in vaj.

Cena tecaja je 30.000 SIT. Vsak tecajnik bo prejel tudi brosuro “Vzdrzevanje vakuumskih naprav” in potrdilo o
opravljenem tecaju.

OSNOVE VAKUUMSKE TEHNIKE - 4., 5. in 6. junij ter 26., 27.in 28. november 1996

Pri tem teGaju je vedji poudarek na teoretiénem razumevanju snovi. Obravnavana so vsa, Ze prej omenjena podrocja
in poleg tega Se: pomen in razvoj vakuumske tehnike, fizikalne osnove, érpalke za visoki vakuum, tankoplastne in
druge vakuumske tehnologije, Cisti postopki, analize povréin ter doziranje, ¢is¢enije in preiskave plinov - skupno 26 ur
z vajami in ogledom Instituta za elektroniko in vakuumsko tehniko, Instituta za tehnologijo povrsin in optoelektroniko
in Instituta “Jozef Stefan”.

Cena tedaja je 28.000 SIT. UdeleZenci prejmejo zbornik predavanj “Osnove vakuumske tehnike” in potrdilo o
opravijenem tecCaju.

Oba tedaja se priéneta ob 8.00 uri v knjiznici Instituta za elektroniko in vakuumsko tehniko, Teslova 30, Ljubljana.

Prosimo interesente, da se informativno javijo ¢imprej, za dokoncéno potrdilo udelezbe pa velja kopija poloznice o
plagilu - najkasneje tri dni pred pricetkom tecaja na naslov:

Drustvo za vakuumsko tehniko Slovenije,
Teslova 30
1001 Ljubljana

(stev. ziro racuna: 50101-678-52240).

Prijave sprejema organizacijski odbor (Koller, Spruk, Mozeti¢, Nemanid), ki daje tudi vse dodatne informacije (tel. 061-
126 45 84 ali 126 45 92).
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