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IMAPS/NATO Advance Research Workshop
and Exhibition

May 10-13, 1997
Grand Hotel Toplice, Bled, Slovenia

The title of the workshop:

“Electronic Packaging for High Reliability, Low Cost Electronics”

This conference is an extension of three previous Advanced Research Workshops
(ARW). The subject of the ARW will be recent advances in high performance, cost
sensitive electronic packaging. This ARW will focus on single and mutti-chip packaging,
first level assembly and component development for portable and high reliability
applications.

This conference will evaluate:

~ chip scale and ball grid array single chip packaging

|

assembly technologies

new materials, processes and components for these assemblies

— examples of high performance, high volume, cost sensitive applications (telecom-
munications, portable electronics, military)

Co-Directors:
1.Dr. Rao Tummala, Professor and Director, Georgia Institute of Technology, USA
2.Mr. Richard Breck, Executive Director, IMAPS (formerly ISHM), USA

3.Dr. Marija Kosec, Sr. Research Associate, Jozef Stefan Institute and president of
MIDEM society, Slovenia

We expect 60 participants, with more than 50% invited (60% from NATO countries).
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A SUBSCRIBER LINE INTERFACE CIRCUIT (SLIC) IN
A NEW 170V TECHNOLOGY

B. Zojer, R. Koban, R. Petschacher, W. Sereinig
SIEMENS Microelectronic Design Center, Villach

Keywords: electronic linecards, SLIC, Subscriber Line Interface circuits, HV-SLIC, high voltage SLIC, SPTtechnology, Smart Power Technology,
SPT170technology, IC, integrated circuits, internal ringing, output buffers, line current sensors, supply voltage switches, SLICOFI, Subscriber Line
Interface and Codec Filter, BICMOS, Bipolar CMOS circuits, DMOS, Double diffused MOS circuits, CO, electronic Central Offices

Abstract: The presented IC performs the high-voltage functions of an electronic central office subscriber line interface without the need for any
transformers or relays. The challenges of SLIC integration stem from the combination of conflicting requirements: low impedance line feeding in
a 150V range, current sensing with 0.2% relative accuracy and stability up to 200nF loads, while operating in the harsh environment of the telephone
fine. The newly developed BiICMOS/DMOS process SPT 170 and circuit techniques that strongly emphasize the physical device properties (e.g.
buffers with DMOS outputs, n-type supply voltage switch, accuracy by polyresistors) yielded a very robust 30mm= SLIC. All transmission

specifications are met without trimming.

Narocniski linijski vmesnik (SLIC) v novi 170V
tehnologiji

Kljuéne besede: kartice linijske elektronske, SLIC vezje vmesnigko linije naro¢niske, HV-SLIC vezje vimesnigko linije narodniske visokonapetostno,
SPT tehnologija mognostna inteligentna, SPT 170V tehnologija mocnostna inteligentna, 1C vezja integrirana, zvonenje telefonsko notranje, buffesji
izhodni, senzorji toka linijskega, stikala napetosti napajainih, SLICOF! vezje vmesnigko linije naroCniske in KODEK filter, BICMOS CMOS vezja

bipolarna, DMOS MOS vezja difundirana dvojno, centrale telefonske

Povzetek: Prikazano integrirano vezje ima visokonapetostne funkcije elektronskega centralnega naroéniskega linijskega vmesnika brez uporabe
transformatorjev ali relejev. Nasprotujote zahteve, kot so nizko impedanéno napajanje v obmocju 150V, tokovno zaznavanje z relativno toénostjo
0.2%, relativna tocnost in stabilnost s kapacitivnimi bremeni do 200 nF ter delovanje v teZzavnem okolju telefonske linije so bili izziv za integracijo
narocniskega linijskega vmesnika SLIC. Z novo razvito tehnologijo BICMOS/DMOS SPT 170 ter z nacrtovanjem, ki mo¢no poudarja fizikalne
lastnosti elementov (n.pr. izhodni krmilniki z DMOS tranzistog’i, stikalo tipa n za napajaino napetost, toénost polsilicijevin uporov) je bit izdelan

robusten naro&niski linijski vimesnik (SLIC) na povrsini 30 mm?.

Vse specifikacije prenosa so dosezene brez dodatnega doravnavanja.

Introduction

A complete two chip solution for the analog linecard has
been realized, combining a high voltage SLIC with a
complex mixed signal IC (SLICOF) in Tum - BiCMOS
technology /1/. From the functional block diagram of
fig.1 the main strategies conceming the system ap-
proach can be seen:

— the SLIC provides low impedance DC- and AC-feed
of the telephone line; the resulting line current is
sensed and fed back for impedance synthesis.

— both AC- and DC-control loops extensively utilize the
benefits of digital signal processing (DSP), i. e. high
flexibility due to fully programmabe characteristics
(receive/transmit gain, impedance matching, trans-
hybrid balancing, DC feed characteristics, supervi-
sion functions) without the need for external
components.

— ringing signals as well as metering pulses (12/16 kHz
signals with up to 5 Vims) are generated on SLICOFI,
and amplified and fed to the line by the SLIC

~ the chip partitioning follows a simple economic
guideline: as many functions as possible are shifted
to the digital domain to save external parts, and as
few as possible are realized on the high voltage part
to save overall chip area.

These features bring about cost advantages in both new
access networks and conventional central offices. In
spite of its functional simplicity, however, the integration
ofaSLICis adifficulttask. First of all, driving the two-wire
telephone line requires high voltages. Particularly in the
ringing state most other efectronic solutions disconnect
the SLIC, and switch an external ring generator to the
line by means of ring relays. A voltage capability of
about 70 to 90V then is sufficient for DC line feed and
voice signal transmission /2/. In contrast, our system
offers internal ringing; however, taking into account a
DC-voltage of about 20V for ring trip detection, a 150V
supply is needed for exceeding 85Vims differential (“bal-
anced"”) ring signals. On the other hand, the system’s
signal transmission specifications (longitudinal bal-
ance) demand analog circuits with 0.2% accuracy. Sta-
bility over a very wide load range and robustness
against overvoltages, lightning surges and power
shorts are further essential criterions.

Technology

The key issue is the selection of a proper technological
concept. So we started an investigation to compare the
possible approaches: dielectric versus junction isola-
tion, bipolar versus BICMOS. With lower cost than di-
electric isolation and better performance than pure
bipolar, our starting point has been a 75V Smart-Power-



Informacije MIDEM 27(1997)1, str. 3-7

B. Zojer, R. Koban, R. Petschacher, W. Sereinig:

A Subscriber Line Interface Circuit (SLIC) in a New 170V Technology

+VH AGND

n-Offhoo
Ringtrip
G . GCl N
' Int. K=
Decim
>
: ]
REUSE Pecimi__o
>>> 1 ] ECIC]
K-
M Contri A A
({ 10-Ports )
Mnterp. N ¥ ¥
<< W
a n J
' nterp.
] ] <<< [
RFUSE
" interp.
1 << [T
HV-SLIC i
digital dig.
b4l 1 | ®
-VBAT BGND VDD VS5 GNDA IVSS VDDA GNDD VDDD SLICOFI

Fig. 1: System Block Diagram

BiCMOS process, SPT75 /3/, with a DMOS- and a lateral
PMOS-transistor as the high-voltage (HV-)devices. This
basic device concept, completed by high precision poly
resistors, base layer resistors, MOS capacitors and
Zener diodes, has been maintained in the new SPT170
process (table 1). To achieve the goal of breakdown
voltages exceeding 170V, in a first step layer thick-
nesses and dopings had to be adjusted. Then device
layouts had to be optimized with respect to breakdown:
as the uppermost principle we regarded, that break-
down should never appear at the surface, but always in
the silicon bulk, to significantly enhance destruction
power and therefore robustness. Extensive numerical
device simulations helped to adequately design surface
topology and field plates.

As an example, fig. 2 shows the cross section of a
DMOS transistor. The channel length of this high volt-

Fig. 2: Cross section of DMOS transistor

age device is defined by the difference in outdiffusion
of n-source and p-bulk; this allows a relatively small
channel of about 1.5 um. A deep contact hole has to be
etched through the source to connect the bulk. The
potential distribution in the n” drain region formed by a
19um epi layer is essentially influenced by the shape of
the poly silicon gate. An additional p+ layer is intro-
duced to enhance robustness; a well defined planar
junction breakdown (bulk/drain) is forced to occur at a
lower voltage than any destructive breakdown at the
surface.

Table 1 Active devices in SPT170

n P
type CMOS lat. PMOS with p°
(celi-based)  Drain-Extension
eff. gatelength 1.5 7.5 pm
gate-oxide 80 80 nm
HV max. 170 -170 \%
\
DS 2 50 Qmm?@
spec. on-resist. bulk butk
breakdown loc.
type  vert. npn lat. pnp
B (0.1mA) 70 100
fr 250 4 MHz
bipolar 70 -20/-100 Y
VeEo 110 <-100 v
Veso
type NMOS PMOS
min. gatelength 5 6 pm
CMOS gate- 80 80 nm
oxide 1 30 \
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Architecture

Fig. 8 gives a block diagram of the HV-SLIC. The main
functions are feeding of the telephone line (DC and AC)
and sensing of the transversal and lateral line currents.
The input voltage V2W contains both the DC- and
AC-information; it becomes amplified by 20, phase split-
ted and related to the internal “high voltage” supplies
VBAT' and VH’, respectively, to yield the line voltages
Va and Vb. Two unity gain buffers then directly drive the
TIP- and RING-wire.

VDD VH

GND
S 1?‘ T
1 State \J Power Supply
—i0ecoder [" Switch
c2 RV l
VSS . .
Va=\H +20"V2W TIP(0)  Line
n \
7 Phggpspn{ \L\/ab DZL
V2W(<0) ) PVH’
VBAT’ Ia ;
P Buffer {1
Supply |l VD=VBAT -20°V2 RING (2)
r Filter -——nLVB[M N
M F
VBAT T 22
U= +i6/100 Current
3 Sensor
1L=(la-1b)/100

Fig. 3: HV-SLIC Block Diagram

While for normal conversation a single negative supply
VBAT of typically -48 to -70V is sufficient (VH’ = GND),
the transmission of ring signals requires a switchable
positive auxiliary voltage VH (up to +80V). These ex-
tended supplies are also useful for driving very long
lines ("boosted battery” mode). Besides, a =5V supply
system VDD, VSS is available and utilized whenever
possible to minimize power dissipation. The state de-
coder controls the various operating modes, including
a "Power Denial” mode with bias currents totally
switched off.

In order to achieve sufficient rejection from the power
supplies to the signal voltage Vab ( = Va - Vb), Vb must
not be directly derived from the battery voltage VBAT,
but from a filtered supply VBAT’. The gm/C-type Supply
Filter provides the required 40 dB suppression in the
voiceband (300 to 3400 Hz).

The current sensor has to scale the line currents la and
Ib by very precisely the same factor of 100 and to
subsequently add and subtract the scaled currents
yielding images of the transversal and longitudinal line
current IT and L, respectively. This allows separation of
the transversal signals from longitudinal distortions.

Circuit Description

a) Buffer

Obviously, the buffer plays a key role as the actual
interface to the telephone line. It must be able to both
sink and source line currents up to 100mA, independent

of the output voltage. The output voltage itself covers
the whole supply range with only a few volts of allowed
drop. Stability has to be assured for a very wide range
of AC load impedances at any DC-current from zero to
+100mA. To achieve sufficient suppression of longitu-
dinal signals, very low output resistances in the sub-Q
range have to be realized. Efficient current limiting and
thermal protection is also required.

We closely investigated possible structures and soon
rejected the more common solutions with complemen-
tary devices in the output stage, as the HV-devices of
our process behave strongly unsymmetrical. So we
chose the circuit concept of fig. 4 with its pure DMOS
output stage. The combination of two 100-cell DMOS
transistors - source follower D2 and common-source
transistor D1 operated in a local feedback loop with
opamp A - offers a simple solution to a key problem of
class A/B amplifiers, the quiescent current control. This
current through the output stage at zero line current is
crucial for stability of the structure; here it is defined by
[1 and the ratio of D2 and D3, as their source potentials
are forced to be equal by means of opamp A. However,
DMOS-matching is rather poor, so a part of the more
critical quiescent current through D1 (~300uA) is deter-
mined by HVP2.

. j .

%pif”“ RV

g T e
ST

: S
Mt

Fig. 4: Buffer Concept and 100:1 Sensor Current Mirror

The question remains, whether this structure can be
stabilized for small external Rp (30Q), protection capaci-
tances Cp in the nF-range and arbitrary line impedance
ZL. We succeeded with the structure of opamp A shown
in fig. 5. It consists of a HYPMOS input pair, while all
other stages (current mirrors, gain stage BN1/P1, emit-
ter follower BN2) employs true BICMOS circuitry with
low voltage transistors. An own internal supply voltage
10V above VBAT thus has to be realized using MOS
diodes. Due to the large load capacitance, the common
pole splitting compensation scheme fails. By returning
CC to the emitter of BN3 rather than to the gate of D1,
the additional gain of the loop CC, BN3, BN2 and D1
lowers the high frequency output resistance /4/. N4 is
included to avoid saturation of BN3. A similar structure
is used as the input amplifier. The whole buffer features
a unity gain bandwidth of 1 MHz and is stable under all
possible operating conditions, provided a minimum Rp
and Cp of 30Q and 100pF, respectively, are used.
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Measured output resistances are below 1Q with a

sink/source mismatch below 0.1Q in the voiceband.
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i P1{ H BN2
. BN3 D1
o L[

™ T 1
? BN1 %
VBAT

Fig. 5: Buffer Opamp

b) Sensor

The demands on longitudinal signal supression re-
quires very accurate current sensing. We aimed to
realize the 0.2% matching of the scaling factors without
trimming. The only chance to achieve this is to let
accuracy be determined by the best matching passive
components available. So the sensor and most other
accurate circuitry is composed of current mirrors similar

51 82 S3
"GND* 0 0 +5
"WVH' #% 5 0

VH

-Bv

VH’

Fig. 6: Supply Voltage Switch

to thatin fig. 4 (30€, 300002, HVP1 and opamp B). Here
the current ratio is the inverse resistor ratio, provided
that the opamp gain is high enough. The folded cas-
code structure with npn input stage and PMOS current
sources we used, achieves a gain bandwidth product
of 8MHz. This corresponds to a gain of several thou-
sands in the voiceband, sufficient for the required over-
all accuracy.

After having investigated the electrical, mechanical and
thermal behaviour of several resistor layers, a phospho-

Fig. 7: Chip Microphotograph
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rus-doped polysilicon layer of 300nm and 30Q/square
was the best selection; together with a proper resistor
arrangement (the 30 and 30000 of fig. 4 are composed
of identical 300Q2 resistors in series or in parallel in a
strictly alternating layout) for compensating on-chip
temperature and stress gradients, ail demands are fui-
filled without trimming.

c¢) Power Supply Switch

A straightforward solution for the supply switch, a p-type
transistor to VH and a high voltage diode to GND, has
the severe disadvantage of high resistances due to the
low doping levels. We once more searched for a pure
n-type solution and found that of fig. 6. In position “VH”
the operation is evident: npn BN1 forms a very low-re-
sistive path to VH, BP1 delivers the base current; D2 as
well as D1, the switching device to GND, are off. When
D1 is switched on (83 to +5V), it is operated inversely,
i.e. with VDS 0. Because of the parasitic D/S-diode we
must choose D1 large enough to ensure, that this diode
will not become forward biased. With 300 cells, the
maximum voltage drop is about 300 mV.

The problem remains, that in the SPT170 process VCEQ
of BN1 is not sufficiently high to withstand VH. Our
solution is to switch the base of BN1 to -5V via D2. Now
breakdown of BN1 is governed by VCB, and this break-
down voltage lies beyond 100V.

Realization and Results

The HV-SLIC has been realized on a 6.6 x 4.4mm? chip.
In the chip micrograph of fig. 7 the two buffers with their
four output transistors on the right, beside the switch
with its large DMOS, and the precision sensor resistors
in the chip center are clearly recognizable. Approxi-
mately 1000 devices have been integrated and pack-
aged into a newly developed surface mountable
Power-DSO-20 package. The die is attached on a cop-
per-slug for heat spreading purposes; additionally, a
heat sink may be used that helps achieving a thermal
resistance below 20 K/W (fig. 8).

Our SLIC fully met all transmission specifications in the
first design step without any trimming. A typical problem
of high-voltage ICs, the drift of parameters due to field
induced moving of oxide charges, has been investi-
gated carefully by extensive stress tests; the results
indicate sufficient long term stability. None of the further
notorious parasitc HV-effects like surface channelling or

Fig. 8: Power DSO Package

latch-up appeared, not even at an arbitrary switching
sequence of the supply voltages, and the design proved
itself to be very rugged against disturbances and tran-
sients at the line outputs, including lightning surges.
This is mainly due to a consequent observance of some
global strategies:

— breakdown always in the bulk, never at the surface
to avoid destructive effects at low power

— closed poly guard rings around each device, prop-
erly biased, to ensure the absence of surface chan-
nels

— strict avoiding of substrate currents and saturation of
bipolar transistors to minimize latch-up probability

— consideration and simulation of all kinds of possible
distortions (lightning) to guarantee never to exceed
destructive power densities

Table 2 is a summary of the most important SLIC char-

acteristics. Meanwhile design and technology could

prove themselves to be very well suited for reliable high
volume production.

Table 2 SLIC Characteristics

Max. Supply Voltage 150 V
Max. Output Current 100 mA
Power Dissipation Convers. (ILoad=0) 250 mw
Ringing {ll.oad=0) 1300 mwW

Gain Flatness (300 Hz.... 3.4 kHz) 0,01 dB
Longitudinal Rejection on Vab 70 dB
T 90 dB

Psoph. Noise on Vab -80 dBmp
Metering Signal Distortion (5Vrms, 16kHz) 0.02%
PSRR all supply volt, / Vab > 40 dB
Max. Ringing Voltage 85 Vrms
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GPERATEQN OF THE FOXFET STRUCTURE F¢
BIASING Si STRIP DETECTORS: A DEVICE
MODELING APPROACH
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University of Ljubljana, Faculty of Electrical Engineering, Laboratory for
Electron Devices, Ljubljana, SLOVENIA
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Keywords: semiconductors, radiation detectors, high-energy particles, high-energy particle detectors, monocrystalline silicon solid-state
detectors, high-resistivity substrates, FOXFET structure, Field-OXide mosFET transistor, numerical modeling, semiconductor devices, oxide
charges, dynamic resistances, biasing, accumuiation layers

Abstract: FOXFET structure is used to bias detector structures built on high ohmic substrates. lts basic advantage is device simplicity and high
dynamic resistance. However, several design parameters and processing imperfections can influence operation of the device. The work presents
analysis of operation of the FOXFET structure using numerical device simulation. The floating strip junction has been modeled by a zero current
source applied to the strip junction. The oxide charges, forming accumulation of carriers at the semiconductor/oxide interface significantly influence
the strip potential and result in current flow of carriers from the strip to the drain through the bulk, avoiding the accumulation layer. Dynamic
resistance of the FOXFET structure has been modeled by numerically differentiating the Vs/ls data, and show decrease of dynamic resistance with
increasing strip current, consistent with the meastirement results.

odeliranje delovanja FOXFET strukture za
napajanje Si strip detektorjev

Kljuéne besede: polprevodniki, detektorji sevanja, delci visokoenergijski, detektorji delcev visokoenergijskin, detektorji potprevodniski
monokristaini silicijevi, substrati visokouporovni, FOXFET MOSFET strukiure poljskooksidne, modeliranje numeriéno, naprave polprevodniske,
naboiji v oksidih, upornosti dinamiéne, dolocanje tock delovnih, plasti akumulacijske

Povzetek: FOXFET struktura nadomeda uporovni element potreben za prikljucitev polprevodniskega detektorja radiacije, procesiranega na
visoko-ohmskem substratu, na napajanje. Glavna prednost te strukture je enostavna zgradba ter visoka dinami¢na upornost, pomanikijivost pa
modan vpliv procesnin parametrov in $e posebno strukturnih neidealnosti. V tem delu je predstavijena analiza delovanja FOXFET strukture s
pomodjo numeriéne simulacije. PlavajoC spoj strip/substrat (spoj brez prikljuene napetosti) je modeliran z niCnim tokovnim virom prikljucenim na

strip. Naboj v oksidu povzroéi akumulacijo nosilcev na povréini spoja polprevodnik/oksid in mocno vpliva na potencial stripa ter povzrodi, da tok
nosilcev naboja od stripa proti ponoru ne tece ob povréini polprevodnika paé pa preko notranjosti polprevodnika. Dinamicna upornost FOXFET
strukture je bila modelirana s pomo&jo numeriénega odvajanja krivutje Vs/ls in kaze na zmanjanje dinamiéne upornosti z ve¢anjem toka stripa,

kar je v skiadju z rezultati meritev.

1. Introduction:

Silicon strip detectors are gaining importance for detec-
tion of particles in high-energy physics experiments.
Such detectors are particularly suitable for detection of
high-energy particles with high energy and spatial reso-
lution. In recent years an increased number of applica-
tions in other fields - especially medicine - have
emerged as well.

Strip detectors are built on very high resistivity (almost
intrinsic) silicon wafers, enabling full substrate depletion
at reverse voltages of few tens of volts. Such detectors
are basically constructed by rows of diffused pn junc-
tions (strips), with a spacing between the strips ranging
from a few up to few tens of microns and a correspond-
ing pitch (width of the strip + distance between the
strips), depending on the required spatial resolution of
the detector.

The particle hitting and crossing the detector generates
electron-hole pairs that are following electric field estab-
lished by reverse biased strip junction and are collected

by the strip and the backplane electrodes. The signal
can be detected as an increase of the reverse current,
known as a DC method /1/. Instead of measuring the
current increase, an AC method can be applied, where
the signal is detected as a change in the collected
charge /1/. This can be accomplished by placing aMOS
electrode over the strip junction (Fig. 1) that is respond-
ing to the change in the strip charge by the change of
a gate charge. For high resolution at low temperatures
a direct coupling is suitable due to low input capaci-
tance. The advantage of the first concept is also a well
controlled leakage current. A charge sensitive pream-
plifier is very suitable as a feedback capacitance of
charge amplifiers can be chosen to be very stable and
thus minimize the noise of the system /1/.

Each strip should be appropriately biased in order to
establish total depletion of the detector. One way of
achieving this is by the use of polysilicon resistors /2/.
This technique is well appreciated due to low suscepti-
bility to oxide charges and operating conditions. Onthe
other hand, additional processing steps increase de-
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Fig. 1: Detector structure biasing schemes: DC cou-
pled structure (a), AC coupled structure (b),

vice complexity and thus the cost of the device. Another
possibility has been introduced by biasing the strips
through the neighboring junction, that is reverse biased
toward the substrate /3/. A depletion layer spreads from
the biasing junction toward the strip, establishing a strip
potential close to the biasing junction one. This is an
inexpensive concept as no additional processing steps
are required. However, depletion layer spreading from
the biasing strip is significantly depending on the den-
sity ofthe oxide and interface charges. This is especially
noticeable on high resistivity substrates.

Animprovement of the reach-through conceptis gained
by placing a MOS electrode between the strip and the
biasing junction /4,5,6/. This biasing structure is known
as a FOXFET structure (Fig. 2). FOXFET is basically a
MOSFET transistor with a gate over the field-oxide,
drain acting as a biasing junction and source as a strip.
However, its operation differs significantly from a usual
MOSFET operation. First of all, FOXFET is built on
high-resistivity substrates ( > 1 kQ-cm) resulting in
significant depletion region spreading from the reverse
biased drain/substrate junction and second, the source
junction is at the same time used as an active detector
structure. Furthermore, source junction does not have
externally applied voltage, but attains a potential from
depletion layer spreading from the reverse biased

drain/substrate junction in a similar manner as the float-

ing guard-ring termination structure for improvement of
breakdown voltages of high-voltage devices /7/.

Front-end
preamplifier

—l—

Readout
electronics

Ly

Gated punch-through = FOXFET structure
Floating »strip
(Source)

. . Gate
Coupling
Capacitor

Drain

! Substrate n’

Back bias electrode

Fig. 2: FOXFET structure.

The requirement for proper operation of the detector
built on high-resistivity material and biased through the
FOXFET structure is to assure total depletion of the
strip/substrate junction and at the same time enable
high dynamic resistance of the FOXFET structure. In
this paper a numerical device modeling approach has
been used in order to analyze the operation of the
FOXFET structure.

2. DEVICE MODELING OF THE FOXFET
STRUCTURE

Most of the current understanding of the FOXFET struc-
ture originates from the measurements on the test struc-
tures and complete detector structures with FOXFET
biasing /4,5/. In this work, a numerical device modeling
approach has been applied to analyze and evaluate the
influence of principal design parameters on the FOX-
FET operation. In the past, FOXFET structure has been
modeled by either solving only the Poisson equation /4/
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or by full drift-diffusion equations /8/. However, in both
cases the strip junction has been externally biased by
a voltage source (voltage boundary condition), which
does not enable correct analysis of the FOXFET struc-
ture, as the strip junction should be left floating (unbi-
ased). For proper modeling of a FOXFET structure, we
have applied a zero current boundary condition to the
strip junction, that enables analysis of FOXFET structure
operation that is comparable to operation of a real
device. Two-dimensional simulation with SPISCES /9/
device simulation program, incorporating full drift-diffu-
sion model, has been used for this purpose.

Vg
Vs=float. Vd=0
02 »‘““—t :;; Xox (_rox»
B xj=01.5 pm
Vb20
Fig. 3: Dimensions and parameters of the simulated
FOXFET structure.
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The dimensions of the simulated structure are shown in
Fig. 3, while typical simulation parameters were: sub-
strate doping (n-type) concentration Nsup =
3.8:10"'em™3 (resistivity 10 kQ.cm), p-type junction with
Gaussian doping profile with surface doping concentra-
tion Neurt=1.10"8 cm™ and junction depth xj=0.5 um,
oxide thickness xox=1 um with fixed oxide charges of
Qr/q=1.10"" 8.10"" cm™@, substrate thickness
Wsub=300 um, channel lengt L = 13 pm and carrier
lifetimes tn=1p=0.5 msek.

3. OPERATION OF THE FOXFET
STRUCTURE

Normal operation of the FOXFET structure is obtained
by applying reverse bias between the drain and the
backplane (drain connected to the ground, backplane
to a positive potential). As the strip can in practice be
very long (few centimeters), an additional current drawn
by the strip can be modeled by an increased injected
current using a current source generator attached to a
strip contact. Gate contact is usually connected to the
drain contact, drain junction thus acting similar to a
junction equipped with a field-plate termination /7/. By
varying the gate voltage, depletion layer spreading from
the drain to the strip junction is modulated and thus a
control over the strip potential is obtained.
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FOXFET structure with zero oxide charge at 30 volts reverse bias: equipotential lines and hole
concentration (a), hole and electron concentrations at the semiconductor/oxide interface (b).
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3.1 Influence of the oxide charges

Operation of the FOXFET structure depends strongly on.

the content of the oxide and interface charges. This is
especially significant as already a small amount of oxide
charges induces a charge at the semiconductor/oxide
interface which can be significant comparing to charge
obtained by a reverse biased junction (depleted sub-
sirate area).

If no oxide charges are assumed (only a theoretical
case), depletion layer width calculated for an abrupt
one-dimensional structure with Ngup=3.8-10"1ecm™ at
built-in voltage is more than 40 um. For typical channel
lengths of about 10 um this means that the strip/drain
junctions are in reach-through condition already at no
reverse voltage applied. The area between the drain
and the strip is completely depleted of carriers and the
strip potential is close to the drain potential for increased
drain/backplane reverse bias. Fig. 4 shows equipoten-
tial lines and hole concentration in the channel region
as well as electron and hole concentrations at the
interface for a structure without oxide charges at 30 volts
of reverse bias and zero gate voltage.

Electron concentration is negligible while hole concen-
tration is increased in the channel region at the surface.
Potential of the strip is practically identical to the drain

one, which does not enable proper operation of the
FOXFET structure. However, an increased strip/drain
voltage can be obtained by a positive gate voltage,
increasing electron concentration at the surface and
thus slowing depletion layer spreading from drain to
strip junction.

The presence of oxide charges significantly alters the
behavior of the device. Several kinds of charges are
presentin the oxide, depending on the starting material,
processing and operation of the device /10/. However,
altogether they are of a positive sign /10/, inducing in
n-type semiconductor accumulation of electrons at the
oxide/semiconductor interface. Accumulation of elec-
trons acts similar to locally increased donor doping
concentration. This results in reduced depletion layer
spreading from the drain to the strip junction (depletion
layer increases inversely proportional to the square root
of the doping concentration) and thus a potential differ-
ence between the junctions is increased.

Fig. 5 shows equipotential lines and electron concen-
tration for the same operating conditions as in Fig. 4 but
with inclusion of fixed oxide charges of Qr/q=10"" cm2.
Instead of a hole concentration, in this case an accumu-
lation of electrons at the surface is shown. As a conse-
quence, equipotential lines are denser between the
drain and the strip junction and the strip potential differs
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Fig. &: FOXFET structure with oxide charge Qr/q= 10" em?at 30 volts reverse bias: equipotential lines and electron

concentration (a), hole and electron concentrations at a semiconductor/oxide interface (b).
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from a drain one for a few volts. Electron concentration
is increased especially at the strip junction as at the
drain junction it is modulated by depletion layer spread-
ing from the drain junction.

A further increased density of oxide charges forms
significant accumulation of electrons at the interface, as
shogvn in Fig. 6 for fixed oxide charge density of 5.1 0
cm™. Equipotential lines are squeezed at the drain
junction area and a reach-through between the drain
and the strip depletion layers occurs in the bulk of the
device, few microns from the surface.

Increase of the strip potential with increasing
drain/backside reverse voltage can be to a first approxi-
mation expressed from simple depletion layer spread-
ing from the drain junction, that should be modulated
by the influence of the gate voltage as well as the oxide
charges. Following 1D Poisson equation with depletion
approximation, the strip voltage is given by

Vs: 'J-%m'(vbi—kvrev)

where Netf is an effective doping concentration that
should be a function of the gate voltage and the oxide
charges Neff = f(Vg, QF).
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Modeled FOXFET structure for different oxide charges
in Fig. 7 indeed shows a square root behavior of a strip
potential with increasing drain/backside bias as pre-
dicted by equation 1. Furthermore, Fig. 7 demonstrates
that after a certain oxide charge density (>3.10° cm™®)
the strip potential changes very weakly for further in-
creased oxide charge densities. The reason is depletion
layer spreading, avoiding the electron accumulation
region at the oxide/semiconductor interface and reach-
ing the strip junction from the bulk of the device.

QF=0 cm?
QF=1.10"¢m?
QF=3.1011 cm-2
QF=5.10" cm? :
QF=11012cm-2 | g

P8 q >

Strip {source ) potenital {V]

0 5 10 15 20 25 30 35
Reverse Bias [V}

Strip potential as a function of drain/backside
reverse voltage for oxide charge densities of
Qrlg=10"cm?  3.10"'em®, 5.10"cm®,
1.10'% cm® at Vg=0V.

Fig. 7:
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3.2 Influence of the gate voltage

A similar square root behavior as from Vs/Viev(QF) is
obtained by changing the gate voltage as shown in Fig.
8 for oxide charge density of Qr/g=5.10"1 cm™. Positive
oxide charges, located just above the oxide/semicon-
ductor interface, induce accumulation of electrons at
the interface. This resuits in highest strip potential at

Vg=0V. The influence of oxide charges can be reduced
by applying a negative gate voltage. If gate voltage is
such that completely neutralizes the effect of positive
oxide charges, the drain depletion layer is free to spread
toward the strip junction, resuliing in strip potential
equal to the drain one as already shown m Fig. 4. For
fixed oxide charges of Qr/g=5.10"" cm™ and oxide
thickness of 1 um, this situation can be approximately

evaluated by equation

10 . T T
A yFov ; ? :
v y=s5v : : . Q
E 8 - ® ;7 10V . BRI . A\/g:~Cj—:23VOI‘[S (2)
] [ \/ =15V ; ~v 0
g - ; : 5 , : where Co=(eg-cox)/Xox. This resultis in good agreement
g, o S with simulation resuits. Fig. 8 further shows weak de-
g e pendence of gate voltage at low applied gate voltages.
E 1 g These voltages are too small to considerably reduce the
R o T electron accumulation layer atthe oxide/semiconductor
f interface.
0 7 T T T i T
0 5 10 15 20 25 30 35 .
Reverse Bias (V] 3.3 Current flow in the FOXFET structure
Since the strip junction is floating (its potential depends
Fig. 8: Strip potential as a function of drain/backside on depletion layer spreading from the reverse biased
reverse voltage for gate voltages Vg=01to 2OV drain/substrate junction), and is at the same time re-
anc/ oxide charge density of Qr/q =5. 70" verse biased toward the substrate, it needs to be in a
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tion of zero current sum of currents entering and escap-
ing the strip (first Kirchoffs law). As a result, reverse
current entering the strip junction (holes in n-type semi-
conductor) is injected back into the substrate and flows
through the FOXFET into the drain junction. Current
conduction in a FOXFET structure is similar to conduc-
tion in a punch-through pnp structure, which is as-
sumed to be governed by thermionic emission /11/.
However, thermionic emission is typical for punch-
through structures with highly doped base regions
(BARRIT structures, for example) /7/, while in our case,
the channel region (base) is very weakly doped. Fur-
thermore, the current flow through the FOXFET is lim-
ited by the reverse current collected by the strip
junction. As a result, it can be assumed that no ther-
mionic emission is taking place in conduction of a
FOXFET structure, but rather “simple” drift-diffusion
rules the conduction of the carriers /12/. Drift compo-
nent of the current prevails in the drain region as can be
also deduced from the density of the equipotential lines
in figures 4 to 6, while in the strip region of the FOXFET
structure electric field is very weak. As a result, the
carriers in the strip region move by diffusion.

Figure 9 presents potential, total current density and
hole and electron concentrations in a vertical cross-sec-
tion of a FOXFET structure at the end of the strip
junction. The potential bends at the oxide/semiconduc-
tor interface, reverse biasing the strip/substrate junction
in this part of the FOXFET structure. A closer look
reveals (Fig. 9b) that this is due to the electron accumu-
lation layer, which is still significant in this part of the
structure. As a consequence, strip junction is forward
biased toward the bulk of the FOXFET structure, which
is obvious from an increased hole concentration located
few microns from the interface. The current is thus not
flowing at the oxide/semiconductor interface but rather
few microns from the interface, avoiding the electron
accumulation region. This is obvious also from high
total current density in Fig. 9 located few microns from
the interface.

3.4 Dynamic resistance

One of the most important parameters of the FOXFET
structure is its resistance, or better its dynamic resis-
tance, as this parameter determines the proper strip
biasing as well as affects the noise of the detector.
Dynamic resistance is defined as Rd = (0Vs)/(dls). In
general, resistances over 100 MQ can be obtained at
very low currents /6/. By approximating the dynamic
resistance of the FOXFET structure by a dynamic resis-
tance of an ideal pn diode, the resistance decreases
approximately inversely with the increase of the strip
current /6/. This can result in unacceptably low dynamic
resistance at high strip currents.

Dynamic resistance has been modeled by a current
source attached to the strip. Increasing the strip current
by a current source at 30 volts of drain/backside reverse
bias a Vs/Is curve is obtained. This curve can be numeri-
cally differentiated to calculate the dynamic resistance.
Figure 10 shows extracted dynamic resistance for gate
voltages from 0 to -15 volts. It should be noted that the

14

scale is in [Q .um] and [A/um] due to the use of a 2D
simulation. No change in dynamic resistance is ob-
tained for small strip currents while increasing strip
current results in a reduction of dynamic resistance with
a slope of approximately 0.8. A reduced slope at high
currents is due to the SCLC current conduction effect
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Fig. 10:  Dynamic resistance of the FOXFET structure

with 30 V drain/backside bias, Qrlqg=5.10""
cm™? and Xox=1 um,

4., CONCLUSIONS

This work presented analysis of a FOXFET structure for
biasing detector structures built on high-ohmic sub-
strates by the aid of numerical device modeling. A
general purpose two-dimensional device simulation
program SPISCES, solving drift-diffusion equations has
been used for this purpose. In order to model FOXFET
structure properly, the floating strip junction was con-
nected to a zero current source. The current source
connected to the strip junction was further used to
extract dynamic resistance of the structure.

Modeling has revealed that oxide charges, forming an
accumulation layer of carriers at the semiconductor/ox-
ide interface play the most significant role in determina-
tion of the strip potential. However, gate voitage can be
applied to balance the influence of the oxide charges.
It has been further shown that due to the formation of
an accumulation layer, the carriers collected by the strip
junction flow to the drain through the bulk, avoiding the
accumulation layer. Few equipotential lines in the strip
region indicate that carriers in this region move towards
drain by diffusion and by drift in the second half of the
channel region.
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MODELING AND SIMULATION OF A MICROSYSTEM
WITH SPICE SIMULATOR

|. Zelinka, J. Diaci*, V. Kung, L. Trontelj,
Faculty of Electrical Engineering, University of Ljubljana, Slovenia
*Faculty of Mechanical Engineering, University of Ljubljana, Slovenia

Keywords: MST, MicroSysTems, definitions, simulations, nondifferential capacitive measurements, bipolar measuring ranges, capacitive
micromechanical sensors, CAST, Custom Application Spegific Technology, development trends, mechanical analysis, SPICE model, actuating
capacitors, measuring capacitors

Abstract: In the paper Microsystemn (MST) definition and development trends are described. Modeling of a capacitive micromehanical sensor is
presented. Verification of dynamical behavior is analized. Mechanical analysis and the SPICE model of the mechanical part of the sensor are

shown.

Modeliranje in simuliranje mikrosistema s
simulatorjem SPICE

Kljuéne besede: MST mikrosistemi, definicije, simulacije, meritve kapacitivne nediferencialne, obmodgja merilna dvosmerna, senzorji
mikromehanski kapacitivni, CAST tehnologija specificna uporabnidko aplikacijska, smeri razvoja, analiza mehanska, SPICE model, kondenzatorji
aktivatorski, kondenzatorji merilni

Povzetek: Opisana je definicija mikrosistema (MST) in razvojni trendi. Prikazano je modeliranje kapacitivnega mikromehanskega senzorja in

analizirano je dinamiéno obnasanije sistema. Podana je mehanska analiza in SPICE model mehankega dela senzorja.

1 INTRODUCTION Development trends of ICs are still widely governed by
the development of optical lithography. We see the

The basic difference between ICs and microsystems is advent of 0.18 um custom application specific technol-

shown on Fig. 1. While ICs mostly handle information, ogy (CAST) for volume production and a substantial

MSTs usually deal with energy. They always represent increase of the diameter of silicon wafers. Tools for the

the complete system required to perform the desired development of photoplates capable to be used to-

function. gether with the advanced imaging techniques are
emerging.

communication

On the contrary, the smaller and finer geometries in

J o e e o

e ' Mechanical MSTs are not vital or even possible considering the
Semperature ‘ - | Dot amount of energy to be handled in specific application.
"""" vl sesos (| Bowng [ AW T Therefore the MST related activities are reserved for

: ; those environments of design and production which are
Packaged MST ~ not able to compete in the every day financially more

demanding new equipment procurement and refined

e —y fab environment associated with the deep submicron
Fig. 1: Microsystem definition technologies. Therefore, it is viable that the Laboratory
for Microelectronics (LMFE) aggressively entered the

new exciting field of MSTs, offering new applications in

The introduction of microsystems followed the same the fields of data storage, displays, communications, IR
basic rules which promoted the development of ICs. imaging, biochips, micromachines, and microinstru-
They are small and require low power. A large number ments.

of them can be manufactured simultaneously, thus of-
fering lower costs and greater reproducibility. In addi-
tion, the ratio of performance versus price is far superior
to that of the lumped versions.

Although there exist remarkable simulation tools, which
offer great support to a designer confronted with spe-
cific design problems in the field of electrical/electronic
or mechanical engineering, there's a very acute lack of

Two basic differences in comparing ICs and MSTs are simulation software which would allow efficient solu-
essential: only few atoms are required to handle infor- tions to coupled electromechanical problems, which
mation in a well optimized and carefully designed IC, are commonly encountered in the field of MSTs. The
while the dimension of MST depends on the amount of gap between the two engineering disciplines seems fo
energy to be manipulated. Therefore the same scaling be too large in any practical situation requiring a solu-
rules as well as Moore’s Law do not apply. tion of coupled electromechanical problems to allow a
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microsystems designer to benefit from a coherent use
of existing mechanical and electronic design packages.

Different schemes exist to construct a micromechanical
partofthe sensor. However, one which uses a cantilever
seems to be the most promising, offering the largest
sensitivity for a given size /2/. In the paper we present a
non differential capacitive MST sensor which also has
definite production advantages over the two capacitor
version, but it requires more effort to model it properly.
We have adapted the equations describing the mi-
cromechanical part of the sensor in a form acceptable
as an input to the standard electronic analog simulator.
This gives us the ability of prediction of a closed loop
behavior of both parts of the system.

In the paper we present the analysis and modeling for
the chosen MST.

The elastic element of the sensor acts as one plate of
the sensing and actuating capacitor. Deformation of the
elastic element, due to external loads (related to the
measured physical quantities), are counteracted by the
electronic servosystem, which consists of a capacitive
sensor, actuator and signal processing electronics. In
the dynamic equilibrium, the actuating electrical force
equals the external load. From the parameters influenc-
ing the actuating force the external load and the related
physical quantities can be dstermined.

2 STATIC ANALYSIS

The configuration of a single capacitor model is on Fig.

O e mann s X W
! : X o ?h
Ay N , la

N actuamg and ) : |

' Q - m?asurlng ?ééac1\0r }w\ i L
i >*._4‘4 —
| Lei
. - |

Fig. 2: Cantilever with one capacitor for actuating

and measuring

The basic equation for deflection w of the cantilever
loaded with distributed load qis /3, 4/:

d*w

El
dx*

=q (1)

where E is Young’s modulus, | is the area moment of
inertia, w=w(x) and x is measured from the tip towards
the clamped end of the beam. The boundary conditions
are: atclamped end: w(L)=0
w(L)=0
at free end: w"'(0)=0
w’(0)=0
For the special case of point force F load we take g =
F3(0). The deflection ofthe beam depends on loads. We
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consider the beam (cantilever) loaded with one distrib-
uted external load qq, and point electrostatic force Fg.
We can assume electrostatic force as a point force if
capacitor length (Lc) is less than 10% of beam length
L) /5/.

For distributed load wq or point force wr we have the
following equations describing the deflection /3/:

W (x) = §4L;{3_4(E)+G)4J
We(X) = 2—2{2 - 3(%) " (%)3]

Of special importance for the analysis are the deflec-
tions of the beam tip:

@

(3)

w,(0) = % (4)
Wi (O) = %E_él' (5)

According to the principle of superposition, the total
deflection w(x) under combined loads is the sum of the
two contributions:

(6)

W) = W, () + w ()

In order to examine the stability of the system, we
assume the beam loaded with one distributed load qq
and point electrostatic force Fe. With introducing new
variables kr=3EI/L3 and kq=8EI/L3, which represent
stiffness of the beam, we can write eq.(6) for the deflec-
tion of the beam tip

Fe, Al

ek {7)

Wy =we +w, =
q

In general, Fg is a sum of the electrostatic forces of
actuation and measuring. Therefore this equation is
valid for an open loop system (no actuation voltage,
electrostatic force only due to read-out voltage) and for
a closed loop (voltage driven) with one or two capaci-
tors. We seek solutions from the above equation for wo
subject to the obvious restriction wg < h.

By inserting

h2

Fo=F ——
) (h'Wo)2

(8

where Fe=1/2 £ A (U/h)? in eq.(7) and by introducing
dimensionless variables
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we can write eq.(7) in form

+W, ©)

To find the solution, we rewrite the above equation in
the form of a cubic:

W — (W, +2)WZ +(1+2W, )W, =K+ W, (10)

With finding the maximum ofthe I.h.s. of expression (10)
we get the stability limits:

1+2W,

W, < (11)

4 3
K< —(1-W
2w

The system is stable when either of the above inequali-
ties hold. With the additional condition K>0 we get a
range of possible solutions:

1+2W,

W(,‘<WO<——3 (12)

W, <W, <

3

3W, - 1
2

0.6 :
Fe > 0 limit->
0.4f »
0.2t
W, Of
: o
-0.2F”
oA <- stability fimit
0.6} o
087 0 02 04 0.6
Wy - rel. preload deflection
Fig. 3: Rel. measured load (Wy) vs. rel. preloading

(Wo) - shaded area shows the useful range
for bipolar measurement

POSITIONING OF THE BEAM

Since the electrostatic force can not change polarity, we
have to preload the beam with a static actuating force
Feo and move the beam tip by wo below its initial
distance h if we want to measure load in both directions.
The stability diagram on Fig.(3) shows that in principle
we can perform bipolar measurement for any relative
preloading in the range 0<Wo<1/3. To accommodate
the required range omin<o<omax at a selected Wo we
have to select the appropriate beam stiffness (via thick-
ness change). We can select Wo according to different
criteria. We will take a closer look at just one - Maximi-
zation of dynamic range.
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There is exactly one value Wopd where we can fit the
required load range omin<o<omax without any waste
of the dynamic range. To calculate Wod, we equate the
fower and the higher bound value for Wo in €q.(12) and
insert the ratio: ro=omin/0max=Wa/Wa. The result is:

W,s =1/(3-2r)) (13)

Example: for the symmetrical bipolar range we have
ro=-1 and Wod=1/5.

Ifwe select our Wo above Wgd , then the corresponding
W, value is smaller than optimal and we have to in-
crease the beam stiffness/mass ratio kq/m (increase
thickness D) to be able to measure the required omin.
We will waste some dynamic range on the positive side
then, because the corresponding mass, stiffness and
Womax would allow the measurement of higher max.
load than required by omax. The opposite happens
when we select Wo below the optimal value. We have
to design beam thickness according to aumax and thus
waste some dynamic range below amin. We can sum-
marize this discussion with the following formulae:

3plio,,
W o>W. W  =(3W. -1)/2=D= | ———0n_
¢} 08 c.min ( 0 )/ Eh(SWO _1)
(14)
L4
WO < WO?S: Wrtmax = WO = D = Sp O(max (15)
' 2ENW,

There are, of course, practical limitations to D; therefore
we shouldn’t expect to be able to realize the beam when
the selected Wo is close to 1/3 or 0.

3 DYNAMIC ANALYSIS

In general, we can have a system with two capacitors
that are not located on the same plane. For the analysis
of dynamic behavior, we use the system configuration
shown on Fig.(4).

The capacitor sizes estimated by using the point capaci-
tor models show that in practice both capacitors (meas-

measuring
capacitor

actuating capacitor

Loy +

al i

L

L LL La2

Fig. 4:Cantilever with two distributed capacitors
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uring and actuating) should have lengths larger than
10% of the length of the beam. For this size, the inter-
plate spacing variations within each capacitor are not
negligible and we have to treat the capacitors as distrib-
uted along the beam. We model the electrostatic forces
as distributed loads:

[ Ly L)

_18 2 XLy, L
qi(WfX’t) - 2 IBUn [h(X)— W(X)]Z

(1 forl, <x<L,

with H(X’L“’Lm):io elsewhere (16)

where i=a for the actuating and i=c for the measuring
capacitor. B and Uri represent the width of the beam and
applied voltage respectively. For the analysis of dy-
namic behavior dumping and moment of inertia have to
be considered also. Inserting the two loads into the
basic eq.(1) we describe the deflection w(x,t) of the
beam by the following boundary problem:

o*w(x,t
pDBW(x,t) + gy (W, w,X,t)+ El(_%v_(;(...l =
X

=q, (W, x, 1)+ qe (W, x 1)+ q, ()

w(Lt) =0
w(Lt =0
w'(0,) =0
W (0,5) =0

where pDB w(x,t) represents the moment of inertia and
dda(w,w,x,1) dumping. ga and gc are substituted with
eq.(16) and mo(t)/L=pDBa(l).

Electrical inputs to the mechanical part (from the elec-
tronic part of sensor) are voltages on actuating capaci-
tor {(Ua(t)) and measuring capacitor (Uc(t)). The output
for the electronic part is measuring capacitance C(t) of
the air gap capacitor:

Loa dx

=Bl S —wix g

(18)

For solving the upper equation we need function h(x),
describing the initial form of the beam. Assuming a
uniform distribution of the residual stress along the
beam results in a parabolic form and the height function
is defined as:

h(X) = hL + (hO - hL )(1 =X /L)2 - hacn(X’Lc1!L02) (19)

where ho and hy_ are the initial heights of the tip and the
clamped end respectively, measured relative to the
base line, defined by the actuator plate, and where hgc

19

is the elevation of the measuring capacitor plate above
the actuator plate.

The damping force qda(w,w,x,t) is strictly speaking the
solution of a special squeezed-film air-flow boundary
problem. We find that it would be quite impractical to try
to solve it by means of electrical analogies using an
electronic simulation codes, such as SPICE. Instead of
that, we suggest the use of an approximate analytical
solution of the varying gap squeezed-film boundary
problem /6, 7/:

Aa(W, W, x,t) = b(w, x)w(x, 1) (20)

where

cosh( 12(L-x)/ B)
cosh(,ﬂ 2L/ B)
[h(x)- w(x,t)]3

1—

b(w,x) = 12uBL?

4 MODELING

Usually approaches to modeling /8, 9, 10/ are based on
substituting mechanical elements with equivalent elec-
trical elements (Fig. 5).

(@ N B
T
| i L
Xy
| p—
K - b v |
R
| m
t - T CQ
Fig. 5: Mechanical system and (b) equivalent elec-

trical circuit

The equation describing a single mass mechanical
system

mX +bx+kx=F, +F_ +q (22)

is similar to the equation describing electrical circuit on
Fig. (5b)

di

1
L—+Ri+—fidt=V 23
il (23)

where

x=i x=[idt m=L b=R k=

1
C
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The equation describing the behavior of the cantilever
beam (eq. 17) can be substituted with eq.(22) only when
the mechanical system with the single degree of free-
dom is assumed. Modeling (substitution) of our cantile-
ver beam with single mass mechanical system on
Fig.(5a) does not give satisfactory accuracy.

Our modeling of differential equation follows the work
of Herbert /11/ and Pelz /12, 13/. All state variables in
the equation, e.g. velocity, deflection are represented
by node voltages.

Nonlinear dependent voltage controlled voltage
sources are used to determine the state variables of the
highest time derivatives and the algebraic equations.
Simple integrators calculate the values for the lower
derivatives.

For example, the equation for distributed load qq (load
due to electrostatic force of actuating capacitor) from
eq.(16) can be written in HSPICE by using Behavioral
voltage source in form:

E gqgaqga0 vol="((0.5*eps*B*(v(Urefa)**2))/
(v (hx)-v(w))**2))’

where eps and B are defined as parameters. In this way,
systems of algebraic and ordinary differential equations
can be solved.

The output from the mechanical part and the input for
the electronic part is capacitance of the measuring
capacitor:

QT e —

e )~ Wi ) @)

in order to solve the upper equation, the initial form
(height) of cantilever h(x) has to be known and the
deflection w(x,t) calculated. For h(x) we take eq.(19)
where hoc=0

h(x) = hL + (ho - hO)(1 - x/L)? (25)

To getthe w(x,t) we have to solve the boundary problem
in the eq. (17), which we rewrite in order to get the
highest time derivative on the L.h.s.

The proposed method of modeling does not allow direct
modeling of partial differential equations or integration
over spatial variable. With the implementation of some
mathematical approximations, we can extend this work
and solve the system of equations describing our can-
tilever beam. With the method of finite differences (FDM)

/14, 15/, the spatial variables of partial differential equa-
tions are discretized and an algebraic equation is in-
serted for each node. Discretization schemes for spatial
derivatives up to the fourth order /14, 15/ are:

aw(X,’[) R 8 8 27
T - 1_25"‘<Wx342 = 8Wy , oW, _Wxi+2) 7)
Pwxt) 1 \
_—5(?— = 1_2}? - (—WXi—Z +1 6W><i-1 —30x; +1 6WX‘+‘ a Wxi‘*z)
(28)
Pwlxt) 1
T = @*(—Wxi_z + ZWXM - 2W>‘i+1 + Wx'*2>
(29)
84W(X,T) 1
T - ﬁ (WXi—Z - 4Wxi—1 + 6W><i - 4WXi+1 + WXW)

(30)

Each equation describes the behavior of the respective
slot i, by regarding itself and some of its neighbours in
both directions. In our case (eq. 26), w(x,t) is the func-
tion to be derived, and x is the spatial variable (for 0 < x
< 1). The descretization step is h, and n is the number
of discretization steps (h=L/n).

All equations containing the term dw(x1)/d x¥, where k
is the order of the derivative, have to be duplicated n
times. The number of discretization steps n is the
number of nodes. Eq. (26) for slot i is written in form for
HSPICE using E source:

E iw i ttOvol =

“(-konst! * (v(w_(i-2))-4*v(w_(i-1))+
+F6*V(W_i)-4*vw_(i+1))+vw_(i+2)))

-konst2*v(q_d_i)+konst2*v(q_a_i)+
+konst2*v(q_c_i)+v(e))’

Values for konst1,konst2 are calculated and defined as
parameters. Deflection w(x,t) is calculated with a simple
integrator:

XINTEGRATOR bi w_i tt w_i_t INTEGRATOR
XINTEGRATOR aiw i t w_i INTEGRATOR
Index i represents respective slot (0 <i<n)

-2 -l i i+l 042

¥

Fig. 6: Discretization of spatial variable x
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et 100.9 180,0 209,0 280,90 300.¢ 380,90 49,0 480,90 B0, 50,0 649.¢
time L]
Fig. 7: Deflection of the beam for different discretization nodes
C_soc

62'6?)0 1!'><'>.0 200,0 280,0 300.0 3B0.0 400,90 480,¢ 500,06 850,0 [ 2o )
time n§
Fig. 8: Changing of measuring capacitance with changing of load
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Spatial integrals are also discretized and substituted
with algebraic equations following the Simpson’s rule:

h
[Fydx = g(yo +4y, +2y, + 4y, A2y, , +4Y,  +Y,)

(31)

where h=(b-a)/n, with additional condition that n is an
even number. So eq.(24) for capacitance of an air gap
capagcitor in form for HSPICE is as follows:

E Cacc C acc
v(w_0)) + 4/(v(hx_1) - v(w_1)) + 2/(v(hx_2) - v(w
4/(v(hx_3) - v(w_3)) + 1/(v(hx_4) - v(w_4)))’

0 vol="epsilon*B*( 1/(v(hx_0) -
-v(w_2)) +

The exact form of equation depends on the length of the
measuring capacitor and the number of discretizations
steps.

5 RESULTS
The results are shown on Fig. (7) and (8).

The calculation of the deflection for each node of dis-
cretized beam can be seen on Fig. (7) and the resulting
capacitance of an air gap capacitor as an output of
micromechanical part of sensor on fig. (8). The voltage
representing capacitance can be transformed back to
capacitance as input for the electronic part with use of
Voltage controlled Capacitor.

6 CONCLUSIONS

The accuracy of a single mass model is not satisfactory
for the selected micromechanical sensor. With the im-
plementation of mathematical substitutions, we devel-
oped a model for a system with distributed mass and
analysed the behaviour of the sensor with SPICE3 and
HSPICE simulator.

A comparison of the results acquired by the simulation
with HSPICE to those of the MATLAB shows, that an
error introduced with mathematical substitutions is one
order of magnitude smaller than the resolution of the
sSensor.

The described model allows us to predict the behavior
of the micromechanical part, and to simulate close loop
measurements.
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INFRARED SPECTROSCOPY AS ANALYSING TOOL
FOR MATERIALS USED IN MICROELECTRONICS
1. Semiconductor substrates

Marta Klanjsek Gunde
National Institute of Chemistry, Ljubljana, Slovenia

Keywords: materials in microelectronics, infrared spectroscopy, semiconductor silicon, Ga-As, gallium arsenide, oxygen, carbon, hydrogen,
shallow-level impurities, free carriers, surface analysis.

Abstract: The application of infrared spectroscopy to analyse the semiconductor substrates used for microelectronic devices has been reviewed.
For the quantitative determination of various impurities involved in the bulk materials, absorption spectroscopy is used. Infrared absorption in
monocrystal silicon due to oxygen, carbon, hydrogen and shallow-level impurities is examined extensively. The informations about free carriers in
doped semiconductors could be obtained from bulk reflectance spectra. Some methods for characterising the semiconductor surfaces are
described also. The recently published literature on this field is reviewed.

Uporaba infrardece spektroskopije pri analizi
materialov za mikroelektronsko industrijo
1. Polprevodniski substrati

Kjucne besede: materiali v mikroelektroniki, spektroskopija infrardeca, silicij polprevodniski, Ga-As galijev arzenid, kisik, ogljik, vodik, primesi
donorske in akceptorske, nosilci naboja prosti, analiza povrsinska.

Povzetek: Clanek predstavija pregled metod infrardeCe spektroskopije, ki se najpogosteje uporabljajo za analizo polprevodnigkih substratov v
mikroelektronski industriji. Infrarde¢a absorpcijska spektroskopija omogoda analizo vsebnosti nedistos. Podrobneje je opisana infrardeda
absorpcija zaradi necisto¢ v monokristalnem siliciju, kot so kisik, ogljik, vodik, ter donorske in akceptorske primesi. Spekter odbojnosti dopiranega
polprevodnika vsebuje podatke o prostih nosilcih naboja. Opisane so tudi nekatere metode za analizo povrsin polprevodnigkih substratov. Tematika
je predstavljena v luéi novejsih publikacij.

I. INTRODUCTION

Continuos improvements in technology of making mi-
croelectronic devices on the surface of a semiconductor
requires special and controllable properties of all ap-
plied materials on each stage of the production /1/.
Infrared (IR) spectroscopy is a powerful tool for the
characterisation of these materials. Interaction of IR
radiation with matter as a function of frequency provides
a relatively direct probe of molecular structure via the
excitation of vibrational states in molecules. This is one
of the fundamental analytical techniques for obtaining
qualitative and quantitative information about a sub-
stance. The advantages of Fourier-Transform IR spec-
troscopy together with the development of highly
sensitive, rapid-response and low-noise detectors cre-
ate a probe that is rapid, noncontact, nondestructive,
and highly precise /2,3,4/.

This paper will consider the most frequently used appli-
cations of IR spectroscopy to analyse the fundamental
microelectronic materials with special attention to the
recent literature. In the first part, the characterisation of
bulk materials is discussed. Mostly monocrystal silicon
is considered whereas other compounds (e.g. Group
[1-V) are mentioned only briefly.
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Il. ABSORPTION SPECTROSCOPY

The most usual way to obtain the absorption spectrum
of a sample is to use the logarithm of measured normal
incidence transmittance (Figure 1).

For IR radiation with energies bellow the band gap
semiconductors become transparent. In this region the

{o

A= —log(T)

Normal incidence transmittance (T) and ab-
sorbance (A) measurement.

Figure 1.
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absorption spectroscopy play an important role. It en-
ables to detect even low impurity concentrations in the
host semiconductor material, if vibrations due to these
impurities are IR active. There are two different mecha-
nisms governing absorption of IR radiation due to im-
purities involved in bulk semiconductor material:

(a) the local vibrational modes caused by the distor-
tion of the semiconductor crystal lattice due to
electrically active or inactive impurities. The impu-
rity species may be located either on lattice or on
interstitial sites, bounded to the neighbouring host
lattice atoms, and exhibiting a dipole moment.

the electronic bands caused by the excitation of
excited states of electrically active impurities ex-
hibiting mostly shallow levels in the forbidden
band-gap of the respective semiconductor.

The absorption peaks caused by vibration of impurities
are not the only feature of the IR spectrum of a real
semiconductor sample. The superposition of various
kinds of absorptions may more or less seriously com-
plicate detection of impurity vibrations.

a) lattice vibration of the host semiconductor is the
main additional spectral feature. In homopolar
crystals (silicon, germanium) it appears due to
nonvanishing second order electric dipole mo-
ment that causes a multiphonon IR spectrum.
Corresponding absorptions are the same order of
magnitude as the local vibrational modes due to
impurities. The vibration of polar crystal lattice
(e.g. in GaAs) leads to reststrahlen bands in the
far IR spectral region, representing the low-fre-
quency boundary of the transparency region in
polar semiconductors.

b)  high charge carrier concentrations. Free carriers
absorption increases continuously with increas-
ing wavelength. The high-resistivity wafers (above
2 Qcm) are transparent up to the far-IR spectral
region whereas low-resistivity wafers (0.02-0.05
Qcm) reflect almost all radiation in the whole IR
spectral region.

c) additional absorptions due to surface layers such
as oxides, nitrides, unintentional contamination or
even fingerprint.

d)  highly scattering rough surfaces cause a loss in
transmittance. The radiation scattered by surface
irregularities cannot reach the IR detector. Radia-
tion scattering can be hardly distinguished from
real absorption in a spectrum.

e)  high reflectivity of semiconductor surface reduces
the transmittance. This reduction is due to refrac-
tive index of applied semiconductor material. in
silicon, it is about 50% and is almost independent
on the wavelength of the impinging radiation.

These effects are shown in Figure 2, where normal
incidence transmittance spectra of three silicon wafers
are shown.

Spectral features of high-resistivity, high purity (float
zone, FZ), double-side polished sample (Figure 2, curve
a) are caused by lattice vibration of the silicon crystal
lattice. The wavelength-almost-independent reduction
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of transmittance is caused by high reflectivity of silicon.
The origin of this effect is the high value of refractive
index of silicon (n=3.42). Throughout the mid IR region
of high resistivity silicon, this value varies only on the
fourth decimal place, practically only at frequencies of
lattice vibrations /5/.

The commercial wafers for microelectronic devices are
cut from Czochraiski (CZ) grown ingots and polished
only on one side. Typical distribution of surface irregu-
larities of the rough rear surface causes spectral de-
pendent loss of intensity in the measured direction for
the wavelengths in the mid IR spectral region. This
additional spectral feature changes the baseline of
transmittance (Figure 2, curve b).

When the concentration of free carriers increases, the
absorption edge due to free carrier or plasma absorp-
tion moves to shorter wavelengths. In low-resistivity
silicon wafers, the free-carrier absorption dominates
thus making detection of absorption due to impurity
vibrations hardly or even non possible. At sufficiently
high carrier concentration, the wafer is almost opaque
throughout all mid IR spectral region (Figure 2, curve
c).
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Absolute (air reference) transmittance spec-
tra of silicon samples (room temperature
measurements):

(a) high resistivity (~16 Qcm), high purity
(float-zone, <2x10'° oxygen atomsjcm®),
both side polished wafer, thickness 502 pm,
(b) high res/st/v/t¥6(~70 Qcm), low pur/'%/ (Czo-
chralski, 7.4x10'° oxygen atomsf/cm®), one
side polished wafer, thickness 480 um,

(c) low resistivity (0.01-0.02 Qcm), low purity
(antimony doped, carrier concentration
~2x10'® /cm3), both side polished wafer,
thickness 420 pm.

Fig. 2.

There are some ways to avoid superposition of the
above mentioned unwanted absorptions. Most simple
and widely used are selection and preparation of suit-
able sample as well as application of known reference
specimen to detect only the differences between the
investigated sample and the reference.
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To obtain information about the inherent impurity in a
sample, the respective absorption bands have to be
known. If quantitative results are wanted, the calibration
factor of this absorption is necessary. Another possibil-
ity is to measure corresponding quantity of same semi-
conductor samples with known concentration of the
same type of impurity species (calibration samples). To
determine the calibration factor, detailed investigations
have been performed on the commercially important
semiconductor silicon, GaAs and GaP.

One sort of impurity species has various possible
modes of vibration, what gives rise to various local
mode absorption bands. The spectral positions ofthese
bands shift with the sample temperature, with the re-
spective isotopes involved, possibly even due to some
entirely optical effect. Getting the most of these multi-
tude of data offers the possibility to detect also some
details about impurity species considered.

The electronic absorptions also exhibit a variety of
bands due to the transitions to various excited states.
The corresponding absorption coefficient and the re-
spective full-width at half-maximum depend on the sam-
ple temperature. Detection of electronic bands requires
cryogenic sample temperatures.

The main application of IR absorption spectroscopy in
the semiconductor industry is the quantitative determi-
nation of the impurity concentrations in single crystal
semiconductor material. For such analysis, the intensity
of the IR absorption bands produced by the selected
impurity is used as a measure of its concentration. In
contrast to much more expensive techniques such as
charged particle activation analysis, SIMS or the vac-
uum fusion method, IR spectroscopy is quite simple and
fast to apply for this purpose. The former techniques
were used only to calibrate the IR absorption for quan-
titative analysis.

The net concentration of dopants can be determined
from the electrical resistivity measured at room tem-
perature, whereas the chemical nature of impurities can
be analysed by IR absorption spectroscopy. They may
be classified as element impurities, pairs, complexes,
and precipitates. Some of them are electrically neutral,
the other are electrically active. For detection of electri-
cally neutral impurity species, IR spectroscopy is one of
the few techniques available. The presence of electri-
cally active impurities can be detected also by means
other than IR spectroscopy. These impurities generally
determine the free carrier concentration and thus can
be detected by electrical measurements. This tech-
nigue is not very species selective, however. Different
impurities give very similar results in the electrical prop-
erties, particularly in the Group Ill-V compounds. By IR
absorption spectroscopy, on the other hand, the spe-
cific species of impurity present in the semiconductor
can be identified.

II.1. IR absorption in silicon

The Czochralski grown silicon is the most widely used
semiconductor grade material for production of mi-
croelectronic devices. The major impurities present in it
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are oxygen and carbon. They are introduced during the
growth process with maximum solubility at melting
point 2x10'® atoms/cm? and 5x10'7 atoms/cm?, re-
spectively. Both impurities are electrically inactive, but
can seriously affect the carrier recombination process.
The oxygen atoms occupy interstitial sites in the lattice
and give rise to Si-O-Si bonds. Other oxygen species
such as complexes and precipitates (SiOx, 0<x<2) can
also exist in the silicon crystal and are detectable in the
IR absorption spectrum. The carbon occupy substitu-
tional sites in the silicon lattice leading to Si-C type of
bonds. The absorption bands due to local vibrations of
oxygen and carbon impurities are usually measured at
room temperature. Lower temperatures are required
only to improve delectability of very low concentrations.

Atomic hydrogen could be introduced into silicon due
to exposure to hydrogen-containing plasma. In
monocrystal silicon it can exists in various forms, that
can be analysed by IR absorption spectroscopy /3/.

Dopants of the Group IlI-V elements are added to the
silicon for manufacturing electrical devices. Commonly
used are phosphorous, boron, antimony, arsenic,
nitrogen etc. Measurement of IR absorptions due to
these dopants requires cryogenic temperatures.

Only a limited number of reliable absorption bands,
however, can be correlated to lattice defects /2/.

I1.1.a. Oxygen in silicon

Oxygen has been the most extensively studied impurity
in monocrystal silicon and is also one of the main
applications of IR spectroscopy in the semiconductor
material characterisation. During the device manufac-
turing process, the silicon wafer is subjected to several
heating cycles. During heat treatment, excess of the
interstitial oxygen can precipitate to other forms. Accu-
rate knowledge of the amount of oxygen in all forms
present in silicon has become very important with re-
spect to the development of the internal gettering tech-
nique. By this technique, it is possible to enhance the
performance of devices. The result of the process de-
pends strongly on content of oxygen involved in the
crystal.

Interstitial oxygen. Measurement of interstitial oxygen
content in silicon by IR absorption spectroscopy was
developed after Kaiser et al. described the motion of a
triatomic Si-O-Si “defect molecule” with the strongest IR
band located at ~1107 cm’’ /6/ (Figure 3). This band
has been used for many years for the precise quantita-
tive measurement of interstitial oxygen concentration in
silicon. The method is based on the linear relationship
between the oxygen content and the IR absorption due
to the localised vibration of interstitial oxygen:

Oi = Yox ttox

where oox is the absorption coefficient of the interstitial
oxygen vibration, and yox is the calibration factor. Up to
now, three international interlaboratory experiments
have been performed, where the precise value of Yox for
room-temperature measurements has been defined /7-
9/. Some sets of certified reference materials have aiso
been produced /9/. Determination accuracy of the ab-
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sorption coefficient, oox, depends on the particular sam-
ple. Many sources of measurement errors have been
observed, beginning with multiple reflections, followed
by residual oxygen content, thickness deviation be-
tween sample and reference, deviation in free carrier
absorption, deviation in sample temperature, reflectivity
of silicon, radiation scattering due to unpolished sur-
face, and error due to emissivity of the samples. Most
serious errors appears due to multiple reflections and
due to rough surface of the wafer /10,11/.

In the standard measurement procedure, the both-side
polished wafers are measured. Multiple reflections are
taken into account by suitable modification of the trans-
mission formula /7-11/.

In single-side polished wafers, the scattering of radia-
tion from the rough side of the wafer causes intensity
loss for measured spectra. In the literature, this effect is
dealt with differently. One possibility is to treat it as an
additional absorption process in the volume of the
sample: a new term is added to the absorption coeffi-
cient o, then the formula for both-side polished wafer is
applied /11/. Another possibility is based on complete
neglect of multiple reflections /10/. Instead of correc-
tions to standard procedure, two another possibilities
were proposed recently. One is to apply different experi-
mental set-up /12-14/ and the other to use the same
experiment, but different calculation /1 5/. Both possibili-
ties are reported to be successful. They enable to ap-
proach the lower detection limit of the interstitial oxygen
(1016 atoms/cm® or 0.2 ppma) by IR absorption spec-
troscopy also for the problematical high-resistivity sam-
ples. This detection limit represents the purity level of
the FZ silicon, that is required to account for vibrations
of crystal lattice. When the free carrier concentration
increases (i.e. the resistivity diminish), the detection
limit is larger.

Applying microscopic FTIR measurement taken in a
direction transversal to wafer cross section, the oxygen
solid-state outdiffusion from the substrate to the epi-
taxial layer was investigated /16,17/. The applied direc-
tion of IR beam enables to resolve the mixing of the
optical response of the epilayer and substrate. Due to
use of FTIR microscope, the authors were able to map
the thickness-profile of interstitial oxygen outdiffusion.
The step of applied mapping was ~25 pm.

Measuring absorption of interstitial oxygen at cryogenic
temperature, one can see nUMerous fine structure
bands due to isotopic effects and due to oxygen occu-
pying different sites in the crystal lattice /18/.

Precipitates of oxygen. At the relatively low tempera-
tures used during the device manufacturing process,
the oxygen-reach wafers are highly supersaturated.
When such silicon wafer is exposed to sufficiently long
thermal heating, oxygen concentration tends to its ther-
modynamical equilibrium. At temperatures above
250°C the oxygen atoms are mobile and reduce the
supersaturation through the outdiffusion or the forma-
tion of oxygen precipitates. Part of this process can be
followed by detecting the variation of the interstitial
oxygen content /19/. In addition, IR absorption spec-
troscopy offers also the possibility to follow the precipi-
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tation process. This is illustrated in Figure 3. Single side
polished Czochralski grown silicon wafer (initial con-
centration of oxygen 7.49x10'7 atoms/cm?®) was heated
at 750°C in nitrogen atmosphere for 32h. The IR absor-
bance spectrum shows onl%/ the change in the interstitial
oxygen content (6.68x10'7 atoms/cm?, Fig.3, curve b).
Then, the sample was heated at 1000°C in nitrogen
atmosphere for 16h. After that, the interstitial oxygen
content diminish considerably (3.99x10'7 atoms/cm?)
and 1229 ¢cm™! band due to oxygen precipitates ap-
pears (Fig. 3, curve c) /19/.
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Figure 3. Absorbance spectra of three high resistivity,
one side polished silicon wafers in the oxy-
gen stretching spectral region (room tem-
perature measurements) /15, 19/:
(a) reference sample, high gurity (float-zone,
<2x10'® oxygen atoms/cm®)

(b) low puyrity, 6.68 x10'7 interstitial oxygen
atoms/cm
(c) low purity, 3.99 x1 0'7 interstitial oxygen
atoms/cm

The strongest IR absorption bands due to oxygen pre-
cipitates are located near 1100 cm™' and 1280 cm™. For
quantitative estimates of the precipitate concentration,
the 1250 cm™! band can be used /3/. It is possible to
detect the amorphous structure of precipitates, being
either in SiOx (0<x<2) or in SiO2 form. In addition, the
crystobalite crystalline type was detected as well as the
conversion of one form into another with simultaneous
initiation of crystal defects /20/. Applying the theory of
average dielectric function of a composite medium and
optical constants of silicon and of appropriate silicon
oxide form (amorphous, crystalline), the connection
between the measured absorption band due to oxygen
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precipitates and their shape (needle, oblate, sphere,
disc) was established /21/.

In more recent years, the research is even more com-
plex, taking the full advantage of better measurement
equipment. It is possible to study the hydrogen - en-
hanced oxygen diffusion as well as formation of thermal
donors which are thought to be small aggregates of
oxygen atoms /22/.

The absorption bands related to aggregates of SiOz
disk-shaped precipitates were analysed in polarised IR
beam. The intensity of this band depends strongly on
light polarisation, what leads to conclusion that the
disk-shaped precipitates lie parallel to the wafer surface
/23/.

Oxygen microprecipitation was followed by micro-FT-IR
mapping system /24/. It was shown, that the process
depend upon initial micro-distribution profiles of inter-
stitial oxygen.

li.1.b. Carbon in silicon

Electrically neutral substitutional carbon can be de-
tected by measuring the local mode absorption band
due to stretching of C-Si bonds which appears at 607
cm™'. The determination procedure is similar to that of
interstitial oxygen. But it requires some more attention.
The carbon absorption band is overlapped by the main
two-phonon band of the silicon crystal lattice vibration.
This absorption has to be considered more exactly in
order to avoid increased experimental error. In addition,
the carbon band is considerably narrower (fuli-width at
half-maximum ~ 6 cm™') compared to the band due to
interstitial oxygen (~ 31 cm™). Therefore, higher resolu-
tion has to be applied /2,3,10/.

In silicon sample, that contains oxygen and relatively
large amounts of carbon, these unintentional impurities
influence one another. The carbon enhances both oxy-
gen precipitation and nucleation. the process can be
followed measuring the contents of oxygen and carbon.
Another possibility is to study the carbon-oxygen com-
plexes. In the IR absorption spectrum, some localised
vibrational modes in the spectral range of 1000-1120
cm™! are possible to obtain even at room temperature.
These bands are typically one order of magnitude
smaller than that of carbon. It was shown recently, that
the study of the nucleation kinetics together with IR
absorption measurements provides the model of nu-
cleation reaction of carbon-oxygen complexes /25/.

Il.1.c. Hydrogen in silicon

The action of hydrogen in silicon is very complicated. It
can binds defects and/or other impurity atoms to form
many kinds of hydrogen-related defect-impurity com-
plexes /26/. These complexes can give rise to many IR
absorption bands in the spectral range between 1800
cm™ and 2300 cm. IR data due to hydrogen in silicon
are complex and not yet solved satisfactorily. The
stronger absorptions are usually recorded at 2210 and
1946 cm™ /27/. According to the literature data, the
band at 2210 cm™! could be assigned to silane molecule
(SiHg4) sitting in a tetrahedral interstitial site or to four
hydrogen atoms at a vacancy /3/. The 1946 cm™! ab-
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sorption band is usually assigned to defects containing
only the Si-H groups /3/. In FZ silicon that was grown in
hydrogen atmosphere, the hydrogen-related vacancy-
oxygen complexes were obtained at 1954 cm™ and
2066 cm /28,29/.

il.1.d. Electronic bands of shallow-level impurities

The purest semiconductor-grade silicon samples con-
tain impurities in the 109-107% atoms/cm® concentration
range. These are substitutional impurities that give rise
to shallow acceptor (B, Al, Ga, In) and shallow donors
(P, As, Sb, thermal donors). The dopants introduce free
carriers that have high mobility at room temperatures.
When the sample is cooled down to 20K or less, the
electrons and holes become loosely bond to the defect
centres. Their transitions give rise to characteristic ab-
sorptions in the mid- to the far-IR. For samples with
thickness 2-10 mm, these absorptions can be seen in
IR absorption spectrum in the region 300-550 cm™.
Most of them are due to transitions of the electron or
hole to the ground state of the neutral impurities to the
pseudo-hydrogen levels below their respective and
edges. lonised centres and compensated impurities will
not be detected by this method. If the sample is illumi-
nated with photons having energy higher than the band
gap of silicon, excess electron-hole pairs can be gener-
ated. These excess carriers neutralise the ionised cen-
tres and the spectrum wiil show absorption bands
corresponding to the total impurity of the same chemi-
cal nature present in the sample. By this technique the
bands that are about a factor of 104 less than that of the
Jocal mode oxygen band can be detected /2,3/.

I1.2. IR absorption in llI-V compound
semiconductors

IR absorption in the group Ill-V compound semiconduc-
tors is possible in the transparent spectral region below
and within the fundamental bands of the polar crystal
lattice. The basic mechanism of absorption of IR radia-
tion are the local vibrational modes. If these modes lie
in the low-frequency region, they may fall in the contin-
uum formed by the host lattice modes. Such modes are
impossible to resolve.

Detection of impurities in GaAs or GaP is more compli-
cated than the analogous analysis in silicon. The ab-
sorption bands due to most impurities are usually too
weak to be detected in commercially thick wafers. Due
to small full-widths at half-maximum of absorption
bands (typically less than 2 cm™), high spectral resolu-
tion is required. With such measurement conditions,
interference fringes from multiple reflections of the IR
beam within the thin sample (1 mm or less) may be
dominated and may cause the local mode absorption
impossible to identify. For these reasons, routine con-
trol of commercially wafers is very difficult or even
impossible. The problem can be solved by thicker
slices. To sharpen the peaks and to increase their
intensities, the samples are cooled to liquid nitrogen
temperatures /2/.

The interpretation of results is more complicated as it is
for silicon. There are two possible substitutional sites in
GaAs: the gallium and the arsenic site. If different iso-
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topes are substituted into the crystal, a pronounced
frequency shift of localised vibrational modes can be
observed /2/. This effect was applied o study some
details of the bonding sites and of the bonding mecha-
nism for hydrogen impurity in the GaAs single-crystal
semiconductor. For this purpose, the frequencies of
hydrogen-tin and deuterium-tin pairs were compared
with analogous frequencies of hydrogen-silicon and
deuterium-silicon pairs /30/.

I1l. EXTERNAL REFLECTION
SPECTROSCOPY

On the edges of the transparent spectral region of a
semiconductor, the reflectance is recorded instead of
zero-approaching transmittance. If the incident and the
reflected light beams are outside the sample, the term
external reflection spectroscopy is used for such experi-
ment. There are many possibilities to measure the ex-
ternal reflectance of a sample. For analysis of homo-
geneous materials, the specular reflection {obeying
reflection law) is used.

In the most simple experiment, the unpolarized light that
reflects from the sample surface at near normal inci-
dence angle (<8°) is measured (Figure 4). It is as-
sumed, that all reflected light originates from reflection
on the front surface of the sample only. Such reflection
is called bulk specular reflection. These spectra are
applied to determine the properties of free carriers in
doped semiconductors /2/.

Iy !

Figure 4. Diagram illustrating near normal external re-
flectance measurement.

sample

The intensity of the reflected light changes significantly
depending upon the collection (or observation) angle
and upon the polarisation. This result of reflection at the
surface can be predicted by laws of classical electro-
magnetic theory. On metal surfaces, the intensity ofthe
reflected light reaches maximum at very large (grazing)
angles whereas for other materials (e.g. Si, glassy carb-
on etc.) this angle is somewhat smaller /31, 32/. Com-
bining this optimised collection angle together with
polarised IR light, the information about chemical spe-
cies present on the surface and their orientation can be
obtained. For this purpose, the appropriate reference
sample have to be measured to get the corresponding
change in normalised reflectance. This oblique inci-
dence external reflection spectroscopy has been
referred in the literature as IR reflection-absorption
spectroscopy. When metal substrates are used, the
optimised angle is very large and therefore the name
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grazing incidence reflection is used. To enhance the
sensitivity of oblique incidence reflection spectroscopy,
the number of reflections could be increased /31/. Vari-
ous attachments for this purpose are presented in Fig-
ure 5. The oblique incidence external reflection spec-
troscopy is used for analysing very thin films and sur-
face species on samples that have considerable bulk
specular reflection.

polarizer
Ld

sample

polarizer

’

Sample

mirror or sample

sample

Figure 5. Diagram illustrating oblique incidence exter-
nal reflection measurement.

lil.1. Free carriers in doped semiconductors

Electromagnetic radiation with sufficiently large wave-
lengths interacts with the free carriers in doped semi-
conductor and undergoes dispersion. In such circum-
stances, the light can not penetrate into the sample and
therefore reflects from it. This is the basic mechanism
that terminates more or less transparent spectral region
of the semiconductor at large wavelengths. The bulk
specular reflectance is measured usually (Fig. 4). The
obtained so-called plasma reflectivity spectra contain
informations about free carriers: their concentration,
mobility and effective mass. The determination method
has all benefits of optical spectroscopy: it is non-de-
structive, fast and easily performed.

Some more complicated situation arises where the
interaction of free carrier plasma and phonon lattice
modes have to be taken into account. In homopolar
semiconductor crystals (e.g. Si and Ge) this effect is
practically negligible. Coupled plasmon-phonon fre-
quencies were observed for GaAs, GaP, CdTe, PbTe,
etc. Analysing plasma reflectance of such samples,
phonon contribution has to be taken into account /33/.

I11.2. Surface characterisation
The observation of vibrational spectra of species di-

rectly bound to the substrate surface is crucial to under-
standing the mechanism of growing good-quality thin
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films on atomically flat surfaces (e.g. on Si wafers). IR
external reflection spectroscopy at oblique incidence
angle is one ofthe techniques available for this purpose.
It is completely non-destructive: the commercial wafer
can be measured at low vacuum or in desired atmos-
phere.

This technigue was used recently to study the oxidation
and fluorination of the Si(111) surface /34/. Reflectance
of p-polarised light was related to absorptions arising
from Si-H, Si-O, and Si-F bonds on atomically flat Si
wafer surface.

IV. INTERNAL REFLECTION
SPECTROSCOPY

When the IR beam from optically denser medium im-
pinges onto the optically rare medium, its reflection is
called internal reflection. Beyond the critical angle, the
incident light is totally reflected. If the rarer medium is
an IR absorptive material (or if IR vibrations are located
on the interface), the reflected light bears information
about the absorption spectrum in the rare medium. The
optically dense transparent material forms so-called
internal reflection element (IRE). Typical shapes of
[RE are shown in Figure 6. By specifical design, one
internal reflection (Fig. 6 a) or multiple internal reflection
(Fig. 6 b and ¢) can be achieved.

The decrease in total internal reflection that is observed
when an absorbing material is in contact with IRE is
called attenuated total refiection (ATR). The big ad-
vantage of IR-ATR spectroscopy is in the investigation

a IRE

sample

sample

b IRE

sample

sample

Typical internal reflection elements (IRE) for
one internal reflection (a), and for multiple
internal reflections (b and c).

Figure 6.
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of molecular orientation. For this purpose, linearly po-
larised light is applied.

IV.1. Surface and interface morphology

In the majority of semiconductor surface analysis the
semiconductor itself is used as an IRE. The wafers are
bevelled at opposite ends to couple the IR beam in and
out (see Figure 6 b and c¢) and to apply the multiple
internal reflection technique. Such measurements are
used to analyse the physical and chemical state of the
surface. Mostly the adsorption of hydrogen due to the
chemical removal of the surface oxide by hydrofluoric
acid (HF) solution is studied. Such removal of oxide
from silicon wafer surface produces very inert hydro-
gen-covered surfaces that are contaminant-free and
stable at room temperature.

Recently, a series of multiple internal reflection meas-
urements were reported to study the surface cleaning
of Si wafers on a molecular level. Si-H stretching vibra-
tions were analysed in terms of monohydrides, dihy-
drides, and trihydrides /35, 36, 37/.

Applying the same technique, the microscopic removal
mechanism during the chemo-mechanical polishing of
silicon was analysed /38/. It was shown that after this
surface shaping process a surface termination by hy-
drogen predominates on a defect-free, atomically flat
(111) and (100) Si surfaces. This H-termination is re-
sponsible for the strong hydrophobicity of the surface
and its chemical stability in air.

By multiple internal reflection spectroscopy, the inter-
face of bonded hydrophylic and hydrophobic wafer
pairs were studied /39/. Analysing Si-Hx (x=1, 2, 3) and
SiO-H stretching modes, it was obtained that Si-H
bonds might be involved in the bonding of both wafers.

V. CONCLUSIONS

IR spectroscopy is a powerful technique for charac-
terising bulk materials used for microelectronic devices.
[t is one of very few techniques available for efficient
non-destructive analysis of chemical nature of the sam-
ple. A large variety of techniques are now being used
to observe the spectra for many configurations of the
sample. Some of this techniques are relatively simple in
concept, the other are more sophisticated. The ob-
tained results may help to understand and to controt the
chemical and physical processes inside the material as
well as on its surfaces.

VI. REFERENCES

/1/ M. T. Bohr, Appl. Surf. Sci. 100/101 (1996), 534-540

/2/ K. Graff, in Analysis of Microelectronic Materials and Devices,
Ed. by M. Grassebauer and H. W. Werner, John Wiley and
Sons Ltd. 1991, p.77-96

/3/ K. Krishnan, P. J. Stout, M. Watanabe, in Practical Fourier
Transtorm Spectroscopy, Academic Press, Inc., 1990, p. 285-
349

/4/ J. E. Franke, T. M. Niemczyk, D. M. Haaland, Spectrochim.
Acta 50A, (1994), 1687-1723



Informacije MIDEM 27(1997)1, str. 23-30

M. KlanjSek Gunde: Infrared Spectroscopy as
Analysing Tool for Materials Used in Microelectronics

/5/ M. Klanjsek Gunde and B. Aleksandrov, Appl. Optics 30
(1991}, 3186-3196

/6/ W. Kaiser, P. H. Keck, and C. F. Lange, Phys. Rew. 101 (1956),
1264-1268

/7] T. lizuka, S. Takashu, M. Tajima, T. Arai, T. Nozaki, N. Inoue,
and M. Watanabe, J. Electrochem. Soc. 132 (1985), 1707-
1713

/8/ A. Baghdadi, W. M. Bullis, M. C. Croarkin, Yue-zsen Li, R. 1.
Scace, R. W. Series, P. Stallhofer, M. Watanabe, J. Electro-
chem. Soc. 136 (1989), 2015-2024

/9/ R. Murray, K. Graff, B. Pajot, K. Strijckmans, S. Vandendriess-
che, B. Griepink, and H. Marchandise, J. Electrochem. Soc.
139 (1992), 3582-3587

/10/ P. Stalihofer, D. Huber, Solid Stated Technol. 26 (1983), 233-
237

/11/ F. Schomann and K. Graff, J. Electrochem. Soc. 136 (1989),
2025-2031

/12/ H. Shirai, J. Electrochem. Soc. 138 (1991), 1784-1787
/18/ H. Shirai, J. Electrochem. Soc. 139 (1992), 3272-3275

/14/ Y. Kitagawara, M. Tamatsuka, and T. Takenaka, J. Electro-
chem. Soc. 141 (1994), 1362-1364

/15/ M. Klanj$ek Gunde, Appl. Spectrosc. 50 (1996), 1156-1160

/16/ M. Geddo, B. Pivac, A. Borghesi, and A. Stella, M. Pedrotti,
Appl. Phys. Lett. 57 (1990), 1511-1513

/17/ M. Geddo, B. Pivac, A. Borghesi, and A. Stella, M. Pedrotti,
Appl. Phys, Lett. 58 (1991), 370-372

/18/ H. Saito and H. Shirai, Jpn. J. Appl. Phys. 34 (1995), L1097-
1.1099

/19/ Marijan Madek, Disertacija, Univerza v Ljubljani, Fakulteta za
elektrotehniko in racunalnistvo (oktober 1991)

20/ K. Tempelhoff, F. Spiegelberg, R. Gleichmann, and D. Wruck,
Phys. Stat. Sol. (a) 56 (1979), 213-223

21/ S. M. Hu, J. Appl. Phys. 51 (1982), 5945-5948
/22/ R. Murray, Physica B 170 (1991) 115-123

/23/ A. Borghesi, B. Pivac, and A. Sassella, Appl. Phys. Lett. 60
(1992), 871-873

/24/ E. lino, |. Fusegawa, and H. Yamagishi, Appl. Spectrosc. 47
(1993), 1488-1491

/25/ H. Yamanaka, Jpn. J. Appl. Phys. 33 (1994), 3319-3329
/26/ E. E. Haller, Semicond. Sci. Technol. 6 (1991), 73-84

30

Prispelo (Arrived): 29.01.1997

/27/ P. Déak, L. C. Snyder, M. Heinrich, C. R. Ortiz, and J. W.
Corbett, Physica B 170 (1991) 253-258

/28/ Meng Xiang-Ti, Semicond. Sci. Technol. 4 (1989), 892-894
/28/ X. T. Meng, Physica B 170 (1991) 249-252
/30/ R. C. Newman, Semicond. Sci. Technol. 5 (1990), 911-913

/31/ W. Suétaka, in Methods of Surface Characterization, Volume
3, Plenum Press, New York and London (1995)

/32/ M. C. Porter, Anal. Chem. 60 (1988), 1143A-1155A
/33/ A. A. Kukharskii, 13 (1973) 1761-1765

/34/ M. Okuyama, M. Nishida and Y. Hamakawa, Jpn. J. Appl.
Phys. 34 (1995), 737-740

/35/ L. Li, H. Bender, G. Zou, P. W. Mertens, M. A. Meuris, and M.
M. Heyns, J. Electrochem. Soc. 143 (1996), 233-237

/36/ H. Ogawa, K. Ishikawa, M. T. Suzuku, Y. Hayami, and S.
Fujimura, Jpn, J. Appl. Phys. 34 (1995), 732-736

/37/ C. H. Bjorkman, M. Fukuda, T. Yamazaki, Jpn. J. Appl. Phys.
34 (1995), 722-726

/38/ G. J. Pietsch, Y. J. Chabal, G. S. Higashi, Surface Sci. 331-333
(1995), 395-401

/39/ M. Reiche, S. Hopfe, U. Gésele, Q. Y. Tong, Appl. Phys. A 61
(1995) 101-105

dr. Marta KlanjSek Gunde, dipl. ing.
Kemijski institut,

Hajdrihova 19

1115 Ljubljana, Slovenija

tel. +386 61 1760 291

fax: +386 61 1259 244

e-mail: marta.k.gunde@ki.si

Sprejeto (Accepted): 25.02.1997



UDK621.3(53+54+621+66), ISSN0352-9045 Informacije MIDEM 27(1997)1, Ljubljana

RESEARCH OF POLYESTER FILM FOR ELECTRONIC
COMPONENTS
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(1) HIPOT- P&EMS, Sentjernej, (2) IEVT, Ljubljana

Keywords: passive electronic components, PCB, Printed Circuit Boards, polyester films, polymeric polyester, electrical potentiometers, surface
treating, UV irradiation, surface energy increasing, promotion of adhesion, resistive paste deposition, quality control.

Abstract. Polyester film is frequently used material in electrical industry. It is used as dielectric and as substrate for different printed circuits. Poor
adhesion and low surface energy are the most significant properties of polyester film.

Different methods of surface treatment of polyester were used to achieve promotion adhesion for applying polymer resistive paste for
potentiometers. Methods of surface treatment with UV and control method were developed.

Raziskava lastnosti poliester traku za podlago
elektronskih komponent

Kljuéne besede: deli sestavni elektronski pasivni, PCB plo&ée vezja tiskanega, plasti poliesterske, polimer poliester, potenciometri elektricni,
obdelava povrsinska, UV obsevanje ultravijeli¢no, povecanje energije povrsinske, povedanje adhezije, nanosi past uporovnih, kontrola kakovosti.

Povzetek: V proizvodnji pasivnih elektronskin komponent in tiskanih vezij, se za podlage teh elementov vedno pogosteje uporablja polimer
poliester. Dobri lastnosti poliestra sta nizek odstotek vsebnosti viage in majhna povrsinska energija, ki pa jo lahko z ustrezno obdelavo povecamo
do potrebne velicine.

V svetu so znane razli¢ne metode za povrsinsko obdelavo poliestrskih trakov za doseganje dobre adhezije, oziroma povecanje povrsinske energije
na osnovni plasti, ki je potrebna za nanos polimerne uporovne paste za potenciometre. Predstavijamo metodo obdelave povisine poliester traku
z UV Zarki, ki z ustrezno kontrolo omogoda izdelavo kvalitetnih potenciometrov.

1. INTRODUCTION Some methods of surface treatment are:

. * Corona discharge treatment:
Polyester film based on polyethylene terephthalate is — Corona discharge treatment is based on high volt-
widely used in electrical industry as dielectric and as a age, high frequency discharge in air. The sample
substrate for printed circuits. There are some reasons, passes through the discharge region between two
why polyester is so often specified for this and many electrodes.
other applications. Film combines exceptional strength * Thrichloroacetic acid (TCA) treatment:

and durability with good dimensional stability, has low
water absorption capacity and is resistive to attacks of
many chemicals, especially oils and solvents used in
the electrical industry. The absence from plasticizers
makes film highly acceptable for deposited coatings
and ensures negligible outgassing during processing.

— 5 to 10% solution of acid in tholuene or water is
used. After application the TCA must be heated for
approximately one minute at 80 °C to 120 °C to
remove the solvent.

° UV treatment:
- The sample is exposed to UV lamp.
In this paper we will introduce the use of polyester film
in production of potentiometers. Instead of standard 2. EXPERIMENTAL
phenolic paper we have used polyester film as a sub-

strate, especially for its low water absorption capacity Two different methods of polyester films treatment were
and its absence of plasticizers. compared. The first half of polyester strips was exposed
Significant propetrties of polyester films are their low fo corona discharge and the second half of strips was
surface energy, poor wettabiiity and adhesions to poly- irradiated with the UV [ST- famp with energy of 3.0 kW.
mers. The UV lamp treatment system was developed by

P&EMS. Various exposure times of corona discharge

The surface energy of a solid substrate affects directly -
and UV lamp were tried.

no matter how well a liquid wets the surface.

Different surface treatment methods can improve wet- The adhesion of polyester was tested with ICI pencil

tability of the materials by increasing the material’s (test method of polyester film producer ). On the poly-
surface energy, and adhesive characteristics are posi- ester strip we painted the 3x3 cm square and we ob-
tively affected by creating bonding sites. served disappearing of the colour. If the colour remains
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on the surface, the treatment to improve adhesion is
successful.

The treated strip was deposited with polymer resistive
paste of potentiometer. The box, which we used to
deposit polymer resistive paste was layed on the treated
polyester strip. A polymer resistive paste was applied
on the strip by moving the box on the strip.

A deposited strip was dried for 30 minutes in dry cham-
ber at temperature of 160 °C. A dry polyester strip was
punched to get potentiometers resistive plates. The
obtained resistive plates were used to compose poten-
tiometers.

Potentiometers’ humidity test was done to examine the
low water absorption of polyester film. The test was
done at the temperature of 40 °C. The relative humidity
was 93 %. The resistance change was obtained from
the measurements of the potentiometer resistance at
the beginning and at the end of the test.

3. RESULTS AND DISCUSSION

In Table 1 the duration of treatment of polyester film and
adhesion after treatment for two different treatments are
shown.

Table 1:  Time of treatment and achieved adhesion
Method of time of treatment ;
treatment (5] adhesion

7 good
corona 15 good
60 good
B 12 good

UViamp 15 good ]
18 good

The corona discharge treatment gives a satisfactory
adhesion after 7, 15 and 60 seconds but this treatment
has also a disadvantage. The coating of polymer resis-
tive paste must follow immediately because the corona
discharge treatment quickly loses its effectiveness with
time.

The treatment with UV lamp also showed. good adhe-
sion after 12, 15 and 18 seconds of irradiation. UV-

Table 2:  Humidity test of polyester film

Nominal resistance is 50 kQ

Nurmber of é%?é%??é‘set RIS | SR
o [%] %]
1 -8.83 -9.19 -0.26
2 -7.58 -6.15 1.43
3 -13.89 -13.39 0.50
4 -1.97 -0.95 1.02
5 -6.15 -5.48 0.67
6 -9.61 -8.73" 0.88
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Table 3: Humidity test of phenolic paper laminate

Nominal resistance is 50 kQ

Numberol | (SSRGS | SRS | nged
[%] (%] [%]
1 2.7 6.4 3.7
2 10.5 14.4 3.9
3 6.0 10.4 4.4
4 1.9 58 3.9
5 1.5 1.9 0.4
6 -7.7 -4.7 3.0

treated polyester strips may be stored up to three
months without losing the effectiveness.

in Tables 2 and 3 the humidity test of potentiometers
made by polyester film and phenolic paper laminate is
presented.

The variation of resistance is greater in potentiometers
made of phenolic paper laminate. The resistance meas-
urements are given as percents of the nominal resis-
tance of potentiometer which is 50 kQ. The results
indicate that the substrate used strongly influences the
change of the resistance in wet heat. That fact proves
the resistance of polyester to the water vapour absorp-
tion.

4. CONCLUSION

The results of our investigation show that polyester films
can be used as a substrate of potentiometers instead of
phenolic paper laminate. For potentiometer production
the UV treatment is simple and suitable method to
achieve promotion adhesion for applying polymer resis-
tive paste, because the treated polyester films may be
stored up to three months, before effects of treatment
are lost.
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CHARACTERISATION OF VACUUM OUTGASSED
PLASTIC MATERIALS FOR MINIATURE RELAYS
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Institute for Electronics and Vacuum Techniques, Ljubljana, Slovenia

Keywords: miniature relays, vacuum outgassing, vacuum cleaning, functionat reliability, mass spectroscopy, plastic materials for electronics

Abstract: Vacuum outgassing as a cleaning procedure was introduced and its influence on the contact characteristics and reliability of miniature
relays was examined. Three plastic materials: Lexan, Araldit and Ultramid were considered. The conditions of high vacuum (1x1 06 mbar) and the
temperature of 135°C were provided by the laboratory experimental equipment where plastic materials were outgassed for 48 hours. The gas
mixture obtained by the outgassing procedure was analysed with the mass spectrometer. Beside other gases saturated and unsaturated
hydrocarbons CaHm with low number of carbon atoms were detected. The most intensive contamination of the relay atmosphere with hydrocarbons
was found for Araldit while the other two materials have rather low outgassing rate therefore its influence on the relay atmosphere contamination
is negligible.

Karakterizacija vakuumsko razplinjenega plasticnega
materiala za miniaturne releje

Kljucne besede: releji miniaturni, razplinjevanje vakuumsko, &i$&enje vakuumsko, zanesljivost delovania, spektroskopija masna, materiali plastiéni
v elektroniki

Povzetek: Predstavijen je vpliv vakuumskega razplinjevanja kot &istilnega postopka na izboljSanje kontaktnih lastnosti in zanesljivosti delovanija
miniaturnih relejev. Sistematiéno smo raziskali vakuumsko razplinjevanje treh plastiénih materialov za releje: Lexan, Araldit in Ultramid. V visokem
vakuumu pri tliaku v razredu 1x10°° mbar in 135°C smo v laboratorijski eksperimentalni napravi 48 ur razplinjevali plastiéne materiale. V plinski
mesanici sprodéenih plinov pri razplinjevanju smo z masnim spektrometrom ugotovili vrsto primesi, med drugim tudi nekatere nenasicene
ogljikovodike CnHm z nizkim Stevilom ogljikovih atomov, ki jih je najveé v Aralditu in povzrodajo onesnazenje atmosfere v releju. Ostala dva materiala
imata nizko stopnjo razplinjevanja in na onesnazenje atmosfere v relejih le malo vplivata.

1. Introduction ual plastic materials were outgassed first for 2 hours at

the room temperature and then for 48 hours at 135°C.
It is very important to know the outgassing properties The totail pressure for both measurements was about
(1-4) of plastic materials for electronic components 1x10® mbar. The gas mixture was controlled also after
because they to the great extent influence on the quality 24 hours.

and the reliability of miniature relays. The increasing of
the contact resistance (5-8) as well as the reliability of a
relay are dependent on the outgassing rate of its com- S S
ponents. Therefore we examined the outgassing proce- T ®— ]
dure as a cleaning procedure for the surfaces of three
different materials which are most frequently used for
miniature relay construction. Detailed analysis showed
that the concentration of gas impurities depend on the
materials as well as on their treatments in different
technological phases.

2. Experimental

P

Experimental part of our work was done in the labora-
tory experimental vacuum setup (Fig. 1) which was
additionally equipped with the mass spectrometer Leisk
SM 1000M for gas analysis during vacuum outgassing
procedure. In high vacuum three plastic materials
Lexan, Araldit and Ultramid were outgassed. Samples
of equal mass were prepared for that purpose.

First the composition of the outgassed gas mixture was

determined for the empty vacuum chamber at the room Fig. 1. Experimental vacuum system for outgassing
temperature (23°C) and after the baking for 24 hours at process: 1-vacuum chamber, 2-vacuum sys-
135°C and the total pressure of 4.4x10°® mbar. After tem, 3-PNG head, 4-PRN head, 5-mass spec-
heating of the outgassing vacuum chamber the individ- trometer, 6-plate valve, 7-N2 chamber.
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3. Results and discussion

Mass spectrum presented in Fig. 2 was taken after 24
hours baking of empty vacuum chamber at 135°C and
4.4x10°® mbar. High peaks of hydrogen (m/e=2) and
water vapour (17 and 18) can be seen together with the
peaks belonging to the hydrocarbons from the rotatory
vacuum pump. The next spectrum (Fig. 3) indicates the
composition of the gas mixture after 2 hours of outgass-
ing of Lexan (23°C, 1.6x1 0°® mbar). Mainly hydrogen (2)
and water (18) peaks are detected. Gas mixture of the
outgassed Lexan was analysed (Fig. 4). Spectrum is
nearly identical to the one taken after 24 hours (the
same temperature and pressure) not presented here.
We made a conclusion that the Lexan surface has been
completely outgassed already after 24 hours.

Araldit was considered next. Its outgassing was inten-
sive already at the room temperature and the total
pressure 8x10°® mbar (Fig. 5). Beside hydrogen and
water peaks high peaks belonging to hydrocarbon with
m/e=30 appeared. It is present (Fig. 6) also after the
longest period of outgassing (48 hours, 135°C, 1.2x10°
mbar). Mass spectrum of Ultramid (Fig. 7) was taken
after 2 hours (23°C, 1x10° mbar). High peaks belonging
to hydrogen and water were noticed which disappeared
already after 24 hours (135°C, 5.4x106 mbar) of out-
gassing so that the spectrum after 48 hours (Fig. 8) does
not differ significantly from that one taken after 24 hours
of outgassing.

Fig. 2. Mass spectrum of the outgassed empty
chamber (135°C, 24 hours, total pressure
4.4x10°° mbar).

Fig. 3. Mass spectrum of the outgassed products

made of Lexan (23°C, 2 hours, total pressure
1.6x10°° mbar).

Mass spectrum of the outgassed products
made of Lexan (135°C, 48 hours, total pres-
sure 4.5x10°° mbar).

Fig. 4.

Fig. 5. Mass spectrum of the outgassed products
made of Araldit (23°C, 2 hours, total pressure

8.0x107° mbar).
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Fig. 6. Mass spectrum of the outgassed products
made of Araldit (135°C, 48 hours, total pres-

sure 2.1x10°° mbar).

It must be mentioned that taking mass spectra some
corrections like different specific ionisation energies of
gases and the decreasing of the quadrupole mass
spectrometer sensitivity with the increasing specific
mass were not taken into account.
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Mass spectrum of the outgassed products
made of Ultramid (135°C, 48 hours, total pres-
sure 5.4x10° mbar).

Fig. 8.

4. Conclusions

Gas mixture obtained as a residue atmosphere after
outgassing of the three most common plastic materials
used for miniature relays (Lexan, Araldit and Ultramid)
was analysed with the quadrupole mass spectrometer.
Hydrogen, water and hydrocarbons (mostly the one
with m/e=30) were detected.

After 24 hours of outgassing at 135°C and total pressure
of about 1x106 mbar all the materials except Araldit
were completely outgassed.
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Because of the high outgassing rate of Araldit in com-
parison with Lexan and Ultramid the relay inner atmos-
phere (when Araldit was used) was highly contami-
nated. As a consequence the contact resistance of
miniature relays was considerably increased.
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APLIKACIJSKI CLANKI
APPLICATION ARTICLES

Total Organic Carbon - TOC in Water

Part I: Measurement and Instrumentation

1. Sorli
MIKROIKS d.o.o0., Ljubljana, Slovenia

1.0 INTRODUCTION

The content of organic substances is an excellent indi-
cation of water quality. Monitoring of TOC - Total Or-
ganic Carbon - proved to be a fast, simple and reliable
method of water analysis.

TOC monitoring systems are used in various industrial
areas. The applications are process and waste water
monitoring, high purity or cooling water analysis. Fur-
thermore, TOC analysers can be applied to assess
pollution levels in municipal waste water, drinking
water, ground and surface water.

Table 1. Typical applications and users of TOC instru-
mentation
} APPLICATIONS USERS

Process water Chemical industry

Waste water Foodstuff industry

Cooling water Power plants

Boiler feed water Semiconductor industry

Reclaim water Electronics industry

Semiconductor and

High purity water Pharmaceutical industry

Surface water Paper industry

Ground water Textile industry

Drinking water Mineral oil rafineries

Airports

Waterworks

Sewage plants

Research facilities

Traditional water quality parameters were COD (Chemi-
cal Oxygen Demand) and BOD (Biochemical Oxygen
Demand).

For BOD measurement bacteria and nutrients are
added to the water, and their consumption of oxygen is
recorded, generally in mg/t of water.
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On the other hand, for COD measurement, concen-
trated sulfuric acid and chromium are used to establish
the maximum possible oxygen consumption of the
sample. In the river Rhine in 1992 at the German - Dutch
border, the BOD was measured at an average of three
mg/l and the COD was 10 mg/l, /1/.

However, the laboratory measurements of these pa-
rameters are time consuming and not suitable for the
quality control. On-line versions of COD and BOD moni-
tors are available, but very expensive and not reliable.

TOC can offer cost - effective, quick and reliable moni-
toring. The TOC values can be correlated with the COD
and BOD values if necessary. Of course, the relation-
ship depends on kind of water pollution. As a rule of
thumb: COD = TOC x 3 and BOD = TOC x 1.

In table 1 some applications and typical users of TOC
instruments are shown.

2.0 CONVENTIONAL LABORATORY
BASED METHODS FOR TOC ANALYSIS

TOC analysis methods were originally developed in the
early 1960s to understand better the contents and treat-
ment of drinking and waste water, /2/. Consequently,
these methods were developed to detect high values of
TOC. As the market expanded and more commercial
suppliers offered instruments, variation of the original
designs intended for lower concentrations appeared.

Analytical technologies utilized to measure TOC share
the objective of completely oxidizing any organic mole-
cules in a water sample to carbon dioxide (COz2), meas-
uring the resultant CO2 level and then expressing this
response as carbon concentration. Included in these
techniques are combustion oxidization, flame ionization
detection, wet oxidation using acid, persulfate and NDIR
detection, calorimetric methods and aqueous conduc-
tivity methods.

2.1 Combustion Oxidation

The original combustion oxidation method measures
total carbon (TC). ltrequires sample injection by syringe
into a high temperature furnace with a platinum or
cobalt catalyst. This process theoretically oxidizes all of
the carbon materials to CO2 which is directly propor-
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tional to the organics present in the sample. Then, the
CO2 is swept into a non-dispersive infrared detector
(NDIR) by a stream of dry nitrogen for final measure-
ment.

A variation of this method employs a stream splitter
which directs equal parts of the sample to two furnaces
at different temperatures to measure the total inorganic
carbon (TIC) at 150°C, and TC at 950°C. The TOC can
then be calculated as:

TOC =TC-TIC

2.2 Flame lonization Detection

Another early method for high TOC concentrations em-
ploys flame ionization detectors (FID) which reduce the
CO2 content to methane (CH4). Sample oxidation re-
quires the addition of sodium persulfate and a heated
catalyst. Additional plumbing allows the volatile or pur-
geable organics to be measured. These systems are
quite complicated and require hydrogen for the FID
operation in addition to the acids, oxidants and carrier
gases.

2.3 Wet Oxidation Using Acids, Persuliate, and
NDIR Detection

The persulfate/NDIR methods are common in labora-
tory units. An acid is added to the sample water to
reduce the pHto 2-3. At this low pH the inorganic carbon
is oxidized to CO2 and measured. All remaining carbo-
naceous compounds are assumed to be TOC. Persul-
fate is added, sometimes with heating and/or UV
radiation, to expedite oxidation of the remaining or-
ganics to CO2. The CO2 which is directly proportionat
to the amount of TOC in the original sample, is then
measured in an NDIR detector.

2.4 Calorimetric Methods

After sample acidification and sparging of the released
COz2 from inorganic carbon, persulfate is added in the
presence of UV radiation to oxidize the organics in the
sample water. The CO2 produced passes through a
semipermeable membrane and then is dissolved into a
dilute, buffered phenolphthalein solution. The colour of
this solution is sensitive to the pH changes caused by
the process and is measured in a spectrophotometer at
530 nm.

2.5 Aqueous Conductivity Methods

CO2, produced by the acid/persulfate oxidation with
possible UV assistance, can be measured for conduc-
tivity changes after dissolution into ultra-pure water. The
change in conductivity is a direct function of the TOC
present in the water sample. In the addition to the
reagents required, these methods must include an in-
dependent water system capable of producing theoreti-
cally pure water at 18.2 Mohmcm resistivity.
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3.0 TOC IN ULTRAPURE WATER (UPW)

High-purity water has a very low conductivity (high
resistivity). The theoretical specific conductance of
“pure” water at 25 °C is 0.055 puS/cm (specific resistivity
of this water is 18.15 Mohm-cm). When the conductivity
of high purity water is measured at temperatures other
than 25 °C only temperature compensation algorithms
within microprocessor controlled instruments are ade-
quate to provide reasonable estimates of the true con-
ductivity at 25 °C.

TOC is present in high-purity water in very small
amounts. TOC levels of less than 250 ug/l for PW
(pharmaceutical Purified Water), 50 ug/l for WFI (phar-
maceutical Water-for-Injection) and 10 pg/l or below
(semiconductor UPW) are the norm in well controlled
HPW systems. For these high-purity water TOC levels,
the pg/i units are usually expressed as parts per billion
(ppb). Semiconductor manufacturers have been ai-
ready for a long time monitoring TOC in the HPW and
many correlations with electrical parameters already
exist. However, in pharmaceutical water only in near
future the measurement of TOC is intended to replace
the current USP oxidizable substance limit test for the
detection of organic compounds.. TOC test is non-se-
lective, sensitive, rapid, quantitative and highly repro-
ducible. System suitability rather than a specific method
of TOC analysis will be used to validate this measure-
ment.

3.1 ATOC Analysis Method Designed
Specifically for On-Line Process Monitoring

We have noted that recent trends favour the transition
of laboratory analytical technigues to the on-line proc-
esses. Advantages include accurate trend information,
continuous monitoring, early detection of potential up-
sefs and, in many cases, reduced operational atten-
dance resulting in lower costs.

In 1984, Anatel Corporation developed an advanced
and patented method for measuring TOC in high purity
water, /3/. This new technology, in addition to providing
enhanced performance, was engineered into instru-
mentation designed specifically for on-line process
monitoring. The equipment is reliable, rugged beyond
the conventional standards of laboratory instrumenta-
tion, and provides detection limits for TOC that have
never before been approached.

3.2 Operating Principle of the Anatel TOC
Technology

As with most significant new technologies, its appeal
lies in the elegant simplicity of the method, /4/. Anatel
eliminates the need and inconvenience of reagents,
gases, and heating devices to achieve full oxidation of
organics in the sample water.

The instrument’s compact design permits monitoring of
each critical water purification component for optimal
performance throughout the system. In on-line opera-
tion, a side stream of water is directed through the
instrument’s analysis cell for a user selected period.
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During this Sample Time, the resistivity and the tempera-
ture of the water are measured and displayed continu-
ously.

Atthe end of the Sample Time, the internal valve closes,
“capturing” the water sample which is exposed to 185
nm UV radiation to begin oxidation. The optimally de-
signed configuration of the UV lamp, quartz window,
and reaction-enhancing titanium electrodes within the
cell enssures efficient, complete, and reproducible oxi-
dations.

The photocatalytic reaction produces hydroxyl radicals
(¢ OH) on the surface of the titanium electrodes. These
*OH groups are strong oxidants and replace the per-
sulfates that are needed in conventional instruments.
This photocatalysis, along with a proprietary set of
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Figure 1:  Schematic of the A-1000 Analysis Cell

sophisticated software algorithms for monitoring the
reaction, assures complete oxidation of the organics.

CxHxOx — (HOH,UV+TiO2) — CO2+H20

The CO2 which is produced during the oxidation proc-
ess disolves into the water and forms carbonic acid
which dissociates into conductive ionic species:

H20 + CO2 » HY + HCO3 — 2HT + CO3~

The change in conductivity due to the dissolution of CO2
into the water is directly proportional to the concentra-
tion of TOC originally present in the sample.

cals

0BT Contrglier

£y e Crghts

el

o

P 5480

G

Gat
#6237

Lacal Prinksr

BwEY Helwark Frintier
fstr i

Gatews
RE2AD Imtorldne

‘ '\tﬁd’mpwa‘r“
[t &cquisition
i

Frisie

Bl SE
&
_A-100P SE

Seagpronien

Termahivagior

Figure 3:

Schematic of the A-1000 network system with cable, connectors, connector block and multiple sensors
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3.3 A-1000 Instrument Configuration

The minimum Anatel A-1000 TOC Analysis System
combines a Controller and a Sensor unit. Multiple Con-
trollers and Sensors may be linked together via a pro-
prietary local area network (A-Net) to furnish a wide
variety of potential system configurations. Possible ap-
plications include differential TOC measurements be-
tween two sensors.

C80 CONTROLLER

The C80 Controller serves as a control/display device
for the A-1000 TOC measurement system. A 4-line by
16-character display presents information. Function
and edit keys provide the ability to display and modify
the various parameters which control the Sensor’s op-
eration.

S10 SENSOR

The S10 Sensor is the basic A-1000 analysis device. A
1-line by 16-character display reports current TOC val-
ues in ppb. Operation parameters fo the S10 are estab-
lished through a C80 Controller.

S20 SENSOR

The 520 combines the analytical and interface capabili-
ties of the S10 Sensor with a C80 Controlier. This union
allows the control and reporting of the Sensor to be
integrated into a single enclosure. The S20P Sensor’s
incorporation of an integral printer furnishes total instru-
ment portability with point-of-use reporting capabilities.

3.4 A-1000 Operation Modes

The Anatel A-1000 TOC Sensors operate in one of five
modes:

1. AUTO TOC

Auto TOC is the analysis mode for monitoring ultrapure
water systems. The Sensor automatically performs suc-
cessive measurements, reporting the TOC level, con-
ductivity and temperature of the water stream at the end
of each analysis cycle.

2. PURGE MODE

The Purge Mode opens the Sensor’s internal solenoid
valve, allowing water to flow through and flush the
measurement cell. Conductivity and temperature read-
ings are continually updated and printed either at user-
selected time intervals or based on a change
precentage as dictated by the instrument’s operational
parameters. The Purge Mode is used to check the
sample water flow rate through the Sensor.

3. DIFFERENTIAL MODE

The Differential Mode is a comparison of two Sensors’
Auto TOC or Purge Mode readings. A primary and a
reference Sensor report their respective and differential
measurements at the end od each analysis cycle.

4. MANUAL MODE

The Manual Mode allows the user to interrupt automatic
operation and manually initiate an analysis cycle.
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5. SELF-CLEAN MODE

In the Self-Clean Mode, the Sensor’s solenoid valve is
opened to allow water to flow through its measurement
cell. The UV lamp is turned on to oxidize any organic
contaminants,which are subsequenty flushed from the
cell by the water flow. Conductivity and temperature are
reported as described in the Purge Mode.

3.5 A-1000 Auto TOC Mode Analysis Times
And States

In the Auto TOC Mode, the A-1000's TOC analysis
process is comprised of three stages: Sample Time,
Oxidation State and Idle State-collectively referred to as
the Cycle Time.

I Cycle Time (User Selectable) i

idle State

(it Present)

Sample Time ' Oxidation State

(User Selectable)

e Cycle Time
¢ User Selected Times (minutes)
¢ Comprised of 3 States or Times

* Sample Time
» Qxidation State
e ldle State

* Analyzer Rate

* Normal
* Fast

Figure 4:  A-1000 analysis cycle time line

1. SAMPLE TIME

During the user selectable Sample Time, the UV lamp
is turned off and the Sensor's internal solenoid valve is
opened to allow pressurized water from the process
stream to purge the connecting tubing, valves and
measurement cell. The Sample Time interval must be
sufficient in duration to furnish a fresh and repre-
sentative water sample for each measurement cycle.
The required duration of the Sample Time depends on:
* -the length and internal diameter of the sampling
system’s transfer tubing from the process pipe to the
analyzer.
* -the water flow rate.
* -the difference between the ambienttemperature and
the temperature of the process water.

Typically, a Sample Time of two minutes is adequate at
a flow rate od 100 ml/minute. The fiow of water should
be observed from the Sensor's WATER OUT port during
the Sample Time interval.

2. OXIDATION STATE

During the first ten seconds of the Oxidation State, the
conductivity and the temperature of the sample water
are measured to establish reference values which are
stored in the A-1000’s memory for use in calculating the
TOC results. The internal solenoid valve is then closed
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to capture a fresh, discrete, representative water sample
in the measurement cell. The UV lamp is turned on and
oxidation of any organics within the sample occurs. The
Oxidation State interval varies depending on the type
and concentration of the organic constituents in the
water and is characterized by Profile Types P1, P2 and
P3.

The sample’s final equivalent TOC content is calculated
and based on the conductivity and temperature at the
completion of the Oxidation State. The sample’s TOC in
ppb, initial conductivity (uS/cm) or resistivity (Mohm-
cm) corrected to 25 °C, and temperature (°C), are sent
to the A-1000's display, analog and serial output ports.

3. IDLE STATE AND VALVE AT IDLE

If the TOC analysis is completed before the set Cycle
Time has elapsed, the Sensor goes into an Idle State in
wich the UV lamp is turned off awaiting the start of the
next analysis. During this Idle State, the internal sole-
noid valve is either “Open” or “Closed” as determined
by the A-1000’s Valve @ ldle setting. Open - the Sen-
sor's measurement cell is continuously purged with
sample water until the conclusion of the Cycle Time.
Closed - the internal solenoid valve prevents water flow
until the conclusion of the Cycle Time and initiation of
the next Sample Time interval. The next analysis cycle
begins immediately if the duration of the Cycle Time is
less then the time required for complete sample analy-
sis.

4. ANALYZER RATE

The A-1000’s Analyze Rate determines the speed at
which oxidation of the water sample occurs. “Normal”
is the standard analysis rate. “Fast” performs the analy-
sis up to three times quicker. The Fast rate is recom-
mended only for applications where rapid results are
crucial since prolonged operation on this setting re-
duces the life of the Sensor’s UV lamp.

3.6. Oxidize state profile types

During the Oxidize State of the Auto TOC analysis cycle,
the Sensor continuously monitors the changing con-
ductivity and temperature of the water sample trapped
in the measurement cell until oxidation of the organics
is complete. The relationship between conductivity and
time is called the oxidation curve. One of three oxidation
curve Profile Types is reported by the A-1000: “P1,” "P2"
or "P3."

1. PROFILE TYPE 1 (P1) - Easy to Oxidize Organics
In a P1 sample, conductivity is always increasing until
oxidation is complete. This profile indicates that only
simple low molecular weight organics are present inthe
sample water.

2. PROFILE TYPE 2(P2) - Moderately Difficult to
Oxidize Organics

The P2 sample occurs only at TOC levels below 25 ppb

and is very similar to a P1 profile in which the contribu-

tion of the organic “background” of the cell must be

adjusted.
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3. PROFILE TYPE 3 (P3) - Difficult to Oxidize
Organics

A P3 sample contains organic compounds which form
significant amounts of intermediate organic acids which
have a higher conductivity than the equivalent CO2 that
is finally formed. This produces an initial high level of
conductivity which then decreases as the oxidation
process proceeds to completion.

A change in Profile Type is an important information and
usually indicates that something has happened within
the water system. An abrupt change usually indicates a
change in the organic content of the water. For exam-
ple, achange from a P1 to a P3 Profile Type would result
from the introduction of more complex organic com-
pounds.

3.7 Alarms

The user may set an alarm limit for the TOC level that is
detected by the Sensor. Any TOC limit excursions are
indicated on the C80 Controller by the flashing of the
entire LCD display as well as the affected Sensor’s
channel LED. When enabled, an audible beeper also
sounds and, if connected, a hardcopy printout of the

Profile Type 1 (P1) - Easy to Oxidize Organics

i
|
i

Conductivity (uS/cm) |

Time (minutes)

Profile Type 2 (P2)

Conductivity (uS/cm)

Time (minutes)

Profile Type 3 (P3) - Difficult to Oxidize Organics

Conductivity (uS/cm) —[-

Time (minutes)

Figure 5: Oxidize state profile types
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excursion is generated automatically. The Sensor's
digital OUTPUT #1 port may be used to transmit the
alarm to a compatible device. Alarms are acknow-
ledged by pressing the (alarm) key on the C80
controller.

3.8 Errors

The C80 Controller is also used to display any Sensor
malfunctions, reported as numeric Error Codes,
indicating an electromechanical or analytical failure.
The Sensor’s channel LED and the Controller’s display
flash to alert the user of the problem and the error is
acknowledged by pressing the (alarm) Key. Each
Sensor maintains an error log of as many as 30 separate
entries consisting of the Error Code number, the total
number of occurrences of that error, and a time stamp
of the initial occurrence.

3.9 Analyzer outputs

The A-1000 Sensor communicates to external devices
through an RS-232C interface, 4-20 mA analog signals
and digital output ports.

1. SERIAL OUTPUTS

An RS-232C port is provided to drive a printer or other
serial communications device.

2. ANALOG OUTPUTS

Two types of ports are provided for signals to analog
devices. The primary port provides a 4-20 mA signal
which represents TOC. The secondary port is through
the Sensor’'s DIAGNOSTIC port to allow the use of
External DAC (Digital-to-Analog Conversion) modules
to trasmit 4-20 mA signals representing temperature
and resistivity values. The minimum and maximum
levels corresponding to the 4 and 20 mA signals may
be defined by the user for TOC, temperature and
resistivity. The user also may select one of three default
output states for the analog signals should a fatal error
be encountered by the Sensor.

3. DIGITAL OUTPUTS

The Alarm Status and the state of the internal solenoid
valve are available on the Sensor’s two digital output
ports.

3.10 ANATEL - 1000 system specifications

SPECIFICATIONS A1000

TOC

Operating range 0.05 - 9999 ppb

better than

Repeatability +0.05 ppb < 5 ppb

better than +1% > 5 ppb

Accuracy 1%
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Display Resolution

0.00 - 19.99 ppb |
20.00 - 199.9 ppb |

200 + ppb

Minimum input water
resistivity

5 Mohmcem for all water

1 Mohmem for neutral
waters

0.2 Mohmem for water with
COz as conductive species

Input water temperature 0-100°C
Temperature measurement YES 3
77777 Input water pressure 15 - 100 PSIG max

Operating temperature 5-40°C

RESISTIVITY

Operating range

0.01 - 18.2 Mohmcm

0.05 - 100 uS/cm

Temperature compensation

to 25°C over entire
0 - 100°C temperature
range or temperature
uncompensated resistivity

Readout resolution

3 significant figures as
resistivity

4 significant figures as

conductivity ,

Precision +3%
ater INJOUT

INPUT/OUTPUT w /

AC plug

CONFIGURATION

Network RS-485 : 8 S10
sensors can be connected |
to C80 ?

Printer RS-232C

Data RS-232C to
computer!!

Digital output (2)
and input (2) |

Calibration:

Against reference
instrument

Validation:

According to USP 23

1Q/0Q Guidelines and
SOP available

Dimensions:

H325mm x W172mm x
Dft12mm

Weight 5.4 kg

MODEL

C80 Controller
S10 Sensor

S520: Controller + Sensor
(portable)

S20P: Controller + Sensor
+ Printer (portable)
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4.0 The Anatel Model A-2000 for Wide
Range TOC Analysis

The A-2000 is designed specifically to address higher
range TOC analysis of feedwaters to high purity sys-
tems, clean-in-place applications in the pharmaceutical
industry, reclaim and reuse water in semiconductor
manufacturing, drinking water, power generation
systems, chemical processing, and effluent streams.

The A-2000 TOC Analyzer offers four user-selectable
analysis modes:

+ TC - Total Carbon

» TIC - Total Inorganic Carbon

« TOC Direct and

¢ TOC Indirect

TOC measurements are made directly by sparging to
remove any TIC present or indirectly by analyzing for
both TC and TIC. The difference between these two
measurements is the TOC vaiue.

Figure 6: A-2000 system

4.1 A-2000 Components

A-2000 system measures TOC by oxidizing the organic
carbon to CO»2 with persulfate in the presence of
ultraviolet light. The CO2 produced is measured directly
by a nondispersive infrared detector (NDIR). This
method measures both the purgeable and non
purgeable organic carbon that are present.

The main A-2000 components are:
High Efficiency Photoreactor

The high efficiency photoreactor consists of a hollow
quartz tube, more than 1 meter length, wrapped into a
helix just 2” long, encircling a 2564 nm UV lamp.The tube,
measuring just 3 mm in outside diameter and 2 mm in
internal diameter ensures that the sample is always
strongly exposed to penetrating UV energy for
maximize oxidation performance. The long, small
diameter quartz tube ensures fast, complete, UV
promoted persulfate oxidation in just minutes.
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Liquid/gas separator

The membrane in the liquid/gas separator chamber is
actually round, silicone tubing, more than half a meter
long, wrapped into a compact spiral measuring less
than 2 inches in length. The water/reagent mixture
permits only CO2 to pass through the silicone wall as it
flows through the tubing. This design maximizes the
membrane surface area exposed to the sample mixture,
so that the diffusion of CO2 across the membrane is fast,
efficient, and complete.

NDIR Detector

The NDIR detector consists of a single chamber (optical
path) with an infrared light source at one end, and a
filtered photodetector at the other end. The chamber is
first filled with N2 carrier gas to establish a baseline
reading. Then the chamber is emptied, and filled with
N2 carrier gas mixed with the CO2 sample. COz in the
optical path absorbs an amount of infra-red energy, at
a specific wavelength, proportional to the amount of
COz present. Because the energy is absorbed, it never
reaches the filtered photodetector, which outputs a
signal proportional to the amount of CO2 gas in the
chamber. In this way, TOC is measured very accurately
and precisely as the concentration of CO2 produced by
the sample oxidation.

Sample/Sparge Chamber

The sample/sparge chamber is actually a cylinder about
3" long and 1" in diameter, constructed of electro-
polished stainless steel. The cylinder contains the
acidified sample while N2 carrier gas bubbles through

Sempie/Sparge Chamber
{pH<)

Carrier Cas
Ny i

Sampig

_

Calibration  Syringe

Acid Persulfate

Standard  Pump

gz (Lamp ON)

it. This bubbling action, known as “ sparging “, agitates
the liquid sample, and frees the inorganic carbon (e.g.
H2COs, CO32, HCOg") from solution so it can escape
into the atmosphere leaving a TIC free sample. The
sample/sparge chamber is only used during the TOC
fast operating mode.

Muiti-Port Switching Valve

The electronically actuated multi-port switcing valve is
expected to provide reliable performance with
continuous use for many years. The computer rotates
the 8-port valve to control the flow of sample, acid,
persulfate and calibration solution to the syringe pump,
drain and other A-2000 components. Use of a multi port
switching valve in combination with a syringe pump for
mixing is part of the A-2000 sequential injection analysis
(SIA) design.

Syringe pump

All initial mixing of liquid sample components takes
place in the rugged digitally controlled syringe pump.
Acid, persulfate and sample are precisely mixed
according to modified, proven, sequential-injection-
analysis (SIA) principles in this sturdy, long-lasting,
computer controlled, glass syringe pump.

Reagents

All reagents used for operating the A-2000 wide range
TOC analyzer can be easily purchased from any
chemical supply house or can be ordered directly from
Anatel for maximum convenience. 0.3 Molar phospho-
ric acid (HaPOa) is used to lower the sample pH and
allow CO2 and other dissolved purgeables to migrate

MRIR Detector

254 o
¥ Lamp

Selectvpiy.Permesdis
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Liguid/Gas
Separator
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Figure 7:  Operating schematic for measurement of TC
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Figure 9: Operating schematic for measurement of TOC fast
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out of solution. 1.6 Molar sodium peroxidisulfate
(NazS20g) is used, in conjunction with 254 nm UV
energy, to oxidize the sample to CO2 suitable for
measurement by the NDIR detector. Anatel also
provides 500 ppb sucrose (CeH1206) solution designed
for pharmaceutical calibration of the instrument.
Sucrose NF is the proposed calibration compound
recently recommended to the United Stets Pharma-
copeia (USP) for performing calibrations on TOC
analyzers.

Carrier Gas

A-2000 carrier gas must be at least 99.98% pure
nitrogen (N»), pressurized to 4 bar, and capable of
flowing at 250 mi/min. The carrier gas is used to sweep
CO2 and inorganic carbon (e.g. H2COs3, C03'2, HCO3)
to the NDIR cell for measurement. Additionally, carrier
gas alone is used as a background measurement of
NDIR performance.

4.2 Simplified A-2000 Operating Schematics

4.2.1 Total Carbon - TC

The A-2000 measures TC by oxidizing all of the oxi-
dizable materials in the raw sample water, and measur-
ing the amount of COz2 prodiced by the oxidation.

1. Acid and sodium peroxidisulfate are added to the
sample in the syringe pump. The persulfate oxidizes the
sample while the acid allows CO2 gas to escape from
the acidified sample by lowering the sample pH.

2. The entire sample is transported directly to the high
efficiency photoreactor, without sparging, and the
sample molecules are oxidized to CO2 and byproducts

TOC) = TC - TIC

according to the following equation:

CxOxHx + Na2S208 — hv - CO2 +
H20 + Na2S04 + H2S04

254 nm UV energy accelerates and promotes the
persulfate oxidation.

3. The resulting COz2 is separeted from the byproducts
by diffusion through a selectively permeable membrane
in the liquid/gas separator.

4. The COzq is transported to the NDIR detector within
the N2 carrier gas stream. The NDIR detector outputs a
signal proportional to the concentration of COz2 in the
carrier gas stream.

4.2.2 Total Inorganic Carbon - TIC

To measure TIC, the A-2000 must separate the inor-
ganic carbon (e.g. H2COs, CO37%, HCO3") from the
sample solution, so that it can be measured.

1. The sample is adjusted to pH <2 by adding phospho-
ric acid in the syringe pump which allows the TIC to
dissociate as COz2.

2. The CO2 is separated from the byproducts by diffu-
sion through a selectively permeable membrane in the
liquid/gas separator. The lamp stays off throughout the
analysis to prevent any oxidation by the UV energy
alone.

3. The COz2 is transported to the NDIR detector within
the N2 carrier gas stream. The NDIR detector outputs a
signal proportional to the concentration of COz2 in the
carrier gas stream.

R Deteclor

High bffioany
Fhataresntor

Step 1 = TIC measurement {Larmp OFF}

Figure 10: Operating schematic for measurement of TOCy
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4.2.3 Total Organic Carbon - TOC Fast

To measure TOC directly the A-2000 must first transport
the sample to the samgle/sparge chamber where the
TIC (e.g. H2COgz, CO3=, HCOg) is removed from the
TOC by sparging.

1. The sample is adjusted to pH<2 by adding phospho-
ric acid in the syringe pump.

2. The sparging process allows purified nitrogen gas to
bubble through the sample mixture in the sam-
ple/sparge chamber. This bubbling action frees the
inorganic carbon from solution so it can escape into
atmosphere, leaving a TiC free sample.

3. The remaining TOC, still in liquid phase, is combined
with sodium peroxidisulfate in the syringe pump and
transported from the sample/sparge chamber to the
high efficiency photoreactor where the molecules are
oxidized to CO2 gas by the addition of sodium persul-
fate and 254 nm UV energy:

CxOxHx + Na25208 — hv - CO2 + H20 +
NazS04 + H2804

3. The COg is separeted from the byproducts by diffu-
sion through a selectively permeable membrane in the
liquid/gas separator.

4. The COz2 is fransported to the NDIR detector within
the N2 carrier gas stream. The NDIR detector outputs a
signal proportional to the concentration of COz2 in the
carrier gas stream.

4.2.4 Total Organic Carbon Determined Indirectly-
TOCI

The removal of TIC when measuring TOC directly, can
also result in the loss of low molecular weight TOC, or
“purgeable organic carbon® (POC). When POC com-
poses a significant portion of TOC, such as in the
drinking water industry, it may be advantageous to
measure TOC indirectly as the difference: TOCj = TC -
TIC. By mesuring TOC indirectly, POC is included and
measured as TOC.

4.3 A-2000 performance specifications

TOC is determined by separately measuring TC and
TIC and calculating the mathematical difference.

Determination of TIC (UV lamp off):

1. An aliquot of the sample is adjusted to pH<2 by
adding phosphoric acid which allows the TIC to disso-
ciate from the sample as COo.

2. The sparging process allows purified nitrogen gas to
bubble through the sample mixture in the sam-
ple/sparge chamber. This bubbling action frees the
inorganic carbon from solution so it can escape into
atmosphere, leaving a TIC free sample.

3. The COg2 is separeted from the byproducts by diffu-
sion through a selectively permeable membrane in the
liguid/gas separator.

4. The COz2 is transported to the NDIR detector within
the N2 carrier gas stream. The NDIR detector outputs a
signal proportional to the concentration of COz2 in the
carrier gas stream.

Determination of TC (UV lamp on):

1. Acid and sodium peroxidisulfate are added to a
second aliquot of the sample in the syringe pump.

2. The second aliquote is transported directly to the high
efficiency photoreactor without sparging, and the sam-
ple molecules are oxidized to CO2 gas and byproducts
according to the following equation:

CxOxHx + Naz2S208 — hv — CO2 + H20 +
Na2S04 + H2504

254 nm UV energy serves as a catalyst and promotes
the persulfate oxidation.

3. The CO2 is separeted from the byproducts by diffu-
sion through a selectively permeable membrane in the
liquid/gas separator.

4. The COz2 is transported to the NDIR detector within
the N2 carrier gas stream. The NDIR detector outputs a
signal proportional to the concentration of COz in the
carrier gas stream.

TC, TIC

Measured parameter:

TOC fastand TOC = TC - TiC

TOC: 3 to 5000 ppb, 0.0 to 100.0 ppm, 0 to 2000 ppm

Measuring range:

TIC: 3 10 5000 ppb, 0.0 to 100.0 ppm, 0 to 2000 ppm

Precision:

TC/TOC/TIC 2% in each range

Analysis time:

TIC: 1.5 min, TC: 3 min, TOC: 4 min

On-line

Sample introduction:

Manual sipper tube

Vial autosampler
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Communications:

Network as many as 8 instruments

Serial communication

Four independent 0(4)-20 mA outputs

Two user selectable alarm levels

Relay outputs for alerts and alarms

User interface:

Full 8” backlit color LCD

Convenient hard/soft key interaction

Trend charts

On-line help

Output devices:

Built-in internal printer

Built-in floppy drive

Optional external graphics printer

User selectable automatic or manual calibration

Calibration from manual or autosampler vials

Calibration: Calibration from internal standard source
Up to five calibration curves stored
Automatic calibration reports
Built in validation functions

Validation: User selectable acceptance criteria

Automatic validation reports

Gas requirements:

Nitrogen, 99.98% purity and better, 4 bar, 250 ml/min

peroxidisulfate

Premeasured (or user prepared) 0.3M phosphoric acid and 1.6M sodium

Reagents: Easy reagent replacement
Calibration standard - sucrose NH
Reagent lifetime: 3 weeks
H457mm x WE35mm x D254mm
Dimensions: Weight 32 kg

90 to 240 VAC *10%, 50/60Hz, 650VA

Optional autosampler:

H457mm x W286mm x D267mm

Weight 10 kg

27 vials (40 ml EPA type)

90/120 VAC, 220/240VAC, 50/60Hz, 200VAmax

5.0 LITERATURE
/11 K.G. Malle, “Cleaning Up the River Rhine", Scientific American,
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What You Should Know Before Buying A Total Organic Carbon
(TOC) Analyzer For A High-Purity Water System, ANATEL
Corp. 1995

. Blades, C. Frith, “New Analytical Technique for On-Line
Detection of Trace Organics in Ultrapure Water”, Seventh
International Symposium of Contamination Control, Paris (18.
September 1984)

M. Retzik, P. Melanson, “The Design, Performance, And Vali-
dation Of An On-Stream Total Organic Carbon Analysis Sys-
tem For Monitoring Ultra Pure Water”, International
Conference, Instrument Society of America (September 1993)

For more information on ANATEL TOC measurement
systems, please, call: 5

Mr. [ztok Sorli

MIKROIKS d.o.o.

Dunajska 5, 1000 Ljubljana, Slovenia

tel. +386 (0)61 312 898

fax. +386 (0)61 319 170
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PREDSTAVLJAMO PODJETJE Z NASLOVNICE
REPRESENT OF COMPANY FROM FRONT PAGE

SLOVENIJA
SLOWENIEN
SLOVENIA

D.0.0.
tel: ++386 (0) 64 325-992
 fax: $°+386 (0) 64 331-545

Planina3’
$1-4000 Kran}
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L P K F GROUP OF COMPANIES

LPKF is a multinational group of companies highly specialised in the field of PCB’s - No. 1 in prototyping.

The parent company LPKF CAD/CAM Systeme GmbH
is located in Garbsen/Germany. The impressive growth
of the group is especially attributable both to outstand-
ing success of the new PROTOMAT milling / drilling
plotter range with integrated solder paste dispenser /
trough-plating system and the laser systems for cutting
SMD Metal stencils and micromachining in electronics.

In 1994 formed joint-venture company LPKF d.o.o. in
Slovenia produces PROTOMAT circuit board plotters
and develops / produces whole range of ZEL assem-
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bling devices for SMT. As in the case of circuit board
plotters, these are also devices for prototyping and
small series production. For the LPKF this represents a
step from systems purely for PCB production to com-
plete SMD circuit assembly.

Besides above mentioned programs the other partner
companies manufacture among others the laser sten-
cils, fast drive systems, precise measuring systems and
excimer laser systems.
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A World First

The new family of PCB plotters, the LPKF Protomat
Fast flexible PCB prototyping - now with integrated feedthrough

With the Protomat series of PCB plotters, presented to
the public for the first time at Electronica ‘94, LPKF
CAD/CAM Systeme GmbH, Garbsen/Hanover, is offer-
ing a number of new applications. Superfine milling
allows for isolation milling of 100 i, which means 5 track
lines through the 1/10" IC grid. Another special tool,
ground cylindrically, ensures that HF circuits have ab-
solutely precise track sides with low edge roughness.

The main event is however the integrated feedthrough
facility. A dispenser ensures the measured injection of
a special conductor paste and, in conjunction with a
patented vacuum technology, the drilled hole is blown
empty for component assembly. The dispenser can of
course also be used for SMD solder paste, adhesives
etc. A similar form of feedthrough can be achieved for
series production with the screen printing machine also
offered, the Zelprint. Protomat PCB plotters start with a
movement range of 200 x 340 mm, which is adequate
for long PC plug-in cards.

The top model offers a movement range of 375 x 420
mm and a mill/drill spindle adjustable up to 60,000 rpm.
The basic CircuitCam software, which runs under Win-
dows, is the interface for any CAD system with Gerber
output. The Boardmaster program offers professional
job controlling; the mill/drill process is checked and
controlled on the screen.

Since 1976, some 4,000 PCB plotters have come into
use according to LPKF, which is proud to have intro-
duced a new PCB technology to electronic laboratories
and small-series production. Demand is higher than
ever before. The reason for this is thought to be the drive
towards the rapid new development of electronic cir-
cuits. Everywhere there is pressure to reduce time to
market, and batch sizes in hardware production are
tending to be smaller. Another plus is that the purely
mechanical process is environmentally friendly. This
trend is even more evident with the new paste
feedthrough process.
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New Auto Tool Change Circuit Board Plotter 95S (see front page)

LPKF are pleased to announce their new top of the
range circuit board plotter the LPKF ProtoMat 95S.

With its high precision and the newly developed 30-po-
sition automatic tool change system this machine is
ideal for complex board with fine isolation gaps of 100
pm and drill holes of 0.3 mm. The machine will process

Circuit Board Plotter with Through-plating

With the new ProtoMat series LPKF presents another
milestone for the mechanical prototype production of
circuit boards. Beside engraving and drilling of boards
with fine-line technology it is now possible to directly
perform the through-plating of double-sided boards by
means of a dispenser. A solderable conductive paste
has been developed especially for this application in
order to metallise not only vias but also component
holes.
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not only standard FR3 and FR4 material but also RF
materials such as Teflon and Duroid using LPKF's spe-
cially developed tools.

The 30-position automatic toll change system wili now
also change tools if their life has expired. Tool life is re-
corded inthe user-friendly software driver BoardMaster.

The minimum hole diameter is 0.6 mm. Two conductor
paths can be passed through the IC grid without any
problems. The integrated through-plating thus makes
in-house prototyping still faster and more flexible. The
aim is to have a CircuitBoardPiotter installed next to
each CAD workstation in order to extend the CAD-CAM
facility more effectively.
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LPKF produce new milling tools

In order to meet the increasing demands put on the
circuit board technology LPKF, together with a re-
nowned tool manufacturer, have developed sorme new
special tools.

The LPKF micro-cutter is now available for extremely
small isolation gaps. In enables isolation widths of only
0.1 mm. For practical purposes this means that up to 5
conductor paths can pass between 2 IC solder pads.
Thus, superfine circuits can be produced in prototyping
which with etching technology are mastered only by
very special companies.

In the HF-technology the demand is that copper edges
be perpendicular to the base material. A cylindrically

hi SMD Metal Stencils

Precision using laser technology

- Superior laser technology quarantees the

| production of precision stencils and a drastic
reduction of print waste.

The stencils shown in the figure (sectional

eabital view) were each time produced ot o 300pm

grid. Redumon of print-woste: 6300 dpm ends to 150 dpm with faser technology.

LPKF Stencillasers assure high precision
edges. They are fost and flexible, vsing
Gerber data (without film) ond are environ-
mentally friendly withouth chemicals,

i I8 The high capacity luser quarantees a very
good pnce/ performance ratio. As leading manufocturer in Europe LPKF-Elaser
has the experience of many thousands of faser-menufactured stencils.
Almost 30 LPKF Stencillasers have been instolled world-wide.

PMV Stendil-Service is using the LPKF Stencils-Lasers and offers o fast and
reliable delivery of high quality loser-stencils.

You want fo know more?

Ask for quotations and information. Free sumples.
Copy this ad and send a fax or call to:

fox: + 386 64 33 15 45 phone: + 386 6433 1515
ISDN - data connection: + 386 64 350 422

PMVdo.o. e Sl - 4000 KRANJ

e Planina 3
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ground tool has been developed to meet this require-
ment. It produces milling channels with a width of 0.25
mm. Another advantage is the fact that the base material
is only slightly touched. The dielectric remains practi-
cally intact.

For common applications the proven universal cutter is
used. Isolation channels of 2.0 mm up to 3.0 mm can
be produced. This tool has the advantage of a clean and
burr-free cat as well as a long service life. One tool can
be used to produce about 4 double-sided Euro-cards
made of FR4 material. The use of FR3 material enables
substantially longer service lives.

IRiGs SMD Greenline

The fine conducior, us for example the SMT grid prototypes
an small series must be equipped professionally, economically
and environment friendly, even if assembled in laboratories
or small workshops.,

For this purpose, LPKF offers a complete equipment line for
ossemblmg - the LPKF SMD Greenline:

» Multi - purpose ZELDISP
dispensers for vacsum - placing,
dispensing and throughplating

* Adjustable ZELFLEX SMD
clamping frames {also 4 sided
clomped)

» Manual and semi-automatic ZELPRINT printing machines

* Expandable manual ZELPLACE assembling system for
laboratories and small series

° Microprocessor controled ZELFLOW ovens for reflow solderig
and hardening of adhesives and conductive pastes

» Expandable ZELOPT optical inspection system

Would you like to know more?

Individual leaflets and special brochures are available
on request.

Copy this ad, circle desired items and send a fax to:
++ 386 64 33 15 45 [phone: ++ 386 64 33 15 15}

d.oo. ¢ Planina3 ® SI- 4000 KRANJ e Slovenia
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MIDEM IN NJEGOVI CLANI, NOVICE I1Z DRUGIH SREDIN
MIDEM SOCIETY AND ITS MEMBERS, NEWS FORM OTHER INSTITUTIONS

Zlati znak Jozefa Stefana

Dr. Marko Topié

je prejel Zlati znak Jozefa Ste-
fana $tevilka 12 za uspesnost in
odmevnost doktorskega dela
“Analiza heterospojnih amorf-
nosilicijevih struktur” na pred-
log prof. dr. Franca Smoleta.
Doktorat je uspe$no zagovarial
2. julija 1996 na Fakulteti za elek-
trotehniko Univerze v Ljubljani.

Doktorsko delo dr. Marka Topica
“Analiza heterospojnih amorfno-
silicijevih struktur” je s podrocja
tankoplastnih  polprevodniskih
tehnologij. Obravnava proble-
matiko amorfnega silicija, ki ima kot novejsi polprevodniski
material pomembno mesto v stevilnih aplikacijah na podrodju
tankoplastnih tehnologij. TopiCevi originalni znanstveni rezul-
tati imajo tudi velik prakticen pomen. Topi¢ je s svojimi rezul-
tati izpopolnil radunalniski program ASPIN, ki je postal
nepogresljiv pripomoc¢ek pri naértovanju in optimizaciji
amorfnosilicijevin in drugih tankoplastnih struktur. Uporab-
nost Topidevih raziskav sega tudi na podro¢je mikroelek-
tronike. Topicevo aplikativno delo je v sodelovanju z raz-

vojnim centrom Siemens AG v Minchnu privedio do patenta
“Trobarvni amorfnosilicijev senzor”.

Topitevo delo je vzbudilo dtevilne odmeve v svetu. Poleg
razvojnega centra Siemens sodeluje $e z vrsto razvojno-raz-
iskovalnih laboratorijev v svetu. lzvirnost in kvaliteto Topicevih
rezultatov potrjujejo tudi odliéne ocene tujih recenzentov za
&lanke, poslane v objavo v mednarodnih revijah. Tako je Topi¢
v manj kot &tirih letin objavil osem &lankov v mednarodnih
revijah s faktorjem vpliva po SCI, od tega $tiri kot vodilni avtor.
Poleg tega njegova bibliografija vsebuje e prek trideset
objavljenih del v drugih znanstvenih in strokovnih revijah ter
na konferencah. Prejel je tudi nagrado za svoj prispevek na
nedavni mednarodni konferenci v Miyazakiju na Japonskem.
Odmevi se kazejo tudi v precej$njem $tevilu citatov tujih
avtorjev.

Za posebno uspesno in odmevno doktorskn
delo je letos dobil ZLATI ZNAK JOZEFA STE-
FANA ¢lan nasega drustva dr. Marko Topic.

Veseli in ponosni smo tudi njegovi drustveni
kolegi. Cestitamo in Se veliko uspehov.

Predsednica drustva MIDEM
dr. Marija Kosec

CARINTHIAN TECH RESEARCH

The ldea

Only with intensive use of new technologies and effi-
cient access to the results of research and development
in many felds will economies be able to ensure their
vitality and competitiveuess in the upcoming 2Ist cen-
tury. The Carinthian Tech Research Institute is a new
Austrian research centre in the province of Carinthia
which focuses on industry-oriented research offering
the potential for improving competitiveness, flexibility
and autonomy.

Our key to success is the young, dedicated and expe-
rienced development team with a highly professional
background which is being set up. In collaboration with
our customers we develop competitive solutions and
products which will stand any comparison in an inter-
national context. Our careful project management and
team development strategies enable us to pursue our
contracts with high efficiency and guarantee timely
completion of the projects.

The Goals

The aim of CTRis to develop intelligent sensor systems
integrating innovative communication technologies.
The central goals of our research and development
activities are the following:

« sensor systems with intelligent functions
 inter-linked communicating sensor systems

INSTITUTE
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» new areas for high-volume sensors

+ development of sensors and sensor applications

o simulation and verification of complex control sys-
tems

Applications are envisaged in a multitude of fields from

industrial automation, automation of buildings and

households, automotive engineering and traffic control,

to environmental and energy engineering. The tasks are

to be solved in close collaboration with other research

institutes and universities/colleges in the Alps-Adriatic

region.

The organisation

CTR was founded in January 1997 as an initiative of the

‘Industriellenvereinigung Karnten’ (Carinthian Associa-

tion of Manufacturers), the Federal Ministry of Science,

Traffic and Arts, the Province of Carinthia and the Mu-

nicipality of Villach. It is located in Villach, right in the

centre of an up-and-coming economic region with lead-

ing companies in the electronics and microelectronics
industry.

For more information, please contact

CARINTHIAN TECH RESEARCH INSTITUTE

Verein zur Férderung von Forschungseinrichtungen

Richard Wagner Strasse 10, A-9500 Villach, Austria

Tel: +43-4242-2004-200, Fax: +43-4242-2004-400

E-mail Info@CTR.ac.at

Server http:/iwww.CTR.ac.at/
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KONFERENCE, POSVETOVANJA, SEMINARJI, POROCILA

CONFERENCES, COLLOQUYMUS, SEMINARS, REPORTS

3 rd European Multichip Module Conference EC-MCM’97

28. - 29. januar 1997, London, Anglija

Tretja evropska konferenca o Multi Chip Modulih EC-
MCM’97 je bila 28. in 29. januarja 1997 v Londonu v
hotelu Hilton zraven letali$¢a Heathrow. Predstavljeni
referati so bili v sledecih sekcijah:

» Nacrtovanje in tehnologija

° Substrati in povezave

e |zdelava

¢ Testiranje in zanesljivost
V poroCilu bom na kratko opisal vsebino nekaterih
zanimivejsih predavanj, na razpolago pa je zbornik
referatov.

Na zacetku je udelezence konference pozdravil Jim
Drehle, predsednik IMAPS-a. IMAPS je kratica za “Inter-
national Microelectronics and Packaging Society”, or-
ganizacijo, ki je nastala novembra lani z zdruZitvijo
ISHM (Internatinal Society for Hybrid Microelectronics)
in IEPS (International Electronics Packaging Society).
Omenim naj, da se je tudi anglegka sekcija ISHM-UK na
tej konferenci preimenovala v IMAPS-UK.

Konferenca se je zacela z dolgim uvodnim predava-
njem, v katerem je vec¢ predavateljev predstavilo osnove
Multi Chip Modulov (MCM), stanje in trende na tem
podroc¢ju. Najprej definicija: Multi Chip Modul - MCM -
je elektronski sistem ali podsistem, kjer sta vsaj dve,
navadno pavec, golih silicijevih tabletk ali tabletk v CPS
(Chip Sized Package) pritrjeni na substratu. V glavnem
locijo tri tipe MCM, ki so izdelani v razli¢nih tehnologijah.
To so MCM-L (tiskana vezja), MCM-C (keramika) in
MCM-D (tanki filmi). MCM-L so zahtevna vecplastna
tiskana vezja z linijami minimalne &irine, to je navzdol
do 25 pum, Ceprav so bolj tipicne &irine linij do 100 um.
Premer odprtin za povezave med prevodnimi plastmi
(vias) je od 300 um (zvrtane s svedrom) do 75 pm
(zvrtano z laserjem). Ta tip MCM je najcenejsi. Problem

Tabelal. Prednosti in slabe strani sistemov, sestav-
lienih iz obstojecih integriranih vezij, MCM-ov
in ASIC-ov.

Enkapsulirani IC MCM ASIC

Karakteristike slabse srednje | boljSe

Miniaturizacija nizka srednja | visoka

Trzno tveganje nizko srednje | visoko
B WCV)as do trga kratek srednji dolg
Rel. cena razvoja 1 1 10

Fel. koncna 1 065 | 0475
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pri MCM-L je neujemanje temperaturnih razteznostnih
koeficientov med silicijevimi tabletkami in organskim
substratom.

MCM-C so “keramicni” hibridi visoke gostote, navadno
velplastni keramiéni substrati ali pa kompleksna debe-
loplastna vedéplastna vezja. Vecplastni keramiéni sub-
strati so narejeni iz zelenih folij, potiskanih s prevodnimi
linijami in so lahko na osnovi Al203 ali AIN z vigjo
toplotno prevodnostjo (MCM-C z visoko temperaturo
Zganja) ali pa na osnovi kristalizirajoéih stekel (MCM-C
z nizko temperaturo zganja). MCM-C omogocajo od
vseh treh tipov najvecje &tevilo prevodnih nivojev, tudi
preko 40. V tem tipu je mogoce realizirati vi$je uporovne
vrednosti kot v drugih dveh. Sirina prevodnih linij je
danes med 150 in 200 um, ¢e so izdelane s sitotiskom,
s posebnimi tehnikami (fotopostopek, sita, narejena iz
jedkanih tankih folij) pa somozne tudi $irine pod 50 pum.
Velikost odprtin je med 300 in 75 um.

MCM-D so moduli, ki imajo nanegene tankoplastne
velplastne kovinske povezave (vecinoma aluminij ali
baker), lo¢ene predvsem s polimernim ali véasih
napréenim tankoplastnim (SiO2) dielektrikom. Kot sub-
strat se najvec uporablja Al203 ali silicij. “Puristi” celo
trdijo, da so samo MCM na siliciju tisti pravi MCM. Silicij
dobro prevajatoploto, njegov temperaturni razteznostni
koeficient pa je seveda isti kot razteznostni koeficient
silicijevih tabletk. Vtem primeru se del elektronike izdela
lahko Ze na substratu. Silicijev substrat je najbol]
primeren tudi, Ce je v vezje povezana optoelektronika.
Sirine linij, izdelanih s fotopostopkom, so lahko precej
pod 25 um, tudi do 2 um. Zaradi vedje gostote prevod-
nih linij navadno niso potrebni ve¢ kot &tirje prevodni
nivoji. Ocenjujejo, da sta dva prevodna nivoja pri MCM-
D ekvivalentna desetim nivojem pri MCM-C. MCM-D je
najdrazji, vendar omogoc¢a najvecjo goestoto kompo-

Tabela ll. Vrednost trZi§¢a za MC (v miljadarh dolarjev)
Leto Azija ZDA Evropa | Skupaj
Celota 0,95 52 0,25 6,4
1995 Prosti
o 2% | 30% | 13% | 25%
g
Celota 8,8 12 3,8 22,6
2000 Prosti
t 16 % 40 % 16 % 29 %
g
Celota 12 15 9 36
2005 Prosti
trg 15 % 50 % 28 % 33 %
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nent. Uporablja se predvsem za velike racunalnike,
grafiéne postaje in za vojasko ter vesoljsko elektroniko.

Gonilna sila za uvajanje MCM so predvsem miniaturi-
zacija sistemov, boljge in hitrejse delovanje in
znizevanije teze in porabe energije. Velikokrat je boljsa

COMPARISON OF uBGA FOOTPRINT WITH ALTERNATIVE
IC PACAGING OPTIONS

TYPE AREA

} o QFp 900 nm? - 100%

b 20 (R~
i X o il
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\
\ T o]
= i | COB 225 meR - 25%
\ fEXXTLLALLIA, cse 115 mme - 13%
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— Q{‘ MK ya) A ‘ ip Chip
GXURATS
Slika 1:  Povréina MCM substrata, ki je potrebna za

razliéne nacine pritrievanja tabletke. Od zgo-
raj navzdol si sledijo ohisje s prikijucki na
vseh &tirih straneh, avtomatsko bondiranje na
traku, bondiranje z Zicko, tabletka, pritrjena na
“Chip Size Package” in flip-chip.

resitev MCM, “sestavljen” iz Ze obstojecih integriranih
vezij (IC), kot razvoj novega ASIC-a (Application Spe-
cific Integrated Circuit) za isto funkcijo. Precejkrat proiz-
vajaici zdruzijo obstoje¢e ASIC-se v MCM, medtem pa
razvijajo ASIC nove generacije. Prednosti in slabe strani
sistemov, sestavljenih iz obstojecih enkapsuliranih inte-
griranih vezij, MCM-ov z golimi silicijevimi tabletkami in
ASIC-ov, so shematicno predstavijene v tabeli I. Pri-
kazane so primerjave med karakteristikami delovanja,
prihrankom prostora oziroma gostoto funkcij, trznim
tveganjem in ¢asom, ki ga izdelek rabi, da pride na
trzisée. Podana je tudi relativna cenarazvojain relativna
konéna cena. Razvoj ASIC je draZji in traja dalj Casa,
tudi do dve leti, konéna cena pa je niZja.

Vrednost trga za MCM za leto 1995 in oceni za leti 2000
in 2005 so podane v tabeli Il. Vecina tega je “in house”
poraba, to je, firme vgrajujejo MCM v lastne izdelke, le
del je na prostem trgu. Vidimo, da ocenjujejo povecanje
vrednosti trziséa za faktor 5 do 6 v desetih letih. Za
primerjavo povejmo, da je ocena letnega trga elek-
tronike okrog 300 miljard dolarjev.

Kako gosto lahko tabletke pokrivajo povrsino MCM
substrata, je odvisno od nacina pritrjevanja. Razlicni
nadini so za tabletko velikosti 10x10 mm? prikazani na
sliki 1. Zgoraj je ploscato ohisje s prikljucki na vseh tirin
straneh (QFP - Quad Flat Package), ki zasede skora]
desetkrat vecjo povrsino kot flip-chip. Sledijo aviomat-
sko bondiranje na traku (TAB - Tape Automatic Bond-
ing), bondiranje z zicko (COB- Chip on Board), tabletka,
pritrjena na CPS (Chip Size Package) in flip-chip. CPS
zasede samo 20% veé prostora na substratu kot flip
chip, njegova prednost pa je, da se lahko integrirano
vezje prej testira.
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><IC with bumps

Substrate with footprint

Slika 2a:  flip-chip; kroglice spajke so na blazinicah na
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Slika 2b:  flip-chip; kroglice spajke so po vsej povrsini

tabletke

Vidimo, da pritrditev flip-chipa zahteva manj kot
polovico povréine, ki jo rabimo za bondiranje z zicko.
Poleg tega so parazitske induktivnosti povezav pri flip-
chipu tudi do 50 krat manjse kot pri bondirani tabletki.
Vendar se danes $e vedno v 90% uporablja bondiranje,
ki je stara, znana in preizkugena tehnologija.
Tehnolosko okno pri bondiranju je &irse kot pri flip
chipu, kjer morajo spajkalne kroglice na tabletki tocno
naledi na blazinice na substratu. Pri tabletkah, ki so
pritrjene kot flip-chip, je tudi onemogocena vizualna
kontrola, ker so kroglice spajke skrite med tabletko in
substratom. Flip-chip tabletke so vedno drazje od tistih,
ki so namenjena za bondiranje z Zicko, ker so potrebni
dodatni tehnoloski postopki, da se izdelajo kroglice
spajke.

Tehnologija flip-chip izvedbe integriranih vezij, to je
tabletk, ki se pritrdijo “z obrazom navzdol”, je znana ze
ved kot 25 let, vendar so jo zadeli bolj resno uporabljati

Pressure and Heat
Adhesive

Chi
Flow :

Substrate Conducting picle

Slika 3:  Princip povezovanja z anizotropnim prevod-
nim lepilom. V organskem polimeru so kovin-
ske kroglice s premerom nekaj mikromelrov,
ki “naredijo” stik med kontaktnimi blazinicami

na tabletki in na substratu.
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sele za MCM, kier je treba na ¢im manjso povrsino
spraviti ¢im ved tabletk. Danes pri precej integriranih
vezjih, narejenih v flip-chip izvedbi, preprosto naredijo
spajkalne kroglice na blazinicah za bondiranje ob
robovih obstojecih tabletke, kot je prikazano na sliki 2a.
Za vecjo gostoto povezav in manj$o tabletko je potre-
ben nov design, tako da so “bunkice” po vsej povrsini
tabletke, kot vidimo na sliki 2b. Najvedja moénza gostota
povezav je za tabletko velikosti 10x10 mm® 400 pri
bondiranju, 500 pri avtomatskem bondiranju na traku in
do 5000 pri fli-chip izvedbi, seveda, ¢e so povezave po
celi povrsini tabletke.

Zanimiv nov nadin pritrjevanja tabletk na substrat, kjer
se proizvajalci lahko izognejo uporabi drazjih flip-chip
izvedb tabletk in hkrati dosezejo isto gostoto na sub-
stratu, je prikazan na sliki 3. Tabletko ravno tako
pritrdimo na substrat “z obrazom navzdol”, tako da se
ujamejo kontaktne blazinice na tabletki in na substratu.
Vmes je polimeren material (ACA - Anisctropic Con-
ducting Adhesive), v katerem so kovinske kroglice velik-
osti nekaj mikrometrov. Tu moramo omeniti, da je ta
nacin povezovanja nov za pritrjevanje golih tabletk, se
pa ze nekaj ¢asa uporablja za kontaktiranje plosdatih
zaslonov s tekoc¢imi kristali. Tabletko pritisnejo proti sub-
stratu, tako da kroglice naredijo kontakt med blazini-
cami, nato pa organski material pod vplivom toplote
polimerizira in veZe tabletko na substrat. Prevodni delci
so lahko iz zlata, niklja ali pa kar spajke, ki se med
polimerizacijo stali. Z naragcajoc¢im volumskim delezem
kovinskih kroglic v polimeru raste verjetnost, da bodo
vse prave blazinice na tabletki in na substratu v stiku,
hkrati pa se veCa nevarnost, da nastane kratek stik med
kontakti na sami tabletki ali subtratu. Optimalna koncen-
tracija je okrog 15 volumskih procentov.

Se vedno so pri izdelavi MCM doloCen problem
“zanesljivo dobre tabletke” (KGD - Known Good Die)
oziroma njihova dobavljivost. V Multi Chip Module se
namre¢ vgrajujejo gole, neenkapsulirane silicijeve
tabletke, ki morajo biti zanesljivo “dobre”. Ko se tabletke

tor
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Slika 4:  Shemati¢en prikaz ideje SLIM - Single Level
Integrated Module. Vse pasivne komponente
bodo v substratu, na povrsini pa bodo flip-chip
komponente, ki bodo pokrivale do 80%

povrsine.
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testirajo na silicijevi rezini z “gozdom” kontaktnih konic,
vecina proizvajalev pretestira le enosmerne in nizkof-
rekvencne parametre zaradi parazitskih kapacitivnosti
in induktivnosti dolgih testnih konic. Kasnej$e testiranje
pri visokih taktih ure in po vtekanju pri povisanih tem-
peratirah (burn-in) se obi¢ajno izvaja na enkapsuliranih
tabletkah s primernimi prikljucki. Nekaj let je trajal
zaCaran krog; proizvajalcem silicijevih tabletk se ni
izplacalo nabaviti drage opreme za testiranje golih
tabletk, ker je bilo povprasevanje premajhno. Zato so
bile gole tabletke vec¢inoma precej drazje kot enkapsuli-
rane, kar je seveda podrazilo MCM resitve, ki so se zato
manj uporabljale. Zadnje &ase pa se zaradi miniaturi-
zacije potrosnidke elektronike, na primer mobilnih tele-
fonov, povecuje potreba po MCM komponentah, zato
vedno ve¢ proizvajalvev ze ponuja kot standardno op-
cijo nekatere tipe tabletk kot gole, “zanesljivo dobre
tabletke”. Zanimivo je, da zaenkrat med njimi ni na-
jvecjih svetovnih proizvajalcev integriranih vezij. Za to
sta dva glavna razloga. Prvi je, da so MCM konkurenca
ASIC vezjem, ki jih ti proizvajalci razvijajo in prodajajo.
Drug raziog je, da pri enkapsuliranem in pretestiranem
integriranem vezju vedo, da so prodali dobro kompo-
nento. Ce pa prodajo integrirano vezje kot golo tabletko
in vezje potem v MCM ne deluje, se ne ve, kdo je
odgovoren, ali proizvajalec integriranega vezja ali izde-
lovalec MCM.

Druga resitev, ki se je pojavila v zadnjih nekaj letih, pa
je uporaba “dovolj dobre tabletke” (GED- Good Enough
Die). To so gole tabletke, za katere proizvajalec jamdéi z
neko stopnjo verjetnosti, recimo 95%, da so dobre. V
tem primeru vgradijo v MCM pac vec integriranih vezij,
na primer 20 namesto potrebnih 16. Vezja morajo biti
seveda enaka, na primer spominska vezja.

Za testiranje golih tabletk se uporablja ve¢ nacinov,
vendar vsak od teh lahko pos$koduje tabletko. Eden
nacinov je, da se tabletko pritrdi in 0zi¢i (bondira) na
zacasen substrat za testiranje in vtekanje. Po testu z
laserjem porezejo bonde na tabletki tik ob kroglicah,

Tabela lll: Tehnolodki trendi in cena testiranja
1970 1980 1990 1995 2000
Ssl LSl uLsl MCM | MCM
Stevilo 10 5k 200k | 800k | 2000k
vrat
Spomin | oesh | 16kb | 16Mb | 256 Mb | 10Gb
Stevilo
transi- 10° 10° 10° 102 104
storjev
. 100 10 100 300 500
Hitrost |1y MHz | MHz | MHz | MHz
Stevilo
prikljus- | 14 44 356 600 1000
kov
Cena
testira- | 5% 20 % 60 % 70 % 60 %
nja
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tabletko odlepijo in jo ponovno bondirajo v MCM tako,
daje kroglica drugega bonda na kroglici prvega. Pritem
se lahko poslabsa adhezija med bondom in kontakino
blazinico na tabletki. Drug nacdin je, da so na testnem
substrati kroglice spajke, na katere se prispajka in po-
tem odspajka integrirano vezje, tretji pa, da so na sub-
stratu kratke konice, na katere se hibridno vezje mehan-
sko pritisne. V teh dveh primerih se lahko poskodujejo
kontaktne blazinice. Zato narasca $tevilo integriranih
vezij, seveda predvsem kompleksnih, ki imajo Ze na
tabletki narejeno elekironiko za samotestiranje. Ta
zasede okrog 10% povrsine tabletke. Ocenjujejo, da je
bilo leta 1995 takih vezij 40%, leta 2000 jih bo 50% in
leta 2007 ze 90%, predvsem zaradi narascajoce kom-
pleksnosti vezij in s tem Cedalje tezjega in bolj
zapletenega testiranja. NarasCanje kompleksnosti inte-
griranih vezij od leta 1970 do danes in predvidevanja za
leto 2000 so prikazana v tabeli Ill. Podana je tudi cena
testiranja kot del celotne cene komponente. Vidimo, da
je ta zrasla v 25 letih od 5% leta 1970 do 70% celotne
cene leta 1995, nato pa priéakujejo upad zaradi nara-
$GajoCega Stevila vezij z vgrajenim samotestiranjem.

Trend v prihodnjosti bo seveda $e nadaljna miniaturi-
zacija, ve¢ja in vecdja gostota funkcij, veCja zanesljivost
in nizje cene. Kot primer MCM, ki je nekoliko dramati¢no

predstavljen kot integracija za novo tisoCletje (to bo kar
kmalu), pokazimo SLIM - Single Level Integrated Mod-
ule. SLIM je shematicno prikazan na sliki 4. Cilj je znizati
ceno za veé kot deset krat in izboljsati karakteristike.
Danasnji MCM stanejo od 5 do 50 $/cm?, SLIM pa naj
bi stal manj kot 1 $/cm?. Vse pasivne komponente, to
so prevodniki, upori, kondenzatorji in optoelektronske
povezave, bodo pokopane v samem substratu, na
povrdini bodo samo gole tabletke. To bodo flip-chipi, ki
bodo pritrjeni “z ramo ob rami”, tako da bodo tabletke
pokrivale 80% povréine substrata. Za primerjave pove-
jmo, da je bila “povrsina silicija”, to je, dejanska
povréina tabletk integriranih vezij, leta 1970 2% plo&ce
tiskanega vezja, leta 1980 okrog 7%, danes pa je v
najboljsih primerih okrog 15%. Seveda pa moramo
povedati, da je zaenkrat SLIM samo ideja oziroma bolje
re¢eno projekt. Pri tem je koordinator Georgia Institute
of Technology v Atlanti, ZDA, pri projektu pa sodeluje
kar spostovanija vredno $tevilo 28 industrijskih partner-
jev.
Marko Hrovat
Institut JoZef Stefan
Jamova 39
10017 Ljubljana

ISSCC'97

Statistical Data:

Date: February 6,7,8 1997
Location: San Francisco, CA, USA
Participants: > 3.200 !
Key Topics: Multimedia,
Low power/low voitage,
Mixed signal circuits
Number of

164 papers total,

4 plenary/invited papers
49 papers from far east

35 papers from Europe

Contributions:

Short Summary:

The main topic was “Multimedia”, three of the invited
papers also were dedicated to this topic, several papers
dealt with system integration aspects in this field com-
bining processing power and memory. Main trends for
these extremely high integration processes are:

~ multy-layer wiring concepts (6-7 layers)
— new techniques as low k dielectric materials, CMP

(chemical-mechanical-polishing), stacked contacts
and wires

— embedded DRAMs in logic processes

The re-use of intellectual property, meaning the ability
to successfully combine pre-existing of functional
blocks from previous designs (either in house or ac-
quired from others) will be a key factor in the future
competition in the field of multimedia.

Several contributions focused on different concepts for
low powet/low voltage circuits. Using different circuit
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techniques (e.g. switched wells for modulating Vt; using
SOl-substrates; ...) operating voltages down to 1 V
seem to be achievable at high speeds.

There were some very impressive reports about high
performance microcontrollers (e.g. Pentium-Pro from
Intel and the Alpha Chip from DEC). For these proces-
sors clock frequencies in the range of 500 to 700 Mhz
are already used, speeds well above 1 GHz can be
exspected in the next years. The bottleneck in the
designs is the power dissipation (the Alpha Chip uses
up to 70 Watts at a supply voltage of 2.0 Volts!) and the
voltage drops on bond wires and internal lines during
the main switching times. Furthermore the interface of
data between block of the chip and between different
chips will be of key importance. A concept was pre-
sented, which enables the transmission of several 100
Mbit/sec over a single pin by using low voltage swings
on terminated lines.

The press interest concetrated on a japanese contribu-
tion, where a DRAM-memory cell with 4 logic states (=2
Bits) was used to construct a prototype of a 4 GBit
DRAM. But this chip is still some years away from its
introduction to the market.

The only paper from Austria camefrom the Siemens
Design Center in Villach (D.Draxelmayr, Differential Hall
Sensor) and was very well valued in the sensor session.
Other contributions came from UC-Berkeley on an ex-
perimental 3-axis accelerometer system circuit based
on micromachining technology.

ISSCC will be organized again on February 5-7, 1998 in
San Francisco; paper deadline is September 5, 1997.

Wolfgang PRIBYL
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PRIKAZ MAGISTRSKIH DEL IN DOKTORATOV V LETU 1996
M. S. and Ph. D. ABSTRACTS, YEAR 1996

MAGISTRSKA DELA

Naslov naloge: Modeliranje diode p+i n+ z razcep-
lieno anodo v prisotnosti magnetnega polja

Avtor: Drago Kopac, dipl.ing.
Mentor: prof. dr. Lojze Trontelj
Univerza v Ljubljani, Fakulteta za elektrotehniko

Modeliranje polprevodniskih elementov je kompleksen
proces, vpet med mikroelektronsko tehnologijo in elek-
troniko. Stopnja razvoja obeh dejavnikov je v veliki meri
odvisna od razvoja modeliranja. Modeliranje pol-
prevodniskih elementov je danes proces, ki se razvija
hkrati z modeliranjem tehnologkih procesov. Modelski
parametri so vedno tesneje povezani s fizikalnimi
velicinami, polprevodniske enacbe (hidrodinami¢ne
enacbe) opisujejo dogajanje na submikronskih raz-
daljah, kar zahteva danas$nja polprevodniska tehnolo-
gija. Modeliranje polprevodniskih elementov omogoda
graditev modelskih enacb elementa, ter po drugi strani
preverjanje polempiriénih enach razliénih fizikalnih me-
hanizmov preko privzetega modela elementa in meritev
njegovega odziva.

Pri raziskavi in razvoju polprevodnigkih magnetnih sen-
zorjev je potrebno poznati fizikaino dogajanje v sen-
zorju, tako kvalitativno kot kvantitativno. Z re$evanjem
polprevodniskih enacb z upostevanjem magnetnega
polja je storjen prvi korak v smeri kvantitativnega opisa
vpliva magnetnega polja. Pri tem se je potrebno
zavedati poenostavitev, ki zadevajo fizikalno sliko doga-
janj v senzorju ali pa poenostavitev in napak
uporablienega postopka reSevanja. Upostevanje do-
datnih vplivov, ki pomenijo realnej$o sliko dogajanj v
polprevodniskem elementu, najveckrat ni mogode brez
spremembe zasnove polprevodniskih enacb. Zato je
potreben pri  reSevanju polprevodniskih enadb
sistematicen in strukturiran pristop, ki omogoca reseva-
nje dolocenega razreda problemov ter hitro prilagoditev
za resevanje splos$nejsih problemov. Npr. pri nadrto-
vanju programa MAGSS je bilo veliko ¢asa porablje-
negazaizracun Jacobijeve matrike na robovih obmogja
reSevanja polprevodniskih enadb, kljub temu da so to
le daljice. V primeru ukrivijenih robov bi bilo potrebno
predelati celotni program MAGSS na radunanje s
koncnimi elementi, kar bi pomenilo nadrtovanje od
zacetka. Zato se je pametno lotiti SirSega spektra
problemov od sprva postavijenih, saj kljub ve&jemu
zaCetnemu delu pri zasnovi podatkovnih struktur in
algoritmov  reSevanja splosnej$ih  polprevodnigkih
enacb, pridobimo kasneje pri prilagajanju drugaénim
problemov. Tak pristop pa zahteva timsko delo
izkusene ekipe, zato predstavlja program MAGSS le
kompromis med vlozenim delom in rezultati simulacij.
Pri sistematskem dvodimenzionalnem modeliranju z
upostevanjem magnetnega polja posplositev na tri di-
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menzije ne pomeni veliko dodatnega dela, zahtevnejsi
je prehod od metode konénih razlik na metodo konénih
elementov. Program MAGSS pri tem prehodu lahko

pomeni oporo pri testiranju njegove nove zasnove.

Program MAGSS uporablja metodo konénih razlik, kar
ima za posledico nekaj pomankijivosti. Za vedjo todnost
racunanja je treba najprej ugotoviti, v katerih obmodjih
je potrebno zgostiti mrezo, preradunati novo neekvidi-
stantno mrezo ter ponoviti simulacijo. Prav tako je potre-
bno zgostiti mrezo ob elektricnih kontaktih zaradi
tocnejSega racunanja tokov kontaktov (posebno ob
prisotnosti magnetnega polja). Resevanje poteka dokaj
pocasi, saj okolie MATLAB tece pod operacijskim
sistemom Oken. Ker pa je okolje MATLAB kot po meri
za resevanje polprevodniskih enacb, obdelavo in pred-
stavitev rezultatov, je to odtehtalo poc¢asnost resevanja.
Programski jezik okolja MATLAB je zelo podoben jeziku
C, kar predstavija moznost kasnejSega prenosa iz
osebnega racunalnika na delovno postajo ter s tem

hitrejSega resevanja.

Za reaino sliko dogajanj v polprevodniskem elementu
pri nenicelnem magnetnem polju je dejansko potrebno
tridimenzionalno modeliranje. To se je izkazalo ze pri
obravnavi magnetodiode v dveh dimenzijah, ko ni bilo
mogoce upostevati povrSinske rekombinacije. S tega
stalis¢a je program MAGSS uporaben kot ocena kvan-
titativnega dogajanja v dvodimenzionalnem prerezu.
Ker omogoca tudi modeliranje gibljivosti in rekombi-
nacije in preko tega modeliranje Hallove gibljivosti in
magnetokoncentracije, je z njim mogode opraviti zani-
mive simulacije, ki pomagajo k boljsemu razumevanju
dogajanj v polprevodnigkem elementu.

Nadaljne delo naj bi potekalo na simulaciji dogajanj v
magnetotransistorju in magnetnem MOS transistorju ter
primerjavi s Hallovo plos¢o. Vzporedno naj bi potekala
predelava programa MAGSS za tridimenzionaino
modeliranje.

Naslov naloge: Analiza degradirane heterospojne
amorfnosilicijeve sonéne celice

Avtor: Ales Groznik, dipl. ing.
Mentor: prof. dr. Franc Smole
Univerza v Ljubljani, Fakuilteta za elektrotehniko

2elja poiskati cenen material, ki bi nadomestil relativno
drag kristalni silicij, je pripeljala polprevodnigko
tehnologijo do raziskav na podro¢ju amorfnega silicija
(a-Si:H). Odlocilne prednosti, ki odlikujejo a-Si:H, so
predvsem nizka cena surovine, cenen proces proizvod-
nje elementov, raznovrstne nosilne podlage in moznost

nanasanja na velike povrsine razliénih geometrij.

Ceprav segajo prvi zametki aplikacij a-Si:H v 70-ta leta,
potekajo dandanes 8e vedno $tevilne teorstiéne in ek-
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sperimentaine raziskave aplikacij na vrsti podrodij v
industriji, kot najbolj obetavno podroéje uporabe a-Si:H
pa velja podrogje tankoplastnih sonénih celic. Podrocje
raziskav a-Si:H sonénih celic lahko razdelimo v dve
smeri - na podpodrodje raziskav materiala in podpod-
rodje raziskav struktur. Glede na dejstvo, da so dose-
danja najpomembnej$a spoznanja na podrodju razis-
kav a-Si:H plod raziskav struktur (optimizacija debeline
| plasti, optimizacija P+ plasti, heterospojev ter kon-
taktnih spojev, optimalna absorbcija vpadle svetlobe,
tandemska izvedba), lahko ugotovimo, da podrocje
Studije struktur v dognanjih zdale¢ prekasa studije ma-
teriala kar omejuje nadaljnje dosezke v praksi.

Ena izmed najpomembnejsih lastnosti materiala, ki
omejuje delovanje a-Si:H sonénih celic, predstavija
svetlobna degradacija, saj je osnovna zakonitost os-
vetliene a-Si:C:H/a-Si:H P | N strukture sprememba
notranijih lastnosti, ki vplivajo na spremembo izhodnih
velidin. Glavni razlog za zelo pocasen napredek na
podro&ju raziskav svetiobne degradacije je nepozna-
vanje resniénih vzvodov degradacije, s Cimer je
povezano tudi pomanjkljivo vedenje o spremembi para-
metrov strukture v toku degradacije. Razumevanje
notranjih dogajanj v procesu degradacije pa je izredno
pomembno za nova dognanja znanosti na podrocju
stablinega dolgoro¢nega delovanja a-Si:H struktur.

Predlozeno delo je poskus analize dogajanj v degradi-
rani a-Si:C:H/a-Si:H strukturi in je vsebinsko sestavljeno
iz treh sklopov.

Prvemu sklopu, ki opisuje teoreti¢na izhodisCa analize
sledi kratek opis prevedbe analiticnih izrazov v nu-
meriéno okolje, na katerem sloni ASPIN simulator, s
katerim smo analizirali strukturo v toku degradacije.
Vsebinsko najbogatej$i in najpomembnejsi je tretji
sklop, ki temelji na modeliranju dogajanj v degradirani
a-Si:C:H/a-Si:H strukturi in povzema kljuéna spoznanja
degradacije.

Poglobliena dognanja analize opisujejo sledeci pris-
pevki z mednarodnih konferenc:

A. Groznik, F. Smole, M. Topi¢, J. Furlan: Investigation
of a-Si:H p-i-n solar cell degradation; Proceeding of 23rd
international conference on microelectronics, MIEL 95,
Terme Catez, str. 303, 1995

F. Smole, A. Groznik, M. Topi¢, P. Popovi¢, J. Furlan:
Investigation of a-Si:H p-i-n solar cell degradation; Ma-
terial Research Society Symposium Proceedings, San
Francisco, v tisku (1996),

A. Groznik, F. Smole, M. Topi¢, J. Furlan: Progress in
investigation of a-Si:H p-i-n solar cell degradation; Pro-
ceeding of 24th international conference on microelec-
tronics, MIEL 96, Nova Gorica, v tisku (1996)

F. Smole, A. Groznik, M. Topi¢, J. Furlan: Analysis of
degraded a-Si:H p-i-n solar cells-the role of defect state
capture cross-sections, Proceeding of 9th International
Photovoltaic Science and Engineering Conference, Mi-
yazaki, v tisku (1996).
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Naslov naloge: Vkljuditev jezika VHDL v programski
paket za formalno verifikacijo sistemov

Avtor: Marjan Strakl, dipl. inZ. el.
Mentor: red. prof. dr. Bogomir Horvat
Komentor: doc. dr. Zmago Brezo¢nik

Univerza v Mariboru, Fakulteta za elektrotehniko,
radunalnistvo in informatiko

V magistrskem delu je prikazana vkljucitev jezika VHDL
v programski paket za formalno verifikacijo. Opisana je
povezava orodja za nacrtovanje digitalnih integriranih
vezij s programskim paketom za formalno verifikacijo.
Obe orodji imata razliéna vhodna formata opisa digital-
nih vezij, zato je bilo za povezavo potrebno izdelati
ustrezen prevajainik med opema opisoma. Veliko
nacrtovaiskih orodij vkljuéuje VHDL za vhodni opis digi-
talnega vezja, na$ cilj pa je vkljuéitev jezika VHDL se v
orodja za formalno verifikacijo. Z uporabo prevajainika
lahko verificiramo sekvenéna vezja s programskim
paketom HSIS. V magistrskem delu je prikazan celoten
postopek pretvorbe iz VHDL v BLIF-MV in verifikacija
vezij s programskim paketom HSIS z metodo prever-
janja modelov. Rezultati testiranj avtomatov z vecjim
Stevilom dosegljivih stanj kazejo na veliko ¢asovno in
prostorsko zahtevnost algoritmov za preverjanje formul
CTL v programskem paketu HSIS. Ker prevajalnik ni
vezan samo na programski paket HSIS, pricakujemo
boljse rezultate z drugimi algoritmi in orodiji, ki jih razvi-
jamo in imajo za vhodni opis vezja format BLIF-MV.

Naslov naloge: Univerzalni merilni modul na osnovi
DSP

Avior: Joze Arh, dipl. ing.
Mentor: prof. dr. Anton Pozne
Univerza v Ljubljani, Fakulteta za elektrotehniko

Magistrsko delo je vsebinsko razdeljeno na dva dela, ki
se med seboj dopolnjujeta. Prvi del je namenjen
nadrtovanju in dokumentiranju univerzalnega meril-
nega modula MODUL TMS8320C30, kjer uporabimo
digitalni signalni mikroprocesor (DSP) z vgrajeno arit-
metiko s plavajo¢o vejico TMS320C30 (Texas Instru-
ments). V drugem delu so podrobno analizirani rezultati
diskretne Fourierjeve transformacije (DFT), ki je os-
novno matematiéno orodje pri obdelavi zajetih vzorcev
signala. lzvedeno tiskano vezje s pripadajoCimi elek-
tronskimi komponentami je namenjeno razvojno-raz-
iskovalnemu delu pri meritvah veli¢in signalov s
pomodjo hitre digitaine obdelave ter je zaradi svoje
enostavnosti uporabno kot uéni pripomocek.

Magistrsko delo po poglavijih:

« V drugem oziroma uvodnem poglavju je prikazan
zgodovinski pregled razvoja digitalnega signalnega
procssiranja in DSP-jev.

 V tretjem poglavju so prikazane lastnosti danasnjih
DSP-jev in njihova uporabna vrednost. Preglednica
modernih DSP-jev v prilogi prav tako spada k po-
glavju.
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Jedro magistrske naloge je ¢etrto poglavje, ki je pred-
vsem namenjeno koncnemu rezultatu tega dela, to je
delujoce elektronsko vezje. Najvel ¢asa je posvedeno
tehni¢nemu opisu vezja. Elektronsko vezje je nadrtova-
no tako, da omogocda najbolj pomembne funkcije, ki so
v tem primeru: velika matemati¢na procesna mod,
enostavna prikljucitev A/D in D/A pretvornikov, komuni-
kacija z zunanjostjo (IEEE488 vodilo), splo$na vzpo-
redna vhodno/izhodna komunikacija, prikljuditev na
posnemovalnik, fizicna dostopnost vseh uporabnih sig-
nalov, itd.

Peto poglavje je povsem teoreti¢no. Zbrano specifiéno
znanje je namenjeno nadaljinjemu delu na elektron-
skem vezju, to je digitalnemu obdelovanju signalov v
meriine namene. V njem je podrobno prikazano
razmerje med rezultati DFT in dejanskim stanjem mer-
jenega vzorCenega signala. Za boljSe razumevanie je
podanih veliko preprostih primerov. Na koncu je obde-
lana metoda interpolacije DFT, s pomodjo katere
pridemo do rezultatov, ki so verna slika vzoréenemu
signalu.

Naslov naloge: Opti¢ni vlakenski merilnik sile na
osnovi sklapljanja vodenih rodov

Avtor: Denis Donlagié, dipl. inz. el.
Mentor: red. prof. dr. Vitodrag Kumpers§éak

Komentor: red. prof. dr. Josko Budin, Fakulteta za
elektrotehniko Ljubljana

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

V okviru magistrskega dela so obravnavani senzorji na
osnovi mikroukrivljenosti, predstavljena je povsem
nova oblika senzorja na osnovi mikroukrivljenosti (EME
struktura), izvedena je obsirna eksperimentaina analiza
EME strukture ter teoretiCno vrednotenje rezultatov.
Podana je primerjava med klasi¢nimi senzorji na osnovi
mikroukrivljenosti ter EME strukturo. Realiziran je zgod-
nji prototip merilnika sile na osnovi EME strukture, ki
potrjuje uporabnost EME strukture v senzoriki.

Naslov naloge: Polarimetriéni termometer na osnovi
interference rodov

Avtor: Miha Zavrsnik, dipl. inz. el.
Mentor: red. prof. dr. Dali Ponlagi¢
Komentor: red. prof. dr. Vitodrag Kumpers$éak

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

V magistrski nalogi “Polarimetriéni termometer na os-
novi interference rodov" je obravnavan in izveden po-
larimetri¢ni merilnik temperature na osnovi interference
med polarizacijskima rodovoma znotraj visoko dvolom-
nega vlakna. Merilnik za merilno podrocje od 200°C do
600°C deluje v linearnem delu prenosne karakteristike
polarimetra in omogocéa absolutno merjenje tempera-
ture.

59

Naslov naloge: Avtomatizacija stroja za justiranje
mini relejev

Avtor: Anton Kropec, dipl. inZ. el.
Mentor: red. prof. dr. Karel Jezernik
Komentor: red. prof. dr. Rafael Cajhen

Univerza v Mariboru, Fakulteta za elektrotehniko,
racunalnistvo in informatiko

V magistrski nalogi je opisan razvoj stroja za justiranje
mini relejev. Stroj meri mehanske in elektriéne parame-
tre releja ter mehanske justira na ustrezno vrednost.
Poudarek je bil na izbiri elektromotornih pogonov in
merilne metode za merjenje sile, postavitvi matema-
ticnega modela za elektromotorne pogone in resevanju
teh modelov. Matematiéni model sem analiziral z
racunalniskimi simulacijami.

Stroj meri silo mirnega in delovnega kontakta ter tok,
oziroma napetost pritega in odpusta jarma, zato so v
delu izracunani mejni pogreski meriinih metod, &asi
trajanja posameznih meritev in vplivi nanje.

Predstavljena je tudi mikroracunalnidka konfiguracija
vodenja stroja in programska oprema na mikroracu-
nalniSkem in nadzornem nivoju.

Naslov naloge: Merilnik namagnetenosti s tresoéim
vzorcem

Avtor: Franc Dimc, dipl. ing.
Mentor: prof. dr. Dusan Fefer
Univerza v Ljubljani, Fakulteta za elektrotehniko

Razvoj novih magnetnih materialov in postopkov za
njihovo pridobivanje zahteva poleg poznavanja osnov
magnetnih lastnosti tudi merilno tehniko za njihovo
dolocevanje. Interdisciplinarnost podrodja magne-
tizma, kjer se srecujemo fiziki, kemiki, metalurgi in elek-
trotehniki, prinasa razliéne predstave o magnetnih
pojavih. Zaradi razli¢nosti v razumevanju magnetnih
pojavov je nastalo nesoglasje, katere magnetne last-
nosti je mozno meriti z dolo&enimi tehnikami in kako
tocno.

Zato smo si pred gradnjo instrumenta postavili cilj, naj
bo vsak del instrumenta premisljeno izbran in naértovan
za tocno doloc¢eno nalogo. Z resitvami v nadrtovanju se
poskuSamo vnapre]j ¢imbolj izogniti motilnim signalom
in vplivom okolice, ki vnadajo motnje v delovanje instru-
menta. Delno smo si pri naértovanju pomagali tudi s
standardi, ki veljajo na podro¢ju magnetike. Ce med
izdelavo in uporabo upostevamo ta meroslovna pravila
igre, lahko merilni instrument uvrstimo na doloc¢eno
mesto v meroslovni lestvici.

V merilniku namagnetenosti s tresodim vzorcem dolo-
¢amo magnetni moment vzorca materiala m. Moment
m je mera za velikost magnetnega polja, ki izvira iz
samega vzorca. Magnetne momente opaZamo v vzor-
cih trajnih magnetov in v vzorcih materialov, izpo-
stavijenih magnetnemu polju z jakostjo H. Vzorci
preizkuSanega materiala niso vedno enako veliki, zato

jim dolo¢amo namagnetenost M, ki predstavija mag-
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netni moment vzorca, normiran na enoto njegove pros-
tornine V.

Meritve magnetnih lastnosti vzorcev v merilniku namag-
netenosti s treso¢im vzorcem temeljijo na merjenju in-
ducirane napetosti uj. Vzorec z lastnim ali, zaradi
izpostavljenosti staticnemu magnetnemu polju, pri-
dobljenim magnetnim momentom, se trese v blizini
odjemnih tuljav. Inducirana napetost, kot posledica upi-
ranja narave spremembam stanja, je premosoraz-
merna m vzorca. Merilni rezultat umerjenega instru-
menta daje torej podatek o namagnetenosti vzorca M
ali samo ene komponente M, odvisno od razporgditve
odjemnih tuljav. Velikost z meritvijo doloc¢ene M, kot
odziva vzorca na vzbujevalno polje H, je odvisna tudi
od oblike vzorca, ker vpliva na nastanek razmagnetil-
nega polja vzorca na njegovi povrSini. Spremembe
magnetnih lastnosti materialov zaradi viSanja tempera-
ture so posledica poveéevanja razdirainega ucinka kT
nasproti urejenosti magnetnih momentov v snoveh.

Namagnetenostvzorca mje odvisna od jakosti magnet-
nega polja H, kateri je izpostavljen. Za Zeljeno obliko
osno simetriénih polovih Gevljev elektromagneta in Sir-
ino zradne reze smo izracunali velikost obmodja, v
katerem se sme tresti vzorec (poglavie Dolocanje
obmogja homogenosti H). Pri nacrtovanju in razpore-
janju odjemnih tuljav v prostoru okoli treso¢ega vzorca
smo upostevali ved resitev iz literature (poglavje Grad-
nja merilnika..). Potek merjenja vodi in nadzoruje osebni
racunalnik.

Instrument, kakrdnega nacrtujemo, izdeluje serijsko vec
proizvajalcev, ki trziscu ponujajo bistvene lastnosti mer-
ilnika: velikost, masa instrumenta, doseg H, obmocje
homogenosti H, najvisja temperatura, obcutljivost.
Znane so resitve za kriostatske meritve, in meritve samo
na sobni temperaturi, toda celovite predstavitve podob-
nega merilnika s pecjo nismo nasli. Omenjeni so le
posamezni deli, z vgradnjo katerih izboljSamo de-

lovanje kuplienih instrumentov.

DOKTORSKE DISERTACIJE

Naslov doktorske disertacije: Analiza heterospojnih
amorfnosilicijevih struktur

Avtor: Marko Topic
Mentor: prof. dr. Franc Smole, dipl. ing.
Univerza v Ljubljani, Fakulteta za elektrotehniko

Naragéajoda kompleksnost heterospojnih amorfno-
silicijevih struktur zahteva permanentno izboljSevanje
numeriénin modelov v racunainiskih simulatorjih nji-
hovega delovanja. V nasprotju s simulacijo pol-
prevodniskih struktur iz monokristalnih raterialov
predstavija pri simulaciji amorfnosilicijevih struktur
modeliranje rekombinacijsko-generacijskega mehaniz-
ma enega izmed glavnih problemov. Zato smo se na
zacetku doktorske disertacije posvetili opisu razvoja
teorije modela gostote stanj za amorfni silicij, ki
vkljuéuje tvorbo defektov v aSi:H na osnovi termodi-
nami¢nega pristopa s pomocjo preprostih ravnoteznih
kemiénih reakdij.
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Na osnovi izpeljanega teoretitnega “defect pool"
modela smo tvorili numeriéni DP-DOS model gostote
stanj in ga uspesno vkijudili v simulator ASPIN. Na
osnovi nedavnih eksperimentalnih rezultatov smo DP-
DOS model izpopolnili z vkljucitvijo odvisnosti naklona
Evo in Eco od koncentracije dopiranja. Veljavnost
izbolj$anega DP-DOS modela gostote stanj pri modeli-
ranju vedéplastnih a-Si:H heterostruktur smo preverili na
primeru pin heterospojne soncne celice. Analizirali smo
vplive obeh pristopov na njene notranje lastnosti in
zunanje karakteristike pri razlicnih vrednostih poten-
cialne bariere na povrsini p plasti.

Pri amorfnosilicijevih sonénih celicah igra zelo pomem-
bno viogo sprednji kontaktni heterospoj, t.j. spoj med
transparentnim prevodnim oksidom (TCO) in sprednjo
dopirano amorfnosilicijevo plastjo. Simulator ASPIN
smo izpopolnili tako, da analizirana struktura vkljucuje
TCO plast s TCO/a-SiC:H oz. s TCO/a-Si:H heterospo-
jem. Ta razsiritev ne zagotavlja samo verodostojnejsih
robnih pogojev, temve¢ omogoc&a tako analizo efektov
na heterospoju med sprednjim TCO-jem in p(a-SiC:H)
kot tudi analizo efekiov na heterospoju med n(a-Si:H)
in zadnjim TCO jem.

S pomodjo analize TCO/p(a-SiC:H) kontakinega het-
erospoja smo razreSili neskladje med velikim kon-
taktnim potencialom in izmerjeno potencialno bariero v
p plasti. Neskladje je mo¢ razloziti z visoko gostoto
defektnih stanj na heterospoju, ki zaradi mo¢nega ne-
gativnega prostorskega naboja v prehodnem podrocju
povzro¢ajo strm padec potenciala znotraj heterospo-
jnega prehodnega podrocja. Preostanek kontaktnega
potenciaia pa sega v p plast kot potencialna bariera, ki
zavira transport svetlobno generiranih nosilcev naboja.

Zadnji trendi na podrodju izdelave amorfnosilicijevih
sonénih celic izkorid¢ajo odlicne lastnosti mikrokristal-
nih silicijevih (c-Si) dopiranih plasti, ki so ze prinesle
izbolj$anje zmogljivosti enojnih in tudi tandemskih a-
Si:H sonénih celic. Da bi analizirali njihovo funkcijo pri
delovanju tak$nih heterospojnih struktur, smo priredili
ASPIN simulator za analizo heterospojnih vecplastnih
struktur, ki vkljucujejo TCO plast, pc-Si plast in a-SitH
plasti. Interpretirali smo notranja dogajanja v pc-Si plasti
in na njenih heterospojih ter raziskali moznosti optimi-
zacije enojnih heterospojnih sonénih celic z vgrajeno
ne-Si plastjo. Ugotovili smo, da je najboljSe fotoelek-
tricne lastnosti mo¢ doseci z uporabo kombinirane
p(uc-Si)/p(a-SiC:H) plasti s spremljajoco p-i(a-SiC:H)
prehodno plastjo.

Analizirali smo elektricne lastnosti zadnjega TCO/n(a-
Si:H) kontaktnega heterospoja in ugotovili, da je za
izboljan zadnji kontakt (TCO/kovina) najprimernejsi
ZnO, ker tvori zelo majhen kontaktni potencial z n(a-
Si:H). Analiza p-i-n/ZnO strukture je pokazala, da je
zaradi vpetja Fermijevega nivoja na povrsini ZnO plasti
mozno n(a-Si:H) plast stanjsati do debeline nekaj
nanometrov, ne da bi $kodovali napetosti odprtih sponk
ali polnilnemu faktorju celice. Tanj$a n plast povecuje
kvantni izkoristek v dolgovalovnem podrodju in s tem
poveduje kratkosti¢ni tok ter izkoristek celice.
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Amorfni silicij je s svojimi zmesmi  (a-Si1-xCx:H,
a-SiixGex:H) postal tudi obetajod kandidat za cenene
aplikacije v tehnologiji izdelave senzorjev velikih
povrsin.

Da bi prebrodili teZzave in omejitve dosedanjih a-Si:H
struktur za detekcijo treh osnovnih barv, smo predlagali
nove idejne reditve detektorja treh osnovnih barv (mo-
dra, zelena, rdeda). Te temeljijo na sestavijenih
amorfnosilicijevih heterostrukturah s tremi kontakdti.
Med njimi smo analizirali in izdelali strukturo
TCO/pin/TCO/pinip/kovina in strukturo
TCO/pinip/TCO/pin/kovina.

S pomogjo simulatorja ASPIN smo izvedli optimizacijo
geometrijskih dimenzij posameznih plasti znotraj pred-
laganih struktur. Ob tem smo podali vpogled v fizikalna
dogajanja znotraj strukture pri razliénih delovnih pogo-
jih.

Pri izdelani TCO/pin/TCO/pinip/kovina strukturi smo
naleteli na tezave z delovanjem piin fotodetektorja za
modro barvo, ker je le-ta zelo tanek (50 nm). Spektralna
obcutlfivost piznizp strukture za zeleno in rdeCo barvo
je zelo dobra. Zelo dobri so tudi faktorji barvne izloCitve
in barvnega dusenja. V izdelani pizgnigp strukturi bi bilo
potrebno izboljsati e temno tokovnonapetostno karak-
teristiko, ki bi omogocala zaznavanje tudi pri visjih vred-
nostih napetosti, kjer bi bil zbirni izkoristek Se vedji.

V TCO/pinip/TCO/pin/kovina strukturi smo izdelali na-
iprej pitnizp strukturo, ki izkazuje odliéne rezultate za
zaznavanje modre in zelene barve. Problem tanke
vrhnje pi1n diode je v tej strukturi odpravljen, saj znasa
celotna debelina pitnizp strukture preko 180 nm, kar pa
vec kot zadostuje za odpravo lokalnih krajevnih defek-
tov, ki preprecujejo delovanje samostojnega piin fo-
todetektorja. V samostojnem pign fotodetektorju lokalni
krajevni defekti sploh niso nevarni, saj je struktura do-
volj debela.

Za obe strukturi smo ugotovili linearno odvisnost med
intenziteto vpadne svetlobe in fototokom za detekcijo
vseh treh barv z visokimi faktorji barvne izlo¢itve in s tem
potrdili rezultate numericne analize ter same idejne
reSitve detektorja treh osnovnih barv. Glede na dejstvo,
da je bila izvedena samo enkratna izdelava predlaganih
struktur, lahko zaklju¢imo, da je bilo ujemanje med
eksperimentalnimi in numeriénimi rezultati ve¢ kot zelo
dobro.

Naslov doktorske disertacije: Vpliv visokih koncen-
tracij primesi na lastnosti silicijevih in silicijevo-ger-
manijevih struktur

Avtor: Sasa Sokoli¢
Mentor: prof. dr. Slavko Amon
Univerza v Ljubljani, Fakulteta za elektrotehniko

Poznavanje in upoStevanje efektov visoke koncen-
tracije primesi je izjemnega pomena za modeliranje in
optimizacijo silicijevin bipolarnih tranzistorjev in npn
Si/Si1.xGex/Si heterospojnih bipolarnih tranzistorjev
(SiGe HBT). Uspesno delovanije SiGe HBT jev pri nizkih
temperaturah in pomen teh elementov za nizko tem-
peraturno elektroniko narekuje poznavanje efektov vi-
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soke koncentracije primesi tudi pri nizkih tempera-

turah. V disertaciji je podan $tudij fizikalnih dogajan] v
n- in p-tipu silicija in p-tipu SiGe pri visoki koncentraciji
primesi v temperaturnem obmod¢ju med nizkimi tem-
peraturami in sobno, pri Cemer so nas zanimali pred-

vsem efekdti, ki vplivajo na statistiko nosilcev naboja.

Podana je analiza razli¢nih efektov, do katerih prihaja
pri visoki koncentraciji primesi. Rezultati kazejo, da je
pri modeliranju sistema silicij-SiGe v Sirokem tempera-
turnem obmocju potrebno upostevati veé¢ efektov: -
efekt gostote stanj, -degeneriranost, -dejansko oZenje
prepovedanega pasu zaradi visoke koncentracije
primesi, -premik Fermijevega nivoja zaradi repa gostote
stanj v pasu vecinskih nosilcev naboja in -dejansko
ozenje prepovedanega pasu zaradi germanija in struk-
turne napetosti. Pri analizi temperaturne odvisnosti
posameznih efektov smo ugotovili, da lahko zadovoljivo
opiSemo razmere s temperaturno odvisnostjo efekta
gostote stanj in degeneriranosti.

Obravnavali smo navidezno ozenje prepovedanega
pasu. Le-to je definirano kot vsota vseh efektov, ki
vplivajo na pn produkt v opazovanem materialu glede
na referenéni material. Navidezno oZenje prepove-
danega pasu je mozno doloditi iz tranzistorskih tokovnih
karakteristik. Zaradi tega predstavljajo empiri¢ni modeli
za navidezno ozenje prepovedanega pasu najpogo-
steje uporabljane modele pri opisu moc¢no dopiranih
podrodij. Medtem ko lahko temperaturno odvisnost
navideznega oZenja prepovedanega pasu v siliciju v
vecini prakticnih primerov zanemarimo, so v SiGe
razmere povsem drugacne, saj efekt gostote stanj in
degeneriranost bistveno vplivata na temperaturno od-
visnost navideznega oZenja prepovedanega pasu ze pri
sobg\i temperaturi in koncentracijah primesi 1018-1019
cm™,

Predstavijena je analiza primernosti koncepta navidez-
nega ozenja prepovedanega pasu in pripadajocih em-
piricnih modelov za obravnavo sistema silicij-SiGe pri
visoki koncentraciji primesi v Sirokem tempera-turnem
obmocju. lzkaze se, da lahko pristopu, ki temelji na
navideznem oZenju prepovedanega pasu, ocitamo
$tevilne pomanijkljivosti. Razen neprimernosti empi-
ricnih modelov za navidezno ozenje prepovedanega
pasu izven razmer, za katere so eksplicitno doloceni,
upostevanije navideznega ozenja prepovedanega pasu
v programih za numeri¢no simulacijo polprevodniskih
elementov onemogod&a hkratno praviino modeliranje
koncentracije manjsinskih nosilcev naboja in lege Fer-
mijevega nivoja v degeneriranem polprevodniku,
Rezultati kazejo, da je v primeru modeliranja sistema
silicij-SiGe od nizkih temperatur do sobne potrebno
koncept z navideznim ozZenjem prepovedanega pasu
opustiti in ga nadomestiti s pristopom, ki temelji na
lo¢enem upostevanju posameznih fizikalnih efektov.

Ob upostevanju specificnosti sistema silicij-SiGe in
vseh pomembnih efektov visoke koncentracije primesi
smo dolodili sploSne enacbe za koncentracijo in trans-
port nosilcev. Te so primerne za vkljuéitev efektov vi-
soke koncentracije primesi v sistemu silicij-SiGe v
programe za simulacijo polprevodniskih elementov.
Izpeljali smo analiticni izraz za kolektorski tok SiGe HBT
ja, ki uposteva degeneriranost vecinskih nosilcev v bazi.
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Na podlagi izpeljanih izrazov za kolektorski tok SiGe
HBT ja in za navidezno oZenje prepovedanega pasu
smo analizirali eksperimentalne rezultate navideznega
in efektivnega ozenja prepovedanega pasu v siliciju in
SiGe razlicnin avtorjev. Pri tem smo upostevali tem-
peraturno odvisnost prisotnih efektov. Pokazali smo, da
so eksperimentalni rezultati, izmerjeni na silicijevih
strukturah, konsistentni s tistimi, ki so izmerjeni na SiGe
strukturah, ter da so oboji konsistentni s teorijo. To nas
je pripeljalo do sklepa, da moremo statistiko nosilcev
naboja v sistemu silicij-SiGe opisati s slede&imi fizikal-
nimi modeli:

* model za efektivno maso koncentracije vrzeli,

* model za vsoto dejanskega ozenja prepovedanega
pasu zaradi visoke koncentracije primesi in premika
Fermijevega nivoja zaradi repa gostote stanj vecin-
skih nosilcev ter

° model za dejansko ozZenje prepovedanega pasu
zaradi germanija in strukturne napetosti.

Dolocitev niza fizikalnih modelov ob kriticnem upo-
Stevanju razpolozljivih eksperimentalnih rezultatov fo-
toluminescenéne spektroskopije in  tranzistorskih
ka-rakteristik predstavlja najpomembnejsi rezultat tega
dela. Pri tem smo efektivho masc koncentracije vrzeli
opisali kot funkcijo koncentracije vrzeli, temperature in
deleza germanija. Vsoto dejanskega ozenja prepove-
danega pasu (zaradi visoke koncentracije primesi) in
premika Fermijevega nivoja (zaradi repa gostote stanj
vecdinskih nosilcev) smo dolodili kot funkcijo koncen-
tracije primesi. Dejansko ozenje prepovedanega pasu
zaradi prisotnosti germanija in strukturne napetosti pa
smo podali v odvisnosti od deleza germanija. Gre za
prvi niz fizikalnin modelov za sistem silicij-SiGe, ki je
konsistenten z razpolozljivimi eksperimentalnimi rezul-
tati ter omogoca upostevanje temperaturne odvisnosti
in vpogled v prispevke posameznih efektov. To je
obenem najvecja prednost podanega niza modelov v
primerjavi z drugimi obstojecimi pristopi.

Naslov doktorske disertacije: étudij pojavov med to-
plotno obdelavo tankih plasti na osnovi sprotnih
meritev elektri¢ne upornosti

Avtor: Andrej Cvelbar
Mentor: prof. dr. Lojze Trontelj
Univerza v Ljubljani, Fakulteta za elektrotehniko

Fizikalno-kemijske spremembe v tankoplastnih struk-
turah sem med njihovo toplotno obdelavo spremljal s
sprotnim merjenjem njihove elektricne upornosti. To-
plotno obdelane vzorce sem po ohladitvi na sobno
temperaturo analiziral z metodami AES, RBS, XRD in z
merjenjem mase. S kombinacijo navedenih metod sem
preiskoval dve vrsti reakcij: oksidacijo tankih plasti in
interakcijo med sosednjimi plastmi v dvo- in vecplastnih
strukturah.

Tanke plasti sem nanesel na neprevodne keramicne
podiage v napréevalniku Sputron. Temperatura teh
podlag je bila med naprSevanjem pod 200 °C. Sprotno
merjenje elektriCne upornosti tankih plasti v tej nalogi
sem dosegel z izvirno izvedbo elektricnih kontaktov, ki
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zagotavlja zanesljivo in ponovijivo elektri¢cno povezavo
merjene plasti z instrumenti ter hkrati omogoca pre-
prosto menjavanje vzorcev. Na keramiéni ploséici sta
bili pod merjeno plastjo dve debeloplastni blazinici iz
zlate paste. Te sem ultrazvoéno spojil z zlatimi zickami,
ki vodijo do zlatih blazinic na lezisCu vzorca, od tu pa
sem iz peci napeljal zlate zice do uporovnega delilnika.
Upornost sem meril z ojacevalnikom s fazno sklenjeno
zanko. V nalogi sem na oshovi merjenja upornosti stu-
diral:

a) oksidacijo tankih plasti Cr, CrN, TiN in vecplastne

strukture TiN/CrN

b)interakcijo med sosednjimi plastmi v dvo- in
vecplastnih strukturah Ni/Siin Ni/Al

a) Pri Studiju oksidacije, ki je potekala v kisiku, sem
upornost najprej meril med ogrevanjem sveze plasti s
stalno hitrostjo 3 °C/min, od sobne temperature do
800°C. Nato sem skupino vzorceyv iste vrste ogreval s
hitrostjo 10 °C/min do izbrane temperature, jih nato pri
tej temperaturi doloGen ¢as ogreval izotermno in sproti
meril upornost posameznega vzorca. Posamezni vzorci
so bili na izbrani temperaturi razlicno dolgo, tako da so
na povrsini nastale oksidne plasti z razli¢nimi debeli-
nami. S profilno analizo AES sem dolocil koncentracij-
ske profile tankih plasti pred toplotno obdelavo in po
njej. Rezultate, dobljene z meritvijo upornosti in z me-
todo AES, sem primerjal z rezultati tehtanja vzorcev.

Pri preiskavi oksidacije plasti Cr (d=464 nm) sem upo-
rabil model, s katerim sem oksidacijo opisal kot posle-
dico tanjSanja prevodne plasti. Tako sem iz upornosti
izracunal debelino oksida za razli¢ne ¢ase izpostave pri
temperaturi 700 °C. Z modelom izracu-nana debelina
oksidaje bila sorazmeroa ¢asu ionskegajedkanja med
profilno analizo AES.

Ob studiju oksidacije plasti CrN (d=355 nm) pri tem-
peraturi 600 °C take sorazmernosti nisem opazil. Upor-
nost je narascala relativno hitreje, kot masa oksida.

Pojav razlagam z zmanjSanjem razmerja atomskih kon-
centracij Cr in N plasti CrN med oksidacijo, kar verjetno
vodi do poveéanja specificne upornosti precstale plasti
CrN pod oksidom. Verjetno pa k povecani hitrosti
naraséanja upornosti prispeva tudi oksidacija po mejah
zrn.

Potek oksidacije petplastne strukture TiN/CrN (dTin=55
nm, dorn=35 nm) sem spremiljal pri temperaturi 650 °C.
Upornost se je po vstavitvi vzorca v vro¢o pec najprej
povecala za priblizno 70 krat, nato pa se je upornost s
¢asom spreminjala bolj poc¢asi, a neenakomerno. Pro-
filna analiza AES in tehtanje kazeta, da masa oksida v
zacetni fazi narascéa veliko pocasneje, kot upornost.
Nadalnje raziskave so pokazale, da je vzrok temu neu-
jemaniju verjetno oksidacija po mejah zrn. Na to kaze
tudi profil koncentracije kisika, ki zrepom nizke koncen-
tracije sega v obmocju. ki e ni oksidirano. Kot ¢asovni
odvod upornosti, se je tudi hitrost narad¢anja mase med
dinami¢nim ogrevanjem veckrat moc¢no spremenila.
Spremembe so bile bolj izrazite v zaletni fazi meritve,
ko je oksidacija potekala bolj ob povrs$ini vzorca. Pojav
je verjetno povezan z razlicno oksidacijsko odpornostjo
plasti TiN in CrN.
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Iz sprotnega merjenja upornosti tanke plasti TiN (d=290
nmy in ex-situ meritev prirastka mase sledi zakljucek, da
pri plasti TiN poteka oksidacija najprej po mejah kristal-
nih zm, nato pa tudi v notranjosti zrn. Zaradi tega se
upornost vzorca v zadetku hitro vecéa, temperaturni koe-
ficient upornosti se spreminja iz pozitivnega proti nega-
tivnemu, masa vzorca pa se poveca le za manj$i del. Ko
oksidirajo meje med zrni vse do podlage, se upornost
ustali, masa pa $e naprej narascéa. Iz meritev upornosti
v zaCetnem delu oksidacije vzorca pri razli¢nih tempera-
turah sem izra¢unal aktivacijsko energijo linearne oksi-
dacije v plasti TIN (2,16 eV), ki je nekoliko vedja od
vrednosti za paraboliéno oksidacijo, izradunane iz
meritev naras¢anja mase (1,89 eV).

b} Interakcije med sosednjimi plastmiv dvo- in vedplast-
nih strukturah Ni/Si in Ni/Al sem najprej zaznal z mer-
jenjem upornosti med ogrevanjem sveze plasti s stalno
hitrostjo 3 °C/min. V izmerjenem poteku temperaturne
odvisnosti upornosti sem dologil temperature, pri
katerih se je nenadno spremenil temperaturni koeficient
upornosti. Nato sem isto vrsto svezih vzorcev ogrel z
enako hitrostjo do izbranih temperatur in jih ohladil na
sobno temperaturo. Da bi ugotovil vzrok za spremembo
upornosti, sem te vzorce preiskal zmetodami AES, RBS
in XRD.

V sistemu Ni-Si sem $tudiral pojave med ogrevanjem
Sestih razlicnih dvoplastnih struktur Ni/Si s plastjo Sina
povrsini s povpreénimi sestavami od Nig,78Sio 22
(dNi=53 nm, dsi= 27 nm) do Nip,38Si0,62 (dni =53 nm,
dsi=157 nm) in dveh enajstplastnih struktur Si/Ni s
povprecnima sestavama Nips6Si044 (dNi=25 nm,
dsi=30 nm) in Nio,28Si0,72 (dni=25 nm, dsi =95 nm) v
temperaturnem obmodju od sobne temperature do
500°C. Opazeni temperaturni potek upornosti je od-
visen od povpreCne sestave vzorca in od debelin
posameznih plasti. Spremembe upornosti so povezane
z difuzijo elementov, z nastankom novih faz in s spre-
membami kristalne strukture. V dvoplastnih vzorcih z
veliko koncentracijo Ni sta med ogrevanjem nastali fazi
Ni2Si in Nig1Sit2, v dvoplastnih strukturah z veliko kon-
centracijo Si pa sem nasel fazi NizSi in NiSi.

V petih dvoplastnih strukturah Ni/Si sem preiskal vpliv
prisotnosti kisika v plasteh Si in Ni na potek reakcij med
Si, Ni, in O. Temperaturna odvisnost upornosti kaze
mocan zaviralni vpliv kisika na hitrost reakcije. Rezuiltati
meritev RBS in XRD to opazanje potrjujejo.

Potek upornosti in rezultati analiz AES, RBS in XRD so
pri enajstplastnih struturah  Si/Ni podobni kot pri
dvoplastnih stnikturah Ni/Si, le spremembe v upornosti
se pojavijajo pri okrog 50 °C nizjih temperaturah kot v
dvoplastni strukturi.

Za enajstplastno strukturo Si/Ni sem iz temperaturnih
odvisnosti upornosti in temperaturnega odvoda upor-
nosti med ogrevanjem z razli¢nimi hitrostmi z metoda-
ma Ozawe in Kissingerja izra¢unal aktivacijsko energijo
reakcije, ki poteka v posameznih ekstremih teh odvis-
nosti.

Interakcije med sosednjimi plastmi v sistemu Ni-Al sem
studiral, ob ogrevanju dvoplastne strukture Ni/Al (s
plastjo Al na povrini, dni =195 nm, dai=190 nm) s
povprecno sestavo NioeoAlo4o in dveh desetplastnih
struktur Al/Ni (plast Ni na povrsini) s povpreénima
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sestavama Nio,50Alo,50 (dA)=38 nm, dni=25 nm) in
Nio.75Al0,25 (dai=13 nm, dni=25 nm) od sobne tem-
perature do 800 °C. Za opazovanje sprememb v teh
tankoplastnih strukturah sem poleg temperaturne od-
visnosti upornosti uporabil tudi njen temperaturni od-
vod. Do temperature 600 °C so meritve dvoplastnih
struktur, dobljene z RBS, kazale po globini nehomo-
geno sestavo, meritve XRD pa so zaznale ved faz hkrati.

Temperaturna odvisnost upornosti desetplastnih struk-
tur Al/Ni se je razlikovala od rezultatov pri dvoplastnem
vzorcu Ni/Al. Vzrok za to so bile velike razlike v debeli-
nah posameznih plasti. V desetplastni strukturi Al/Ni s
povprecno sestavo Nip,50Alo,50 je zaporedje nastajanja
faz podobno kot v dvoplastni strukturi Ni/Al: NiAlg,
Ni2Alg, NiAl in NigAl. V obeh desetplastnih strukturah je
bila tudi pri visokih temperaturah prisotna faza NiAls.

Naslov doktorske disertacije: Infrardeéa spektro-
skopija tankih plasti

Avtor: Marta KlanjSek Gunde
Mentor: prof. dr. Martin Copié
Univerza v Ljubljani, Fakulteta za matematiko in fiziko

Pri analizi infrardeCih spektrov navadno napravimo
vrsto poenostavitev, predvsem v zvezi s potekom
zarkov pri meritvi. Za spekire nekaterih vzorcev so take
poenostavitve neupravicene. Napake pri  tako
poenostavljeni analizi so lahko tudi toliksne, da so rezul-
tati nesmiselni. Tipiéni predstavniki materialov s
“problemati¢nimi” infrardeimi spektri se uporabljajo v
mikroelektronski industriji.

V disertaciji je prikazana analiza infrardecih spektrov v
dosledno uporabo principov optike in kiasiéne elektro-
magnetne teorije. Metoda temelji na vsoti vseh deinih
zarkov, ki se zaporedno odbijajo po vzorcu z zrcalnimi
ali pa s hrapavimi mejami. ZmanjSanje intenzitete
zarkov v zrcalni smeri zaradi razpréenega loma in od-
boja na hrapavih mejah vzorca je upostevano s funkci-
jama hrapavosti za prehod take meje in za odboj na njej.
Spektra prepustnosti in odbojnosti vzorca sta s
pomodjo vsote vseh delnih Zarkov izraZena s kom-
pleksnim lomnim koli¢nikom (opti¢nima konstan-tama)
snovi. Tako dobljen sistem enaéb ni enostavno resljiv,
kar je poglaviti razlog za uporabo razliénih poenosta-
vitev, ki prevladujejo v literaturi. Nekatere poenostavitve
so v infrardecem delu spektra nedo-pustne, zato pri
izracunu optiénih konstant ne uporabljam nikakrénih
aproksimacij.

Analiza izraCunanih optiénih konstant zahteva pre-
misljeno uporabo modela za dielektriéno funkcijo.
Spekiralno odvisnost kompleksnega lomnega koliénika
snovi pojasnjuje teorija opti¢ne disperzije. Obliko vrhov
v spektrin energijskih izgub za transverzalnooptiéne in
longitudinalnooptiéne fonone je obravnavana kot vsota
Cauchy-Lorentzove in Gaussove oblike. Spektralni po-
tek opticnih konstant je analiziran za silicijev oksid in
monokristalni silicij. Prvi je tipi¢en predstavnik amorfnih
anorganskih snovi z mo¢nimi absorpcijami v infra-
rdecem delu spektra. Za monokristalni silicij je poka-
zano, da s klasi¢nimi principi ni mogode pojasniti
vecfononskih procesov.
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Z izradunom in analizo optiénih konstant natancno
dolodimo vibracijske lastnosti snovi. Vendar je tak nadin
v praksi preve¢ zamuden, zato uporabljamo priblizne
metode. V disertaciji so razélenjeni nekateri problemi,
ki nastanejo pri tako poenostavljeni analizi.

Efekti, ki se naloZijo na odgovor snovi na zunanjo elek-
tromagnetno motnjo, so splet dveh pojavov. Prvi je
interferenca na tanki plasti in drugi padec intenzitete
zarka zaradi prehoda obeh mej vzorca. VEasih je
mogode katerega od njiju dovolj dobro upostevati ze s
preprostimi metodami korekcije bazne linije in odstra-
nitve interferenc. Te metode so razmeroma uspesne,
kadar so optiéne konstante snovi v blizini nihanja
frekvendéno neodvisne. Te zahteve izpolnjujejo Sibka
nihanja z dolgozZivimi fononskimi stanji. lzrazita spek-
tralna odvisnost opti¢nih konstant na &irokem frek-
venénem obmodju situacijo mocno zaplete. Preproste
korekcijske metode so neuspedne, konvencionalna
analiza spektrov pa je bolj ali manj priblizna. Polozaj
postane kritiGen, kadar so nase zahteve velike, Tak izziv
predstavijajo vzorci iz mikroelektronske industrje.

Z uporabo optiénih konstant in ob poznavanju efek-
tivnega naboja atomov, ki sodelujejo pri danem nacinu
nihanja, je mogode izracunati vsebnost strukturnih
enot, ki povzrocajo to nihanje v snovi. Ta princip je
uporabljen za izbolj$anje natan¢nosti pri dolocanju
vsebnosti intersticijskega kisika v enostransko poliranih
rezinah monokristalnega silicija. Pri takih vzorcih
povzrota uporaba obic¢ajnih metod kvantitativne anal-
ize zelo velike napake.

Najosnovnej$a zahteva infrardece analize je dolocitev
vibracijskih frekvenc. V disertaciji je pokazano, da so te
frekvence le priblizno povezane s polozaji vrhov vizmer-
jenem spektru prepustnosti tanke plasti. Polozaji, ki jih
izmerimo, so odvisni od debeline plasti, od oscilatorske
modi nihanja, zivljenjskega casa fononov in od dielek-
tricnosti  okolice, pa tudi od opticnih konstant
uporabljenega substrata. Odvisnost od debeline je Se
posebej izrazita pri zelo tankih plasteh. Pojav je v diser-
taciji sistemati¢no analiziran z uporabo natancnega
popisa razéirjanja zarkov po vzorcu in z uporabo mo-
dela za dielektricno funkcijo snovi. Teoreticno napove-
dana odvisnost polozaja absorpcijskega vrha od de-
beline tanke plasti je eksperimentalno potrjena z mer-
jenji prepustnosti razli¢cno debelih tankih plasti silici-
jevega nitrida in silicijevega oksida. Z ustrezno
upo-rabo prikazane metode je mogoce dolociti homo-
genost nanosa in detektirati majhne strukturne spre-

membe v plasti.

Naslov doktorske disertacije: Odprta struktura robot-
skega krmiinika

Avtor: Martin Terbuc
Mentor: red. prof. dr. Karel Jezernik

Komentor: red. prof. dr. Tadej Bajd, Univerza v
Ljubljani, Fakulteta za elektrotehniko
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Univerza v Mariboru, Fakulteta za elektrotehniko,
racunalnistvo in informatiko

Glavni predmet disertacije je razvoj robotskega krmil-
nika. Znano je, da novih konceptov aviomatskega
vodenja, pridobljenih z raziskovalnim delom, ni dovolj
preizkusiti samo s simulacijskimi metodami, ampak so
potrebnitudi preizkusi na konkretnih mehanizmih. Upo-
raba v tem delu opisanega odprtega robotskega krmil-
nika omogocéa prehod od simulacij k eksperi-mentu.
Podobno kakor sestavljanje blokov v simulacij-skih
paketih je tudi tukaj omogoceno, da uporabnik vkljudi
svoj algoritem kot blok v obstojeco strukturo. Rezultate
lahko spremlja s sprotnim prikazom zelenih spremen-
ljivk sistema kakor tudi z moznostjo shranje-vanja le-teh
in kasnej$o obdelavo.

V delu so sistematsko opisane naloge robotskega krmil-
nika. Med posameznimi nalogami je potrebno izmen-
javati podatke. Ker je potrebno izvajanje v stro-gem
realnem c¢asu, je uporabljeno lokalno odloganje o vse-
bini paketov. Prav tako so dolocene komunikacijske
poveze - poti, ki so postavijene tako, da omogocajo ¢im
hitrejsi prenos. Zaradi kompleksnosti nalog je uporab-
lien veCprocesorski sistem z optimalno razporeditvijo
nalog. Opisi so splodni, neodvisni od vrste robota, rezul-
tati pa so prikazani na primeru krmilnikov za direktno
gnhanega robota in za SCARA mehanizem.

Naslov doktorske disertacije: Priloga k raziskavi iden-
tifikacije piovil v akusticnem podrocju

Avtor:Dario Matika
Mentor: red. prof. dr. Dali Ponlagic
Komentor: red. prof. dr. Ljubomir Kulja¢a

Univerza v Mariboru, Fakulteta za elektrotehniko,
racunalnistvo in informatiko

U dizertaciji je predioZzen algoritam identifikacije
plovnog objekta kao pomorskog cilja i proveden postu-
pak verifikacije sustava za identifikaciju cilja u
akustiékom podrudju zamijetljivosti plovnog objekta na
oshovi rezultata eksperimentalnih istrazivanja.

Odreden je funkcionalni simulacijski model nisko-
frekventnog i visokofrekventnog akusti¢kog kanala; de-

finirana su tehnicka ograni¢enja sustava za
identifikaciju cilja; definiran je osnovni matematicki
model i izvréen izbor optimaine metode obrade

akustickog signala; provedena je analiza rezultata is-
trazivanja spektra Suma plovnog objekta i Suma mora;
odredeni su reprezentativni spektri Suma plovnog ob-
jekta i Suma mora; razraden je postupak eksperimen-
talnog istrazivanja; definiran je mjerni sustav i metode
provjere sustava u domeni otkrivanja, lokacije i klasifi-
kacije plovnog objekta kao pomorskog cilja.

Dizertacija predstavija doprinos istrazivanju akustickih
znadajki podmorja i plovnih objekata s ciljem odredi-
vanja algoritma rada i sinteze sustava za pracenje i
identifikaciju prisutnosti nadvodnih i podvodnih plovnih
objekata na zadanoj poziciji ili trajektoriji akvatorija.
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Comparisons of world chip manufacturing costs

Japanese semiconductor giant NEC has evaluated
manufacturing operating costs in various countries.
NEC researcher K Shimakura discussed results at the
fifth International Symposium on Semiconductor Manu-
facturing (ISSM ‘96), held in early October in Tokyo. The
accompanying table compares four key regions in
which NEC maintains operations, and indicates that
Japan remains the most expensive nation in which to
operate a fab. The US figures are derived from NEC’s
Roseville, CA, facility, the European ones from the firm’s
facility in Scotland, and the Asian from China. Notewor-
thy points include the amazingly high land cost in Japan
- 10 times that of the US and 20 times that of Scotland
- and the observation that Chinese workers are paid
one-eighth to one-twelfth as much as Japanese and
American counterparts.

Fab operating costs in four regions

Japan | USA EU Asia
P (CA) | (Scotland) | (PRC)
Electricity 1 0.6 0.5 0.2
City water 1 0.3 1.3 0.03
Nitrogen 1 0.4 0.3 0.7
gas ' ’
Land 1 0.1 0.05 0.25*
Labor/ 1 12 0.6 0.1
engineer
Operator 1 0.8 0.5 0.1
Engineering | g ¢ 4 | Tight Suff. Suff
resources
Regular
annual 1870 | 2080 2030 2000
working
hours
Public
holidays 16 9 8 3
Tax rate 50% 44% 33% 33%
* jeased
# sufficient

Source: NEC. ISSM ‘96
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World’s first 1-Gbit DRAM at Electronica 96

At the world’s biggest electronic components show the
17th Intemational Trade Fair for Components and As-
semblies in Electronics (Electronica 96), in Munich,
Germany, Samsung Semiconductor, a division of Sam-
sung Electronics Co. of Seoul, South Korea, officially
announced the successful development of a fully work-
ing die of a 1-Gbit DRAM. According to a company
spokesman, the new device is working at room tem-
perature and is the first memory of its kind in the world
containing 1,074,000,000 fully working cells. With atotal
size of 569.5 mm?, the chip is just a first approach, its
design unsuitable for mass production. The device is
made using 0.18-micron design rules and CMOS proc-
ess technology. In addition to its high density the DRAM
has a power-conserving, low voltage design that ac-
cepts voltage sources ranging from 1.8 to 2.0 V The
device achieves an operating speed of 30 nsec by
applying multibank synchronous structures in its de-
sign. In order to improve the yield ratios in mass manu-
facturing, Samsung utilized a new redundancy
technology. Allin all, Samsung invested 220 billion won
(roughly US $272 million) in the project, employing 120
key researchers for two years and five months. The new
device should be commercially available around the
turn of the century with full-scale production forecast for
around 2005.

Consolidated to four days, from five at the previous
show Electronica 96 surpassed expectations, with
84,000 visitors and 2860 companies exhibiting. Product
group categories were increased from five to eight,
making the fair more function- and application-oriented.
Electronica 98 - the fair takes place biennially - will be
held at Munich’s new trade-fair center which will offer
more space and better infrastructure than the current
premises.

Prospects for SEMICON/Europa

The European semiconductor market, estimated at
about $28 billion in 1995, is expected to double by the
end of the decade, and this cheerful outlook is reflected
in the bookings for Semicon/ Europa. According to
SEMI,1380 companies - a record - will be exhibiting at
the 22nd annual Semicon/Europa exposition, which will
take place on April 15-17. The show will feature a
number o technical, educational, and standards meet-
ings, including a forum on fab productivity and the
challenges of managing fabs in Europe. A conference
co-hosted by SGS-Thomson and TEC, entitled “300
mm Symposium: Economic and Strategic Analysis of
Conversion,” will analyze the economic and strategic
factors involved in the transition from 200- to 300-mm
production. The Third Annual Microelectronics and the
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Environment Forum will focus on the measures used by
leading equipment suppliers and manufacturers of
waste abatement devices to assist semiconductor
manufacturers in the minimization of undesirable waste
streams. SEMI will also sponsor a technical conference,
“Three Key Issues for IC Fabrication.” This will consist
of “Trends in Dry Etching,” “Inline Metrology” and “Ad-
vanced Cleanroom Concepts.”

News from Solid State Technology
February 1997

Seven 300-mm lines planed ‘98-'99

Revised figures from SEMI's 300mm Wafer Initiative
indicate that “There is a better than 70% chance that in
the 1998-99 time frame, we will see seven 300-mm pilot
lines (500-1000 wafer starts/month),” said Initiative di-
rector George Lee. “A total of eight medium(10,000
wafers/month) and high-volume (20,000 wafers/month)
facilities are presently scheduled for startup in 2000.”
Lee said that equipment companies are footing almost
the entire cost of tool development, after finding IC
makers unwilling to contribute. He added that beta
300-mm tools are being readied for placement by late
1997 or early 1998.

Tl to build 300 mm fab in Italy

Texas Instruments (T!) has signed a four year $1.2
billion agreement with the ltalian government to build a
second wafer fab at Avezzano, where Tl already has a
DRAM facility. Under the agreement, Tl will construct a
manufacturing plant and develop capabilities for semi-
conductor production on 300-mm watfers, with geome-
tries of 0.28 um and below. Tl will expand its R&D
facilities and will also increase its existing DRAM pro-
duction capacity as market conditions require.

Reports indicate that T! will receive 540 billion lire ($350
million) in assistance from the ltalian government; the
plant is expected to come on-line in 1999, with 750
employees.

M+W to build Dresden fab for AMD

Meissner + Wurst GmbH & Co. (M+W), a subsidiary of
Jenoptic AG, of Jena, Germany, will act as general
contractor on a new microprocessor manufacturing
facility - Fab 30 - to be built in Dresden by Advanced
Micro Devices Inc. (AMD), of Sunnyvale, CA. The order
amounts to some DM450 million ($290 million), taking
M+W's order book over DM1 billion for the first time.
The fab will represent an investment by AMD of approxi-
mately $1.9 billion when completed and fully equipped.
M+W constructed AMD’s Fab 25 in Austin and is cur-
rently building a facility in Eugene, OR, for Hyundai.

ASML and IMEC to work on DUV lithography

ASM Lithography (ASML), the Netherlands-based sup-
plier of photolithography equipment, and the Belgian
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R&D organization IMEC have launched a cooperative
R&D program in 193-nm wavelength deep UV lithogra-
phy. The aim is to develop advanced optical processes
capable of producing linewidths as small as 0.13 um,
which will be needed for the next generation of high-
density devices, including 4-Gbit DRAMs and several
generations of microprocessors beyond 686.

Leading semiconductor manufacturers are invited to
participate in the program, which is based at IMEC’s
Class 1 cleanroom facility in Leuven, Belgium.

News from European Semiconductor
February 1997

SEMI takes reins on 300 mm siandards

The Japanese 300 mm group, J300, has decided to
allow SEMI to take the lead in developing standards for
300 mm, alleviating fears that different standards would
evolve east and west. The decision emerged at the
SEMICON Japan conference in Tokyo. The Japanese
Selete consortium announced that it has completed
construction of its 300 mm cleanroom and a vertical
furnace is already in place. It is expected that about 12
tools will be installed by March and 35 by September.

One billion transistors on a chip by 2011

Inte! president, Andy Grove,said that Intel is on target to
provide processors with more than one billion transis-
tors by the year 2011, running at 10 GHz. The Pentium
Pro has only 5.5 million transistors and runs at 300 MHz.
But Grove warned that the costs of producing each new
generation of chips is spiralling. In 1973 it cost only $3
million to build a fab, today the cost is several billion. It
is hard to see how demand can continue to increase, at
the exponential rates required, to offset the costs.

Single electron memory research update

Researchers from Hitachi Cambridge Laboratory (HCL)
and the Microelectronics Research Centre (MRC) ofthe
University’s Cavendish laboratory have teamed up with
laboratories from France, Germany Greece and the UK
in work on single electronic semiconductor memories.
Fabrication and Architecture of Single Electron Memo-
ries (FASEM)developed over three years from January
1997 will complement work Hitachi is doing into Single
Electron Logic under Japanese MITI sponsorship until
March 2001. The work of Russian scientist KK Likharev
has made single electronics a strong contender to
develop practical quantum effect devices. HCL and
MRC collaboration announced the first device in 1993:
effects in SOI in 1994 and gold nanodot transistors
operating at 77k. Hitachi will lead the memory architec-
ture aspect of FASEM while other partners concentrate
on single electron tunnelling concepts, fabrication, reli-
ability and coupling to CMOS devices.
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News from AMS

President Mandela awards SAMES

SAMES, South African Micro-Electronic Systems Ltd.,
currently the only commercial manufacturer of inte-
grated circuits in South Africa and the largest in the
Southern Hemisphere, has been presented with the
most esteemed government award to date:

“President’s Award Merit Certificate for Export
Achievement”

The award, signed by President Mandela, was pre-
sented by Thabo Mbeke, Deputy President - the desig-
nated successor of Mr. Mandela - and by Alec Erwin,
MP of Trade and Industry to SAMES Management and
Horst Gebert, President and CEO of Austria Mikro Sys-
teme International AG, at a ceremony at the Sandton
Convention Centre in Johannesburg. in April 1995 Aus-
tria Mikro Systeme has taken an interest in SAMES -
currently one of Austria’s largest single foreign invest-
ments in South Africa.

The reasons for this award were the extraordinary high
exports of 70% to industrial countries, the modern fab-
rication methods, innovations, new developments and
the highest quality of the products as well as the future
potentials of the company. SAMES is a leader in the
area of current metering, identification, security and
telephone ICs.

Horst Gebert: “This award represents a new accom-
plishment and milestone in the history of the company:
Proof that the transformation of SAMES into becoming
an ASIC vendor is being successfully implemented and
is finding international recognifion."

This text is available on the internet address:
hitp://www.ams.co.at

SchloB Premstétten

A-8141 Unterpremstitten, Austria
Fax: +43 (03136} 52 501, 53 650
Tel: +43 (03136) 500

Email: info@ams.co.at

http: [/www.ams.co.at

OBVESTILO

IZOBRAZEVANJE O VAKUUMSKI TEHNIKI - 1997

Vse uporabnike vakuumske tehnike obves¢amo, da so
vietu 1997 predvideni naslednji strokovno izobrazevalni
tecaji:

VZDRZEVANJE VAKUUMSKIH NAPRAV
20.-21.oktober 1897

Pod tem naslovom se cbravnava predvsem tematika, ki
jo sreCujemo v tehniki grobega vakuuma. To je: de-
lovanje, vzdrzevanje in popravila rotacijskih &rpalk,
pregled in uporaba razii¢nih érpalk, ventilov in drugih
elementov, meritve vakuuma, hermetiénost in odkri-
vanje netesnosti v vakuumskih sistemih, materiali za
popravila, tehnike ¢is¢enja in spajanja, skupno 20 $ol-
skih ur, od tega tretjina prakti¢nih prikazov in vaj.

Cena tecaja je 32.000 SIT. Vsak te¢ajnik bo prejel tudi
brosuro “Osnove vakuumske tehnike za vzdrzevalce
naprav" in potrdilo o opravljenem teéaju.

OSNOVE VAKUUMSKE TEHNIKE
12.-14. maj ter 24.-26. november 1997

Pri tem teCaju je vecji poudarek na teoretinem
razumevanju snovi. Obravnava so vsa Ze prej omenjena
podrocja in poleg tega $e: pomen in razvoj vakuumske
tehnike, fizikalne osnove, &rpalke za visoki vakuum,
tankoplastne in druge vakuumske tehnologije, Sisti pos-
topki, analize povrsin ter doziranje, ¢i$éenje in preiska-
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ve plinov - skupno 26 Solskih ur z vajami in ogledom
instituta.

Cenatecaja je 32.000 SIT. Udelezenci prejmejo zbornik
predavanj “Osnove vakuumske tehnike” in potrdilo o
opravijenem tecaju.

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

Prosimo interesente, da se informativno javijo éimprej,
za dokon¢no potrdilo udelezbe pa velja kopija
poloznice o placilu - najkasneje tri dni pred prietkom
te¢aja na naslov:

Drustvo za vakuumsko tehniko Slovenije,
Teslova 30, 1111 Ljubljana
(8t. ziro raduna: 50101-678-52240).

Prijave sprejema organizacijski odbor (Koller, Spruk,
Mozeti¢, Nemani€), ki daje tudi vse dodatne informacije
(tel. 0681 177-66-00, 126-45-92).

V primeru premajhnega Stevila kandidatov tedaj od-
pade, nteresenti bodo povabljeni na naslednii rok.

Tecaj “Osnove vakuumske tehnike za srednjesolske
predavatelje” bo predvidoma 10.in 11. novembra 1997
in bo posebej razpisan v informativnih glasilih za $ol-
stvo. Namenjen je popestritvi pouka fizike in tehniénih
znanj na srednijih in vigjih $olah.
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KOLEDAR PRIREDITEV 1997
MAY 26.05.-29.05.1997

04.05.-09.05.1997

International Symposium on Low Temperature
Electronics and High Temperature Superconductivity
Montreal, Canada

Info.: + 32 16 281328

06.05.-08.05.1997

Semicon - Test,Assembly & Packaging
Singapore

Info.: + 65 339 6361

10.05. - 13.05.1997

IMAPS/NATO ARW

Electronic Packaging for High Reliability,
Low Cost Electronics

Bled, Slovenia

Info : +386 (0)61 312 898

12.05.-14.05.1997

ond International Symposium on Plasma Processing -
Induced Damage

Monterey, CA, USA

Info.: + 1408 737-0767

13.05.-15.05.1997
Technology Transfer ‘97
Birmingham, UK

info.: + 44 181 302 8585

14.05.-16.05.1997

The 11th European Conference and Exibition
Venice, ltaly

Info.: + 1 800 535 4746

18.05.- 21.05.1997

47th Electronic Components and Technology
Conference

San Jose, CA, USA

Info.: + 1 864 963 6621

19.05.-21.05.1997

ond International Conference on Low Dimensional
Structures and Devices

Lisbon, Poriugal

Info.; + 44 1865 843848

19.05.-23.05.1997

MIPRO

20th International Conference
Opatija, Hrvatska

Info.: + 38551 211 051

19.05.-22.05.1997

Failure and Yield Analysis Seminar
Glasgow, Scotland

Info.: + 1415941 8272
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9th international Symposium on Power
Semiconductors Devices and IC's
Weimar, Germany

Info.: + 49 89 312 6645

28.05.-30.05.1997

Semicon Kansai 97 and FPD Expo Japan
Osaka, Japan

Info.: + 1415940 6918

JUNE

10.06.-12.06.1997

1997 Symposium on VLS| Technology
Kyoto, Japan

Info.: +1 301 527 0900

16.06.-20.06.1997

European Materials Research Society Spring Mesting
Strasbourg, France

Info.: + 33 388-106343

23.06.-27.06.1997

International Symposium on Microelectronics and
Assembly

Info.: + 1 360 676 3290

JULY

ICNF '97

Noise in Physical Systems and 1/f Fluctuations
LLeuven, Belgium

Info.: + 32 16 290 010

SEPTEMBER

08.09.-12.09.1997

Semiconductor Technology Seminar
Glasgow, Scotland

Info.: + 1 415 941 8272

15.09.-18.09.1997
Failure&Yield Analysis Seminar
Glasgow, Scotiand

Info.: +1 415941 8272

21.09.-23.09.1997

3rd International Workshop on Thermal Investigations
of IC’s and Microstructures

Cannes, France

Info.: E-mail :Bernard.Courtois@imag.fr

21.09.-25.09.1997

Electrical Overstress/Electrostatic Discharge
Symposium

Santa Clara,CA,USA

Info.: +1 315 339 6937



